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. . .vi ha för oss en orkester av tusen instrument, höga toner av kort
våglängd och djupa undertoner som korrespondera mot skvalp-
ningarna i hela Östersjöbäckenet, och jag vågar påstå att partituret
aldrig blir i alla detaljer uttytt.

. . .we have an orchestra of a thousand instruments, high tones of
short wavelengths and deep undertones that correspond to oscilla-
tions in the whole Baltic Sea basin, and I dare say that the score will
never be explained in full detail.

– Henrik Renqvist: Ett sjösprång, 1926



1 Introduction

Coastal zones are more densely populated than other areas on Earth, and sea level
changes play an important role in life on the coast. In 2000, 640 million people (about
11% of the world population) were living less than 10 m above mean sea level, with
the number expected to grow to more than one billion by 2050 (Merkens et al., 2016).
Understanding sea level changes on different time scales is crucial for coastal safety,
especially in our time when rising sea levels threaten coastal societies and ecosystems
worldwide.

The Baltic Sea, the region of interest in this work, is a small and shallow marginal
sea of the Atlantic Ocean. Its mean depth of 54 m is tiny in comparison to the mean
depth of all oceans, 3.8 km (Sverdrup et al., 1942), and the narrow ocean connection
makes it a nearly enclosed basin of brackish water. The Fennoscandian land uplift, a
relic of the last ice age, shelters the northern Baltic coasts from the worst consequences
of sea level rise. However, changes in the world’s oceans affect life around the Baltic
Sea as well. The interconnectedness of the Earth system is clearly demonstrated by
sea level rise: as a result of an imbalance in the carbon cycle, remote polar ice masses
are melting and ocean waters are warming up and expanding, and the implications
are felt everywhere on the world’s coastlines.

With the global mean sea level steadily rising, sea level researchers are striving
to answer the critical question: how fast will sea levels rise in the coming decades
and centuries? Future sea level rise is a complicated research question that involves
all parts of the climate system and their interactions, as well as societal changes and
political decisions. Some perspective can be gained from geological evidence of past
changes, but with anthropogenic climate change we are venturing into unknown
terrain (Zeebe et al., 2016). Sea level rise projections are subject to deep uncertainty
(Bakker et al., 2017), and the uncertainty has not diminished even after 35 years of
research (Garner et al., 2018). In fact, the more the research has advanced, the more
we understand about the complexity of the problem.

On the other hand, the fast advancement in technology means that changes in
the Earth system are being monitored more accurately than ever. The improved
accuracy results in many phenomena being revealed that were previously unknown
or poorly understood. An example of such a phenomenon is the meteotsunami, a
meteorologically generated tsunami wave that can locally reach a height of several
metres and cause catastrophic flooding (Monserrat et al., 2006). Even though sea level
measurements have a long history – in Finland, for example, the first self-recording
tide gauge started operation in 1887 in Hanko – we can still make new discoveries in
the sea level data.
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This thesis wraps up findings from four papers. Two of them (Papers I and III) deal
with future changes in mean sea level in the Baltic Sea, more specifically on the coast
of Finland. These studies were motivated by the needs of Finnish society to prepare
for future changes in mean sea level. The other two papers (Papers II and IV) study
meteotsunamis on the Finnish coast. While their occurrence in the Baltic Sea has long
been known (Credner, 1889; Doss, 1906; Meissner, 1924; Renqvist, 1926a), knowledge
on Baltic meteotsunamis has been scarce and mainly based on eyewitness reports.
The two papers included in this thesis are the first modern scientific publications on
meteotsunamis in the Baltic Sea.

The sea level changes discussed in this thesis encompass a wide range of temporal
and spatial scales. Meteotsunamis are local events with a typical duration of a few
hours or less, and even though they can be observed on a wide stretch of the coastline,
potentially dangerous fluctuations are generally restricted to individual bays or har-
bours. The adverse effects of large-scale sea level rise, on the other hand, unfold slowly
over the coming decades and centuries and are felt globally, even though regional
differences are significant. Yet these phenomena at the opposite ends of the sea level
spectrum are both relevant in evaluating coastal flooding risks, and it is at the ends of
the spectrum where the most unknown research areas lie.

Harmful effects of sea level rise include more frequent and intense flooding, shore-
line erosion, inundation of land and forced migration, saltwater intrusion to arable
land and freshwater sources, and degradation of coastal ecosystems (e.g. Oppen-
heimer et al., 2019). Extreme sea level events, on the other hand, may cause flooding of
buildings and other coastal infrastructure as well as challenges to navigation and safety
in marine transport. These impacts can have many adverse consequences, from loss
of life to financial damage and costs of flood protection, and threaten critical functions
of society. In Finland, recent research on mean sea level changes and extreme sea level
events has been largely motivated by i) the need to regulate building elevations and
minimize flooding risks through coastal planning, and ii) the safety of coastal nuclear
power plants. Flooding of the critical compartments of a nuclear power plant would
have severe consequences; therefore even extremely rare events need to be considered
in the safety assessments (Jylhä et al., 2018).

The main research objectives of this thesis are:

1. To present projections of mean sea level change in Finland by 2100 that are
based on current scientific understanding, cover the whole probability range
and are easily applicable in coastal management (Papers I and III)

2. To investigate the frequency of meteotsunami occurrence on the Finnish coast
through an extensive analysis of sea level data from the past century (Paper IV)

3. To discover what kind of weather phenomena are connected to meteotsunamis
occurring on the Finnish coast (Papers II and IV)

11



This summary presents the main findings of the four papers and sets them in a
wider scientific context. It also aims to serve as an introduction to the topics of sea
level rise and meteotsunamis to a wide range of readers from different backgrounds.
In Chapter 2, I introduce the main factors influencing the variations in the Baltic Sea
level, the sources of global sea level rise, its uncertainties and projection methods, as
well as the characteristics and the generation mechanism of meteotsunamis. Chapter
3 discusses future changes of mean sea level in Finland, taking into account global
sea level rise and its regional deviations, postglacial land uplift, and changes in the
wind climate. In Chapter 4, I will first give an overview of historical accounts of
meteotsunamis – locally called Seebär – in the Baltic Sea and then move on to describe
recent events on the Finnish coast, meteotsunami occurrences over the past century
and their connection to atmospheric conditions. Finally, Chapter 5 presents discussion
and outlooks for future research, and Chapter 6 summarizes the most important
findings.
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2 Background

2.1 Sea level changes in the Baltic Sea

As a small, semi-enclosed inland sea, the Baltic Sea (Fig. 1) has a characteristic sea
level dynamics quite unlike that of most coastal areas in the world. Geographical
features that affect the sea level dynamics are the narrow ocean connection in the
Danish straits and the complex shape of the coastline. The Danish straits consist of
three narrow straits, the Great Belt (smallest width 16 km), the Little Belt (1 km), and
Öresund (4 km), with a depth mostly under 20 m. The largest archipelago of the Baltic
Sea is the Archipelago Sea between the Gulf of Bothnia and the Gulf of Finland, an
enormously complex maze of thousands of islands. The Finnish and Swedish coasts
in the north are more complex and broken in general and made up of solid rock, while
the southern Baltic coastline is more sandy and predominantly smooth.

The sea level records from the Baltic Sea are among the longest in the world. In
Stockholm (Sweden), systematic sea level measurements started in 1774 with weekly
readings (Ekman, 1988). Long records from the early 19th century also exist from
Kronstadt (Russia), Travemünde (Germany), and Swinemünde (currently Świnoujście,
Poland), and more stations emerged during the 19th century (Hünicke et al., 2017). Self-
recording instruments were installed around 1890 in many Baltic countries. While
continuous measurements may exist on the original paper recordings of the tide
gauges, digital sea level data with a sampling interval of less than one hour has become
available relatively recently. For example, hourly data from many Swedish stations
is available from 1886, 10-min data from around 1995, and 1-min data from the past
couple of years (Ola Kalén, pers. comm.).

In Finland, sea level observations with tide poles started in the mid-19th century,
and a self-recording tide gauge network consisting of 13 stations was established
between 1887 and 1933. The continuously plotting pen-and-ink recorders of the
tide gauges were replaced by digital ones around 1990. Digitized measurements are
available for every 4 hours before 1970, hourly measurements after that. In addition,
raw 15-min data is available since the beginning of the 1980s and 1-min data since
2004. The original tide gauge recordings have been preserved and high-resolution
data is thus available nearly over the whole time series since the tide gauge network
was established, but most of this data has not been digitized.

2.1.1 Short-term variations and extremes

Short-term sea level variations, caused both by external forcing through the Danish
straits and by internal variations within the Baltic Sea basin, are largely controlled by
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Figure 1: Map of the study area, the Baltic Sea. Finnish tide gauges, from which sea level data
was used in this work, are marked with diamonds. The point 55◦N, 15◦E, marked with a dot, is
related to the analysis of wind-induced changes in mean sea level on the Finnish coast.

wind and air pressure conditions over the region. In simplified terms, strong westerly
winds push water through the straits into the Baltic Sea, while easterly winds lead to
declining sea level in the Baltic. The limited water exchange between the North Sea and
the Baltic Sea through the narrow Danish straits plays a very significant role in Baltic sea
level variations. The Baltic Sea acts effectively as a closed basin for sea level variations
shorter than about one month, while longer-term changes can penetrate through the
straits (Samuelsson and Stigebrandt, 1996). Winds affect also the distribution of water
within the Baltic Sea basin by piling up water against the coast so that a slope in sea
level is formed; westerly winds lead to higher sea levels on the eastern coasts of the
sea and lower sea levels on the western side, and vice versa.

Johansson (2014) presented an overview of the magnitude of different factors
causing sea level variations in the Baltic Sea. Changes in the water volume in the
Baltic Sea basin introduce a natural variability of ca. ±50 cm around the long-term
mean (Vermeer et al., 1988). This variation comes primarily from the water exchange
between the North Sea and the Baltic Sea; freshwater fluxes have a smaller effect
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(Vermeer et al., 1988; Samuelsson and Stigebrandt, 1996). Phenomena that regularly
cause sea level variations of the order of several tens of centimetres include wind-
induced internal redistribution of water within the basin, air pressure variations, and
seiches (standing waves) in the various sub-basins of the sea, large and small. The
tidal range is so small – generally only a few centimetres (Witting, 1911; Medvedev
et al., 2013) – that tides are often neglected in analyses of Baltic Sea level. They are not
insignificant regarding flooding risks, however; for example, the maximum sea level
reached in Helsinki during the record flood of January 2005 would have been 12 cm
higher if the storm surge peak had coincided with the tidal maximum instead of the
tidal minimum (Särkkä et al., 2017).

An extreme sea level event requires the simultaneous occurrence of several factors
causing higher than normal sea levels. In the Baltic Sea, both the highest maxima
and the lowest minima tend to occur during the winter months. The largest sea level
variations are observed at the end of the elongated gulfs – the Gulf of Finland, the Gulf
of Bothnia, and the Gulf of Riga – and near the Danish straits. The highest recorded
storm surges have exceeded 3 m above the mean at the end of the Gulf of Finland and
in the southwestern Baltic, and 2 m in the Gulf of Riga and at the end of the Gulf of
Bothnia (e.g. Averkiev and Klevannyy, 2010; Wolski et al., 2014). Close to the open sea
areas, the recorded maxima are generally 1–1.5 m above the mean. Among the most
vulnerable locations for flooding is St. Petersburg at the end of the Gulf of Finland,
where the dynamics of the river Neva also come into play. The most extreme floods –
the record being 421 cm in 1824 – have killed hundreds of people and badly damaged
the city before the construction of the flood protection dam (Kulikov and Medvedev,
2013, 2017).

In Finland, recorded sea level maxima are 1–2 m above the mean. While coastal
floods that cause notable damage are rare, extreme sea level events are a concern
in coastal cities. For example, the storm surge of January 2005 that broke sea level
records on the southern Finnish coast caused an economical damage of 12 million
euros in Finland (Tulvariskityöryhmä, 2009).

The seasonal ice cover is another characteristic of the Baltic Sea that is relevant to
short-term sea level variations. The length of the ice season is 5–7 months and the
areal extent of the ice cover has large variation from year to year, ranging from 12.5%
of the sea in mild conditions to 100% during extremely severe winters (Leppäranta
and Myrberg, 2009). The ice cover reduces the wind stress on the sea surface (Lisitzin,
1957; Omstedt and Nyberg, 1991) and suppresses waves (Squire, 2018). Thus, it af-
fects especially high-frequency sea level variations, but can also attenuate sea level
variations in the time range of days and weeks.

2.1.2 Long-term changes

Long-term sea level changes in the northern Baltic Sea have historically been domi-
nated by postglacial land uplift that has caused an apparent fall in mean sea level (e.g.
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Witting, 1918; Lisitzin, 1964; Ekman, 1988; Vermeer et al., 1988; Johansson et al., 2003).
The Earth’s crust is still slowly adjusting to the redistribution of mass caused by the last
deglaciation. The removal of the huge weight of the ice sheets allows crustal recovery,
resulting in land uplift in the deglaciated areas and sinking in the surrounding regions.
After the instantaneous elastic rebound, the second phase involves the flow of viscous
material in the Earth’s mantle back to the deglaciated areas. This slow process takes
tens of thousands of years, and even though the rate of land uplift decreases over time,
on a time scale of centuries it can be considered linear.

The rate of land uplift is 10 mm/yr in the northern Gulf of Bothnia, 2–4 mm/yr in
the Gulf of Finland, and close to zero in the southern Baltic Sea at the German and
Polish coasts (Vestøl et al., 2019). The rate of global mean sea level rise has accelerated
over the 20th century and currently amounts to 3.6 mm/yr (Oppenheimer et al., 2019).
Thus, the postglacial land uplift outweighs or significantly reduces the effect of sea
level rise in the northern parts of the region.

In addition to the counteracting trends of global sea level rise and postglacial land
uplift, changes in the water volume in the Baltic Sea basin play an important role in
variations of the Baltic mean sea level (Johansson et al., 2003). These, in turn, are
dominated by water exchange between the North Sea and the Baltic Sea. Variations
in the water volume explain most of the year-to-year variability in annual mean sea
levels and cause variation also on a time scale of decades (Johansson et al., 2004). As
the water transport is regulated by wind and air pressure conditions, regional climatic
changes may change the long-term average water volume of the Baltic Sea and hence
the long-term mean sea level.

Changes in water density may also affect the volume of water in the Baltic Sea.
There is a permanent salinity gradient within the sea, with more saline water (25%�)
near the Danish straits and salinity decreasing northwards so that it is close to zero at
the opposite end. Because of the smaller water density, the sea level in the northeastern
parts is 35–40 cm higher than in the Skagerrak outside the Danish straits (Ekman and
Mäkinen, 1996). Changes in the freshwater fluxes and the salinity structure of the Baltic
Sea may thus also induce significant long-term changes in Baltic Sea level. Current
climate models generally predict increasing river runoff and decreasing salinity in the
Baltic Sea, but as the models have severe biases in modelling the water balance, the
magnitude and even the direction of future changes are uncertain (Meier, 2015).

2.2 Sea level rise: past and future

2.2.1 Geological context and sources of sea level rise

The Earth has seen large changes in the level of the oceans over geological history. The
glacial–interglacial cycles of the Quaternary period (last 2.6 million years) have been
accompanied by huge transports of water from the oceans to the continental ice sheets
and back to the oceans when the ice sheets have melted, causing sea level variations
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of roughly 120–140 m (e.g. Rohling et al., 2009). In the geological perspective, the total
volume of glaciers and ice sheets in our present warm interglacial period is small, yet
it corresponds to ca. 65 m of sea level rise.

The oceans have risen above their present level during earlier warm climatic pe-
riods, such as the Last Interglacial 129–116 000 years ago, when the global mean
temperature was 0.5–1.0◦C warmer and global mean sea level 6–9 m higher, and the
mid-Pliocene ca. 3 million years ago, when temperatures were 2–4◦C warmer and sea
level up to 25 m higher (Oppenheimer et al., 2019). While direct comparisons may be
misleading, these warm periods give hints of the future in a warming climate: the rapid
increase in greenhouse gas concentrations will eventually lead to a multi-metre rise in
sea level unless steep reductions in global carbon emissions are achieved (Schaeffer
et al., 2012; Levermann et al., 2013; Rohling et al., 2013; Winkelmann et al., 2015). The
long response times of the ice sheets and deep ocean imply that it takes thousands
of years for the global sea level to reach a new equilibrium. Because rapid changes
challenge the ability of ecosystems and the human civilisation to adapt, the rate of sea
level rise is even more critical for coastal societies than its eventual magnitude.

The sea level rise related to the last glacial–interglacial transition was stabilized
some 2000 years ago, and the level of the oceans was rather stable before it started
to rise again in the 19th century. The rate of global mean sea level rise is accelerating:
tide gauge and altimetry observations show a rise of 1.4 mm/yr over the period 1901–
1990, 2.1 mm/yr in 1970–2015, 3.2 mm/yr in 1993–2015, and 3.6 mm/yr in 2005–2015
(Oppenheimer et al., 2019).

The causes of present-day sea level rise can be divided into two categories: eustatic
rise, in which the amount of water in the ocean increases because water is transported
to the oceans from other water reservoirs on Earth (glaciers, ice sheets and other
freshwater sources), and steric rise, in which the amount of water stays the same but
its volume increases, most notably through thermal expansion caused by warming of
the sea water.

How water on Earth is distributed between different reservoirs gives an idea of
the relative importance of various sources of sea level rise. Only 2.5% of all water on
the planet is fresh water, and roughly 69% of the freshwater is found in glacial ice
and 30% in groundwater – the remaining tiny fraction is divided between ground ice
and permafrost (0.86%), lakes (0.26%), atmosphere (0.04%), swamps (0.03%), rivers
(0.006%), and biological water (0.003%; Shiklomanov, 1993). Of all glacial ice, the
majority is in the Antarctic ice sheet whose volume corresponds to 58 m of sea level rise,
while the sea level equivalent of Greenland ice sheet is 7 m, and that of all mountain
glaciers and small ice caps roughly 0.5 m (Oppenheimer et al., 2019). Thus, the ice
sheets of Antarctica and Greenland are by far the largest potential source of sea level
rise. However, they react to environmental changes over long periods of time, over
centuries and millennia. Small glaciers and ice caps are responsible for a large share
of the 20th century sea level rise as they react to global warming more quickly (Fig. 2),
but their importance will diminish in the long term. Changes in other water reservoirs
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Figure 2: Rate of sea level rise and its sources during the instrumental period (1901–). Error
bars show the 5–95% uncertainty ranges. All values are based on observations except thermal
expansion in 1901–1990, which is based on models. Frequent observations of ice sheet contri-
butions are not available before the satellite era (1993 onwards); the Greenland contribution
for 1901–1990 is based on a geodetic reconstruction. GIC = small glaciers and ice caps. Data
from Oppenheimer et al. (2019).

play a minor role and are not well known, but water impoundment behind dams has a
small negative effect on sea level rise and groundwater depletion a positive one (Wada
et al., 2016).

The sources of sea level rise since the beginning of the 20th century are presented
in Figure 2. Thermal expansion is the dominant contributor, but as the ice loss from
Greenland and Antarctica has accelerated, the combined effect of glaciers and ice
sheets currently outweighs thermal expansion (Oppenheimer et al., 2019). The ob-
served sea level rise is consistent with the sum of the different components since 1993,
when frequent observations of ice sheet mass changes became available from satellite
altimetry.

2.2.2 Projecting sea level rise

Present-day sea level rise is caused mainly by thermal expansion of sea water and
melting of glaciers and ice sheets. Glaciers can lose mass in two ways: through surface
melting (if melting is greater than mass accumulation through precipitation) and
dynamical changes affecting the flow of ice into the sea. Out of the main contributors
of sea level rise, the thermal expansion component and the surface mass balance of
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the glaciers and ice sheets are relatively well known, but dynamical changes in the
ice sheets are not. Making reliable projections of future sea level rise requires deep
understanding of processes regulating the movement of glacial ice in the ice sheets of
Greenland and Antarctica, and many of the processes and interactions in the complex
ice–ocean–atmosphere system are still poorly understood. Consequently, projections
of global sea level rise have large uncertainties, especially in the low-probability, worst-
case upper end of the scenario range.

Models used to project future sea level rise can be classified into two categories:
process-based and semi-empirical. Process-based models are physical models that
attempt to model each sea level rise contribution separately. The main problem in
these models is projecting the dynamical component of ice sheet mass changes. Semi-
empirical models provide an alternative approach: they build on a statistical relation
between global mean sea level and global mean temperature (or some other climate
parameter), derived from past observations. This relation is then used together with
model projections of future temperatures to obtain projections of future sea level.
The method involves an inherent assumption that the observed relationship between
global sea level rise and e.g. global temperature will hold in the future, too. Semi-
empirical projections cannot take into account processes that were not active during
the observation period used to calibrate the model.

The sea level rise projections compiled by the Intergovernmental Panel on Climate
Change (IPCC) carry the highest authority and are widely used in decision-making.
The range of the IPCC sea level rise projections for the 21st century has evolved as
follows: 16–110 cm in the First Assessment report (FAR, 1990), 13–94 cm in the Second
(SAR, 1996), 9–88 cm in the Third (TAR, 2001), 18–59 cm in the Fourth (AR4, 2007),
and 28–98 cm in the Fifth (AR5, 2013). Most recently, in preparation for the Sixth
Assessment Report, the IPCC published a special report on the ocean and cryosphere
projecting 29–110 cm of sea level rise (Oppenheimer et al., 2019). All values are for
2100 (AR4 for 2090–2099) relative to a somewhat varying reference period at the end
of the 20th century. Beyond 2100, the uncertainties become so large that not many
estimates exist in the literature.

The IPCC ranges are not directly comparable, because different approaches have
been used especially regarding the most problematic dynamical ice sheet component
(Section 2.2.3). However, it can be noted that the uncertainties have not diminished
over time even though significant advances have been made in understanding and
modelling the different contributors. The same can be seen in sea level projections
in general: Garner et al. (2018), who compiled a comprehensive database of sea level
projections since the early 1980s, concluded that central estimates of 21st century sea
level rise have been rather consistent, but the uncertainty limits have varied widely.

The IPCC has arguably been rather conservative in their sea level projections, and
the upper limits given by the IPCC are significantly lower than the highest projec-
tions available in the literature (Garner et al., 2018). Because process-based models
struggle with projecting future ice loss from Greenland and Antarctica and confidence
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in semi-empirical projections is considered low (Church et al., 2013a), the IPCC has
not provided worst-case projections (Church et al., 2013b). The latest assessments
are given with "medium confidence" which translates to "likely" (66–100%) proba-
bility ranges. Because projections covering the whole probability range are needed
in practical decision-making, it has become customary to complement the process-
based projections with expert elicitations or other educated guesses to estimate the
dynamical ice sheet component and obtain an upper limit for future sea level rise (e.g.
Horton et al., 2014; Jevrejeva et al., 2014; Kopp et al., 2014). The publication of the
IPCC AR4 was followed by a spurt of other published projections using semi-empirical
models, probabilistic methodologies, and expert judgment that aim to explore the
low-probability, high-end tail of the sea level rise distribution.

2.2.3 Largest source of uncertainty: dynamical changes in ice sheets

The understanding of dynamical changes in ice sheets has evolved rapidly in recent
decades as more and more observational data has become available. There are many
complex processes involved at the interface between the ice sheet and the ocean, where
large floating ice shelves are formed (e.g. Joughin et al., 2012). Warming temperatures
have resulted in increased melting both on the surface of the ice sheets and below
the ice shelves (Mernild et al., 2011; Pritchard et al., 2012). Surface meltwater, in turn,
can cause deepening of crevasses and penetrate through the ice, lubricating the flow
of the ice sheet over its bed (Zwally et al., 2002; van der Veen, 2007; Joughin et al.,
2008). This meltwater-driven fracturing of ice, together with other processes, has also
contributed to the observed breakups of ice shelves (Scambos et al., 2000). While the
loss of the floating ice shelves does not raise sea level directly, it can accelerate the
flow of grounded ice, because ice shelves resist the flow of ice upstream if there are
points of contact between the ice shelf and the ocean bottom or the coastline (Fig. 3d).
Rapid speedups of glaciers feeding ice shelves that have broken up have indeed been
observed e.g. in the Antarctic Peninsula (Rignot et al., 2004; Scambos et al., 2004).

The largest uncertainty in sea level rise projections, especially in northern latitudes,
is the possible instability of the marine sectors of the Antarctic ice sheet (Mercer, 1978;
Joughin and Alley, 2011). The collapse of these sectors was judged by the IPCC AR5
as the only mechanism that could cause the sea level to rise substantially above the
projected likely range during the 21st century (Church et al., 2013a). According to
the marine ice sheet instability hypothesis, parts of an ice sheet that are in contact
with the ocean and grounded below sea level, so that the bedrock is sloping down
inland from the glacial front (as in Fig 3a, b), are prone to an irreversible, unstoppable
collapse once the retreat of the front has begun (Weertman, 1974; Schoof, 2007). This
theoretical instability mechanism concerns especially large parts of the West Antarctic
ice sheet (WAIS), but also parts of the East Antarctic ice sheet (DeConto and Pollard,
2016). Recent observations indicate that the instability mechanism is real and already
contributing to ice loss from WAIS (e.g. Favier et al., 2014; Rignot et al., 2014).
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Figure 3: Simplified illustration of the marine ice sheet instability hypothesis. a) Unstable
situation with the bedrock sloping down inland from the glacial front. b) The retreat of the
grounding line (dashed line) onto a deeper bed leads to a positive feedback loop causing
increased ice loss and further grounding line retreat. c) Stable situation with a reversed bed
slope. d) Floating ice shelves slow down the flow of grounded ice, if there is contact between
the ice shelf and the seabed or the coastline.

The Greenland ice sheet terminates largely on land and is not significantly affected
by marine ice sheet instability. Ice from Greenland flows into the sea through outlet
glaciers, which are better constrained by coastal topography than the ice streams
of Antarctica (e.g. Pfeffer et al., 2008). While ice loss from Greenland is a major
contributor to global sea level rise, the "fingerprint effect" reduces the contribution
of Greenland close to zero in many northern locations such as the Baltic Sea (see
Section 2.2.4). Therefore, the Antarctic ice sheet dominates the uncertainties of sea
level rise projections in the Baltic Sea.

The modelling study of DeConto and Pollard (2016) concludes that Antarctica alone
could contribute more than 1 m of sea level rise by 2100 and more than 15 m by 2500.
This would mean a significant upward revision of recent sea level projections. The
model used by DeConto and Pollard (2016) couples ice sheet and climate dynamics
and includes processes that have not been properly addressed in previous modelling
studies, such as fracturing of the floating ice shelves and the collapse of vertical ice
cliffs that are exposed when the ice shelves are lost. The ice cliff instability hypothesis
is still under scientific debate, however (Edwards et al., 2019).

The rate of Antarctic ice sheet retreat is slower in other recent modelling studies.
Golledge et al. (2015) project an Antarctic contribution of up to 39 cm by 2100, Ritz
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Figure 4: a) Ensemble mean projec-
tion of the time-averaged dynamic
and steric sea level changes (m)
for the period 2081–2100 relative to
1986–2005 based on the RCP4.5 sce-
nario, computed from 21 CMIP5 cli-
mate models. The figure includes
the globally averaged steric sea level
increase of 0.18 ± 0.05 m. b) Root-
mean-square deviation of the in-
dividual model results around the
ensemble mean, characterizing the
amount of variation between mod-
els. From Church et al. (2013a),
their Fig. 13.16.

et al. (2015) one up to 30 cm; the latter do not consider contributions larger than 50
cm realistic during this century. However, they emphasize that unless radical emission
reductions are carried out, Antarctica is on the trajectory of significant and sustained
retreat and will contribute several metres of sea level rise during the coming centuries.
Winkelmann et al. (2015) calculate that the combustion of all available fossil fuel
resources would result in Antarctica being nearly ice-free over time (several millennia).

2.2.4 Regional deviations from the global mean

Sea level rise is not uniform but has large geographical variation. Trends in sea surface
height obtained from satellite altimetry over the period 1993–2012 (when the global
mean sea level rose about 3 mm/yr) show areas of declining sea level as well as areas
where the rate of sea level rise is over 10 mm/yr (Church et al., 2013a). Changes in
winds, ocean currents, the gravitational field of the Earth, atmospheric pressure, and
other factors introduce regional anomalies that result in a complex pattern of absolute
mean sea level change (sea level relative to the center of the Earth). When considering
relative sea level change (sea level relative to land), regional differences in vertical land
motion come into play, as well.

In the Arctic regions, the sea level rise caused by thermal expansion and dynamical
changes in the oceans – changes in sea level induced by changes in winds, ocean
currents, and ocean heat and freshwater content – is projected to be above average
according to the climate models (Fig. 4). This higher-than-global sea level rise has
been attributed to increasing freshwater content because of increased precipitation
and river runoff (Landerer et al., 2007; Slangen et al., 2014). The CMIP5 (Coupled
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Figure 5: The combined "fingerprint" of the Greenland and West Antarctic ice sheets: modelled
relative sea level change resulting from the melting of both ice sheets at a rate of 0.5 mm/yr
each (global mean rise 1 mm/yr). From Church et al. (2013a), their Fig. 2 in FAQ 13.1.

Model Intercomparison Project Phase 5) models give higher than average steric and
dynamical sea level rise also in the Baltic Sea (Section 3.1.1). These results should be
considered approximate, however, as global climate models are too coarse to simulate
some important features of the Baltic Sea dynamics, such as the water exchange in
the narrow Danish straits.

Melting glaciers and ice sheets also cause globally uneven patterns of sea level rise.
This pattern is unique to each melting ice mass and is therefore called the "fingerprint"
of the glacier or ice sheet (Fig. 5). Perhaps counterintuitively, the sea level rise is smaller
in the vicinity of the melting ice mass and larger far from it (Mitrovica et al., 2001;
Bamber and Riva, 2010; Mitrovica et al., 2011). This is because of the gravitational and
crustal changes caused by the diminishing weight of the ice. The gravitational pull of
the ice mass is weakened, which lowers the sea level near the melting glacier, and the
crustal uplift that follows the diminishing weight also lowers the sea level. Close to
the melting ice mass, the relative sea level actually declines as a result of these effects
even though the meltwater raises the global sea level on average.

In the Baltic Sea, the melting of the Greenland ice sheet is far less important than
the melting of the Antarctic ice sheet. In many simulations (Mitrovica et al., 2001;
Tamisiea et al., 2003; Bamber and Riva, 2010), the zero line of the Greenland fingerprint
runs through the Gulf of Bothnia, meaning that in the northern parts of the gulf the
effect of Greenland melting on mean sea level is slightly negative and in the southern
parts slightly positive. On the contrary, the sea level rise caused by the Antarctic ice
sheet is expected to be slightly (ca. 10%) above the global average everywhere in the
Baltic Sea. Smaller mountain glaciers have varying effects because of their diverse
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geographical locations, but on average their combined effect is estimated to be below
the global average in the Baltic Sea.

2.3 The birth of a meteotsunami

Meteotsunamis – meteorologically generated tsunami waves – are long waves caused
by atmospheric disturbances (Defant, 1961; Rabinovich and Monserrat, 1996; Monser-
rat et al., 2006). They can reach destructive dimensions in extreme cases. One of the
highest known events is the 6 m high meteotsunami that flooded the small Croatian
town of Vela Luka on 21 June 1978 (Vilibić and Šepić, 2009). Among several fatal events
are the nearly 5 m high meteotsunami that drowned three people in the Nagasaki Bay,
Japan, on 31 March 1979 (Hibiya and Kajiura, 1982), and the up to 3 m high wave of
Lake Michigan that swept fishermen off the piers and killed seven people in Chicago
on 26 June 1954 (Bechle and Wu, 2014).

Fortunately, destructive meteotsunamis are rather rare. They only occur in shallow
sea areas and big lakes where the wave can be amplified by the shape and bathymetry
of the coast. The basic generation mechanism of a meteotsunami is presented in
Figure 6. The formation of a strong meteotsunami requires several coinciding factors:

1. An air pressure disturbance moving above a water body. These disturbances may
be related to different atmospheric phenomena, such as weather fronts, thun-
derstorms, cyclones, hurricanes, squall lines, and atmospheric gravity waves.

2. Air–sea interaction: if the disturbance propagates at the same speed as the wave
that it generates on the sea surface, there is continuous energy transfer from the
atmosphere to the water wave.

3. Further amplification of the wave due to coastal bathymetry. Shoaling occurs
when the wave enters shallower water: its speed decreases and height increases.
Refraction can converge wave energy at certain places and increase the wave
height. Harbour resonance can amplify the height of the waves entering semi-
enclosed basins.

Because coastal bathymetry and geometry play a significant role in the amplifi-
cation of the waves, there are hotspots of meteotsunami occurrence, with narrow
and long bays being particularly vulnerable to destructive meteotsunamis. One such
hotspot in the Mediterranean is the harbour of Ciutadella, Menorca, where several
metres high oscillations – locally called rissaga – are regularly observed (Jansa et al.,
2007). Indeed, nearly all known destructive meteotsunamis have occurred in bays or
harbours and have not affected the nearby open coast (Monserrat et al., 2006).
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Figure 6: Sketch of the generation of a meteotsunami. The initially small wave is amplified
through different resonance mechanisms as the wave approaches the coast.

2.3.1 Resonance effects

The air pressure disturbances creating meteotsunamis are steep but typically small,
only a few hectopascals (hPa). These disturbances affect the sea level through the
so-called inverted barometer effect: high pressure causes lower sea level and vice versa.
Roughly, a 1 hPa change in air pressure corresponds to a 1 cm change in sea level. Thus,
an air pressure disturbance of a few hPas alone cannot produce significant waves.
Rather, a meteotsunami is formed through resonance effects that amplify the initial
wave of small amplitude. More crucial than the strength of the pressure disturbance
are its propagation speed and direction as well as the bathymetry and shape of the
coastline.

A shallow-water wave (also called a long wave) is one whose wavelength is much
larger than the water depth. The phase velocity (cp ) of such a wave depends only on
water depth: cp =

�
g h , where h is water depth and g is standard gravity. When the

propagation velocity of an air pressure disturbance is close to that of the long wave,
the disturbance continuously feeds the wave it generates. This is called the Proudman
resonance (Proudman, 1929, 1953). The amplification is proportional to the fetch
and to the spatial steepness of the disturbance (i.e. distance between the front and
the disturbance maximum; Hibiya and Kajiura, 1982). Typical velocities of such air
pressure disturbances are 20–40 m/s; thus the resonance occurs in ca. 40–160 m deep
waters (Monserrat et al., 2006).

There are other resonance mechanisms as well that can transfer energy from an air
pressure disturbance to the sea, such as the Greenspan resonance that occurs if the
alongshore component of the disturbance velocity corresponds to the phase speed of
edge waves (Greenspan, 1956; Monserrat et al., 2006). Edge waves are trapped waves
that run along the shoreline. Shelf resonance occurs when the period or wavelength of
the meteotsunami corresponds to the resonant period or wavelength of a continental
shelf region (Monserrat et al., 2006).
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A meteotsunami approaching the coastline can be amplified by air–sea interactions,
refraction-induced focusing, and shoaling, but the height of a meteotsunami is usually
below 0.5 m on a straight coastline. Harbour resonance occurs when the frequency of
the meteotsunami corresponds to the resonant frequency of a semi-enclosed basin
(e.g. Rabinovich, 2009). When the arriving wave is repeatedly reflected at the bound-
aries of the basin, a standing wave can be created through the superposition of the
waves travelling in opposite directions. Each bay or harbour has characteristic eigen-
frequencies determined by its size and shape. If the meteotsunami has a significant
amount of energy at the eigenfrequencies of the basin, the amplification of wave
height can be catastrophic.

2.3.2 Characteristics of meteotsunamis

Giving an exact definition of what counts as a meteotsunami is not straightforward,
as most sea level variations are of atmospheric origin. A meteotsunami is separated
from other meteorologically generated wave phenomena by its dimensions, which are
similar to other tsunami waves: periods of meteotsunamis range from a few minutes
to two hours and wavelengths from one to hundreds of kilometres (Rabinovich, 2009).
However, to stand out from other sea level variations the wave must have a notable
height. One suggested height criterion is four times the standard deviation of sea level
variations in a certain location (Monserrat et al., 2006).

A meteotsunami can consist of a single wave or several, and the whole event can
have a relatively long duration, even a couple of days (Jansa et al., 2007). Favourable
atmospheric conditions can generate multiple atmospheric disturbances that cause
a sequence of meteotsunamis. For example, the meteotsunami event of 22–27 June
2014 was observed over a wide area from the western Mediterranean to the Black Sea,
but strong oscillations were restricted to certain meteotsunami hotspots (Šepić et al.,
2016).

Meteotsunamis have physical properties comparable to tsunamis generated by
earthquakes, but unlike seismic tsunamis they cannot cause widespread damage.
While a meteotsunami event is often observed in multiple locations along a coastline,
high oscillations are restricted to individual bays, inlets or other hotspots where the
arriving wave is amplified. Another difference compared to seismic tsunamis is that
meteotsunamis are not created instantaneously but develop under external forcing.

In the scientific literature, also the term seiche has been used (e.g. Hibiya and
Kajiura, 1982) before the term meteotsunami was established. Seiches are standing
waves created in enclosed or partially enclosed water basins after the water body has
been disturbed and starts to oscillate around the equilibrium. Meteotsunamis can
acquire destructive dimensions when they create a standing wave in a semi-enclosed
bay or harbour. However, seiches include all standing wave oscillations caused by
any disturbance. In the Baltic Sea, seiche is a very typical phenomenon in the various
sub-basins, large and small, and should not be confused with meteotsunamis.
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3 Sea level projections for the Finnish coast

In Papers I and III, regional sea level projections for the Finnish coast were calculated.
The aim was to construct projections of mean sea level change over the 21st century
as location-specific probability distributions that cover the full probability range, take
into account regional anomalies in sea level rise, and include all different scenarios of
future greenhouse gas emissions. This objective was largely motivated by the demands
of coastal planning: different types of infrastructure tolerate different risk levels, and a
single probability distribution is more easily applicable in practical decision-making
than a set of different scenarios.

In Paper III, the probability distribution of mean sea level change was further
combined with the probability distribution of short-term sea level variations to yield
probabilities of future flooding on the Finnish coast. These results were used to set
national recommendations for minimum building elevations, targeting the sea level
that will be exceeded at most once in the next 200 years, i.e. during the potential
lifetime of new buildings (Kahma et al., 2014). In addition to coastal planning, the
results have been utilized in flood risk mapping of the Finnish coastline. The basic
elements of the methodology – combining the probability distribution characterizing
uncertainty in future mean sea level with the observed distribution of short-term
variations, as a sum of independent random variables – were used in the Finnish
Institute of Marine Research already in 1998 when the previous recommendations for
building elevations were given (Kahma et al., 1998), and even before in 1990 in a safety
assessment made for a Finnish nuclear power station (Kimmo Kahma, pers. comm.).

Our probability distributions of regional mean sea level change are based on an
ensemble of global sea level rise projections. This approach was chosen because of
the problems of sea level projections described in Section 2.2.2: uncertainties are
large, different methods yield different results, and only a few projections give full
probability distributions. As Kopp et al. (2017) and Garner et al. (2018) point out,
there is no single method at the moment that could be considered best for estimating
future sea level rise at different probability levels, and it is wise to compare different
distributions and adopt flexible management frameworks to cope with the uncertainty.
The scientific uncertainty also means that the projections inevitably contain some
degree of subjective choices, approximations and assumptions. By drawing from an
ensemble of projections we hope to include all potential sources of sea level rise, even
the low-probability, high-risk ones such as the disintegration of the West Antarctic
ice sheet (Section 2.2.3). The method and results obtained from these studies are
summarized below.
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3.1 Main components of long-term sea level change

The change in mean sea level hm at a location i on the Finnish coast can be expressed
as the sum of the following components:

hm (t , i ) = hl (t , i )−u (i )t +w (t , i ) +ε(t , i ) (3.1)

where t is the time since the reference year, hl is the large-scale sea level rise, or
the regional manifestation of global sea level changes, u is the rate of postglacial land
uplift, assumed to proceed linearly on the time scales considered, w represents the
local wind-induced component related to the volume and distribution of water within
the Baltic Sea, and ε incorporates residual variations. The observed annual mean sea
levels on the Finnish coast over the 20th century can be fairly accurately reproduced
by calculating the sum of the three main components: hl , u , and w (Fig. 4 in Paper I).

This three-component model was used in both Papers I and III. To obtain proba-
bilistic projections of future mean sea level change, we need to make projections of
each of the three components and combine them as probability distributions.

3.1.1 Adapting global projections to the Finnish coast

The ensemble of sea level rise projections used to calculate the regional projections
is presented in Table 1. The ensemble in Paper I included 10 members, in Paper III
newer projections were included and the IPCC’s Fourth Assessment Report (2007) was
replaced by the Fifth (2013) to yield a total number of 14 projections.

Global sea level rise is not uniform for many reasons (Section 2.2.4). To take into
account regional deviations from the global mean, the global projections published in
the literature were adjusted for regional effects. Different projections were calculated
for three different sea areas along the Finnish coast: the Gulf of Finland, the Bothnian
Sea (southern part of the Gulf of Bothnia), and the Bothnian Bay (northern part; Fig. 1).
Glacier and ice sheet contributions were scaled with fingerprint coefficients based
on the results of Mitrovica et al. (2001). The contribution of the Greenland ice sheet
is expected to be small on the Finnish coast: zero in the Bothnian Bay, 5% of the
global average in the Bothnian Sea, and 15% in the Gulf of Finland. The effect of small
glaciers and ice caps is also below the global average in Finland, 50–65% depending
on location. For the Antarctic ice sheet, a slightly larger rise (105%) compared to the
global mean is expected everywhere along the Finnish coastline.

Climate model simulations give an above average thermal expansion and ocean
dynamics component in the North Sea–Baltic Sea region (Church et al., 2013a; Slangen
et al., 2014). This was taken into account by replacing the global estimates with
regional ones. In Paper III, this was done more elaborately than in Paper I by analyzing
results from 21 CMIP5 atmosphere–ocean general circulation models. Global climate
models are not accurate enough to estimate variations within the Baltic Sea, and
regional differences are small compared to uncertainties, so the mean over the whole
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Finnish coast was calculated. For example in the scenario RCP8.5, the pathway of
highest carbon emissions, the regional sea level rise caused by thermal expansion and
ocean dynamics was 43 cm (27–60 cm) in 2081–2100 compared to 1986–2005 (5–95%
uncertainty range). The corresponding global mean value from Church et al. (2013a)
is 27 cm (21–33 cm).

Most semi-empirical projections cannot attribute the projected sea level rise to
different sources, as they simply model total sea level rise based on the observed
relation between global mean sea level and some other climate variable. These projec-
tions were adapted to the Finnish coast using a simple scaling approach, based on
the relationship between regional and global sea level rise in the projections where
component-wise regionalisation was possible, as described above (Fig. 5 in Paper I
and Fig. 2 in Paper III).

After the regionalisation, we fitted Weibull distributions to the individual members
of the ensemble (normalized to the time span 2000–2100) and combined them as a
mixture distribution to yield the final sea level rise distribution. The projections were
given different weights in the mixture (Table 1). Semi-empirical projections were given
a lower weight to compensate for their large number in the ensemble and because of
lower confidence in these models (Church et al., 2013a). IPCC projections were given
a larger weight because they represent the most comprehensive assessments drawing
from a wide body of research. The effect of weighting was assessed in both Papers I and
III and it was concluded that the method is not very sensitive to the subjective choice
of weights. Weighting lowers the results by ca. 5–10 cm compared to the projection
where all members of the ensemble are included with similar weights in the mixture.

The resulting 5–95% probability ranges of mean sea level rise in 2000–2100 are
shown in Table 2 globally and for the three sea areas on the Finnish coast (for full
probability distributions, see Fig. 6 in Paper I and Fig. 5b in Paper III). The results
obtained in Papers I and III were very similar despite differences in the projection
ensemble and details of the regionalisation. According to the results, the effect of
large-scale sea level rise on the Finnish coast will be approximately 80% of the global
mean – slightly less in the Gulf of Bothnia and slightly more in the Gulf of Finland. Thus,
the larger-than-average thermal expansion contribution is more than compensated
by the smaller-than-average glacier and ice sheet contributions.

3.1.2 Changes in wind climate

As was noted in Section 2.1, sea level variations in the Baltic Sea are mostly regulated
by atmospheric conditions in the region, both in the short term and in annual and
decadal time spans. Interannual variations in mean sea level on the Finnish coast
are of the order of 20 cm, and mean sea level is positively correlated with the North
Atlantic Oscillation (NAO) index that describes large-scale atmospheric conditions in
the region – a correlation that is seen also on other Baltic coasts (e.g. Andersson, 2002;
Suursaar and Sooäär, 2007). A positive NAO index is connected to strong westerly
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Table 2: Large-scale sea level rise in 2000–2100 (5–95 % probability ranges) globally and in the
three sea areas along the Finnish coast, according to the probability distributions calculated
in Papers I and III. Note that these results do not include postglacial land uplift and local
wind-induced effects.

Paper I Paper III

Global 26–155 cm 31–155 cm
Gulf of Finland 24–124 cm 24–126 cm
Bothnian Sea 23–120 cm 24–122 cm
Bothnian Bay 21–114 cm 24–115 cm

winds over the North Atlantic, which push water through the Danish straits and pile it
up in the northeastern parts of the Baltic Sea. Variability in the NAO index explains
37–46% of the interannual variation of mean sea level on the Finnish coast, depending
on location (Johansson et al., 2003).

In Paper I, even better correlations were found between zonal geostrophic wind
and annual mean sea level on the Finnish coast. The best correlation was found
with detrended zonal geostrophic wind (Ug ) near the entrance of the Baltic Sea, on
the island of Bornholm at 55◦N, 15◦E (Fig. 1). Changes in zonal geostrophic wind
explain 84–89% of the interannual variations in mean sea level. The relationship
between Ug at Bornholm and the sea level on the Finnish coast, calculated from the
20th century observations, was assumed to remain unchanged in the future. Climate
model projections of Ug could then be used to estimate the effect of changes in the
wind climate on future mean sea level in Finland (w in Eq. 3.1).

While projections of future Ug are subject to large uncertainties, on average climate
models project an increase in the zonal geostrophic wind in the southern Baltic Sea.
This was estimated in Paper I to lead to a small additional sea level rise on the Finnish
coast: on average, 6–7 cm by 2081–2100 compared to the reference level 1961–2000,
with values ranging from a 3–4 cm decrease to a 15–19 cm increase depending on
the model and emission scenario. The spread between different model projections
was larger than the differences between emission scenarios. These results were also
utilized in Paper III to estimate the wind-induced mean sea level component.

3.1.3 Land uplift

Land uplift rates were calculated from the 20th century observations of annual mean
sea level from the Finnish tide gauges. Referring to Eq. 3.1, we first removed the
observed annual means of the wind-induced component w from the observed annual
mean sea levels hm . The trend in the resulting time series is a combination of the land
uplift rate u and the trend in the large-scale sea level rise hl , which we replaced with the
observed 20th century rate of global mean sea level rise – assuming that sea level rise has
proceeded linearly. The land uplift rates thus obtained range from 4.05±0.75 mm/yr
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in Hamina, in the easternmost part of the Gulf of Finland, to 9.85± 0.69 mm/yr in
Vaasa (Table 3 in Paper I).

Removing the wind-induced component from the observed annual means before
calculating trends improves the accuracy of land uplift estimates compared with older
analyses (e.g. Lisitzin, 1964; Vermeer et al., 1988; Johansson et al., 2003), as the wind-
induced component has a positive trend over the 20th century and it also introduces
large interannual variations in mean sea level. The weakness of this analysis is the
lack of exact information on the rate of large-scale sea level rise in the Baltic Sea over
the 20th century, which is approximated using the global mean value.

Compared with recently published independent land uplift estimates obtained
from geodetic observations and modelling (Vestøl et al., 2019), our land uplift rates
are ca. 1 mm/yr higher, with roughly similar error estimates. Some of this difference
may be explained by the possible overestimation of the large-scale sea level rise in our
analysis (approximated with the global mean rate of 1.7 mm/yr from Church et al.,
2013a), which would lead to an overestimation in the land uplift rates, too. Recent
studies have revised the estimated rate of 20th century sea level rise downward, for
example Hay et al. (2015) suggest 1.2 mm/yr, Dangendorf et al. (2017) 1.1 mm/yr, and
Oppenheimer et al. (2019) 1.4 mm/yr.

3.2 Future change in mean sea level in Finland

The probability distributions of the three components, the regional sea level rise hl ,
wind-induced changes w and land uplift u , were combined as independent random
variables to yield probability distributions of mean sea level change. This calculation
was performed for all 13 tide gauges on the Finnish coast. Projected changes in mean
sea level on the Finnish coast are presented in Table 3, according to the results of Papers
I and III. Despite some methodological updates in Paper III compared to Paper I, such
as the updated ensemble of sea level rise projections (Table 1), the differences in
projections are small, only a few centimetres. Figure 7 shows the historical mean
sea level decline together with projections of future mean sea level change for three
coastal cities in Finland based on the results in Paper III.

According to the average scenario, mean sea level decline will continue in the Gulf
of Bothnia until the end of the century, while sea level rise of up to 33 cm is expected
in the Gulf of Finland. Low scenarios yield declining sea levels everywhere on the
Finnish coastline, while high scenarios would cause a rise ranging from 21 cm in Vaasa
to 90 cm in Hamina. Thus, the highest sea level rise is projected in the Gulf of Finland,
where the rates of land uplift are smallest and also the regional sea level rise is slightly
higher.

These results are reflected in the flood probability distributions calculated in Pa-
per III. The mean sea level projections were combined with distributions of short-term
sea level variations, assuming that the short-term and long-term variations are in-
dependent and their combination is the sum of these two random variables. From
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Figure 7: Observed annual mean sea levels (with the 15-year moving average) and scenarios
for future mean sea level change relative to the year 2000 in some of the largest coastal cities of
Finland: Oulu, Turku, and Helsinki (for locations, see Fig. 1). Solid lines 2000–2100 show the
average scenario, dashed lines are the low and high scenarios corresponding to the 5th and
95th percentiles of the probability distribution.

the resulting flood probability distributions (Fig. 7 in Paper III), future sea levels with
certain exceedance frequencies can be determined (Table 4 in Paper III). According to
the results, flood probabilities will considerably increase in the Gulf of Finland. For
example, the highest coastal flood on record created by the storm Gudrun in January
2005 is estimated to occur 3 times per century in the current climate, but every second
year on average at the end of the century. Thus, rare floods of today would become
commonplace by 2100 in the Gulf of Finland. In the Bothnian Sea and the Bothnian
Bay, flooding risks will continue to diminish during the next decades but rise back
to the present level or slightly above them in the Bothnian Bay and clearly above the
present level in the Bothnian Sea by 2100.
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Table 3: Change in mean sea level (cm) in 2000–2100 at the Finnish tide gauges, according
to the projections of Papers I and III. The average scenario is the weighted average of the
probability distribution, low and high scenarios correspond to the 5th and 95th percentiles,
respectively.

Tide gauge Paper I Paper III
Low Average High Low Average High

Kemi −69 −26 25 −71 −28 24
Oulu −66 −24 28 −69 −25 27
Raahe −69 −27 25 −71 −28 24
Pietarsaari −70 −28 24 −72 −29 23
Vaasa −72 −30 22 −74 −31 21
Kaskinen −66 −21 35 −66 −22 33
Mäntyluoto −57 −13 43 −58 −13 42
Rauma −49 −4 52 −50 −5 50
Turku −36 9 65 −36 8 63
Föglö −38 6 62 −39 6 61
Hanko −22 24 82 −22 24 80
Helsinki −15 30 89 −15 30 87
Hamina −12 33 92 −13 33 90
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4 Meteotsunamis in the Baltic Sea

The coasts of the Baltic Sea know many stories of rare, exceptionally high waves. The
reports of these events have common characteristics: sudden high waves that come
seemingly out of nowhere and disappear as quickly as they appeared; they can occur in
clear and calm weather as well as during storms (Doss, 1906). These waves have been
called Seebär on the German-speaking southern Baltic coast (lit. ”sea wave”, from old
German Bahre, ”wave”) and sjösprång (lit. ”sea leap”) in the Swedish-speaking coastal
regions of Sweden and Finland.

Almost a century ago, Finnish geophysicist Henrik Renqvist described the sjösprång
phenomenon like this:

Sometimes, when the sea is calm, the weather is still, and the isobar maps do not
show any peculiarities, the water will suddenly rise with great speed only to soon
fall again just as quickly. The phenomenon can be repeated once, twice, or many
times. The amplitude between high and low water can be a few decimetres, or a
metre, two metres, perhaps more. The interval between two high-water waves can
be half a minute, two minutes, a quarter-hour, or an hour. Half an hour after the
onset of the phenomenon, the surface can be as calm as before; in other cases, a
strange restlessness is seen for several hours. Often, the weather changes shortly
after the jump in sea level, in other cases no immediate change is seen.

I want to emphasize that the phenomenon does not occur only when the sea is
calm and the weather still, it can just as well be a rough sea with storm, thunder
and a pressure nose on the barogram. I have said what I have said in order to make
it understandable that the phenomenon is a natural wonder in the eyes of the
coastal dweller and a complex problem for science. (Renqvist, 1926b, translated
from Swedish)

The descriptions of these events leave little doubt that the mysterious waves are
meteotsunamis. The mean depth of the Baltic Sea, 54 m, corresponds to a long wave
speed of 23 m/s. Thus, it is a favourable area for meteotsunami generation through
Proudman resonance or other resonance effects (Section 2.3.1). Figure 8 shows the
bathymetry of the Baltic Sea converted to long wave speed; atmospheric disturbances
moving over the sea close to this speed can activate Proudman resonance and generate
meteotsunamis. The exact amplification mechanisms of meteotsunamis observed in
the Baltic Sea are largely unknown, however.

Despite the work by Renqvist (1926a,b), who documented a meteotsunami in
Finland on 15 May 1924, the existence of the phenomenon had been forgotten among
Finnish sea level researchers and the eyewitness reports of such events in 2010 came
as a surprise. No such reports had been received since at least the beginning of the
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1970s (Kimmo Kahma, pers. comm.). Likewise, the Seebär phenomenon is mentioned
several times in older scientific literature (e.g. Credner, 1889; Doss, 1906; Meissner,
1924; Defant, 1961) but modern analyses of Baltic meteotsunamis are lacking. Below,
I attempt to draw a picture of meteotsunami occurrence in the Baltic Sea based on old
literature and the results obtained in Papers II and IV.

4.1 Historical events in the Baltic Sea

4.1.1 Seebär in the southern Baltic Sea

Doss (1906) lists 25 Seebär events from the southern and southeastern Baltic coasts
from the mid-18th century to the end of the 19th century, and one possible event in
1696 in Tallinn, Estonia. Most of these events occurred on the coasts of Mecklenburg
and Pomerania (present-day German and Polish coasts), but several events are re-
ported also from Liepāja (Latvia) and Pärnu (Estonia), and one from Kranz, currently
Zelenogradsk (Kaliningrad).

A notable meteotsunami was observed on the northern coast of the island of
Hiiumaa (Estonia) on 15 January 1858. A detailed description of the event was given
by August Briancourt, master dyer at the Kertel (Kärdla) cloth factory. The first wave
came at 2:10 pm and the water level in the small river flowing into the sea rose 0.9 m,
returning to normal 9 minutes later. The second wave at 2:26 pm was even higher
(1.05 m) and water fell back to the normal level 15 minutes later. The phenomenon was
observed also in the nearby harbours of Tiefenhafen (Suursadam) and Hohenholm
(Kõrgessaare). The weather was stormy, with strong winds from SW in the morning,
showers of snow, hail, and freezing rain. Doss (1906) furthermore notes that thunder
was observed on the same day in Stockholm and Uppsala (Sweden), which is very rare
at that time of the year.

Among the scholars of that time, two competing theories were presented to explain
the origin of these waves: seismic and meteorological (Doss, 1906). Some believed
that the Hiiumaa waves were connected to the earthquake that occurred only 6 hours
later in Žilina, Slovakia. Others noted that the waves were observed on the opposite
(northern) side of the island and occurred before the earthquake, and no trembling
of the earth was noticed in Hiiumaa. The meteorological origin was supported by
the fact that the waves seemed to coincide with unusual atmospheric phenomena –
pressure jumps, wind shift, storm, thunder. Some referred to the seiche phenomenon,
which was known to occur in Lake Geneva and also in the Baltic Sea in connection
with sudden strong storms and rapid changes in air pressure. Doss (1906) himself was
convinced that the Seebär waves are of meteorological origin, and that earthquake-
generated waves should not be counted as Seebär. A meteorological cause is also
pointed out by Meissner (1924) in connection with Seebär events observed in Stolp-
münde (currently Ustka, Poland) in 1921 and 1922.
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Figure 8: Bathymetric map of the Baltic Sea, with depths converted to long wave speed in the
sea according to

�
g h , where g is acceleration due to gravity and h is water depth. Bathymetry

data is from the IOWTOPO2 dataset (Seifert et al., 2001) with a spatial resolution of 1’ × 2’ (ca.
2 km).
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Doss (1906) furthermore correctly believed that the shape of the coastline affects
the height of the waves, because standing waves can be formed and the waves ampli-
fied through interference. Waves entering river mouths can form a bore, which might
explain the unusual height (up to 3 m) of the Seebär observed in Pärnu. The bridge in
the Pärnu river was damaged by these waves in 1841 and 1845, and in 1836, two of the
four horses that were on the bridge were lost to the sudden flood, while their owners
managed to save themselves (Doss, 1906).

The events in Liepāja (Latvia) in 1825, 1845, 1858, and 1893 were also on some
occasions strong enough to cause hazardous situations. In July 1845, the sea level rose
so rapidly that people in the beach huts suddenly found themselves in 3–4 feet deep
water (Doss, 1906). According to the newspaper accounts, no one was injured, but
some bathers lost their clothes and the beach huts were dislocated. The event was
over in a quarter of an hour. A waterspout was observed; however, Doss (1906) notes
that a waterspout alone could not cause the sea level variations that were observed on
a stretch of coast several miles wide.

The oldest known Seebär events come from the coasts of Pomerania in the southern
Baltic Sea. A strong storm and a destructive flood severely damaged coastal towns
along nearly the entire southern Baltic coast from Wismar to Kaliningrad in September
1497 (Piotrowski et al., 2017). In Darłowo (Rügenwalde), according to the chronicle
of the local monastery, the storm threw several ships on dry land and carried one
of them more than 3 km inland up to the hill where the Church of St. Gertrude is
located. Anrdzej Piotrowski from the Polish Geological Institute has estimated that
the flood height was at least 3 m and, if the story of the ship holds true, it could have
been much higher (Piotrowski, 2007). A meteotsunami on top of the storm surge may
have contributed to the extreme height of the flood.

In April 1757, near Trzebiatów (Treptow), three successive high waves reportedly
snatched an anchored ship from the harbour and moved it far onto the land:

The Baltic Sea often holds its own weather, which has no connection with weather
on the land; sometimes, only rarely however, a submarine storm occurs in the
Baltic Sea, which one can assume because under a clear and calm sky, a thunder
can be heard rolling along the Pomeranian coast, and dead or half-dead marine
or coastal fishes are thrown out on the land. That happened for instance on the 3rd
of April, 1757: about the noon, at a calm and bright weather, the Baltic coast near
Trzebiatów on Rega river became suddenly rolling so much that a big ferry-boat,
moored in the harbour, was snatched away by high waves and shifted far on the
land. After that (rolling) had been repeated three times, the sea became calm
again. Local sailors call this phenomenon ”Seebär”. (L. W. Brüggemann, 1779,
according to Piotrowski, 2007)

Piotrowski et al. (2017) attempted to find geological traces of the Seebär events on
the coastal plain near the mouth of river Rega. They found a prominent (thickness 0.5–
50 cm) and widespread sandy layer, which the authors interpret based on radiocarbon
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datings to be a deposit of the 1497 storm surge. A second, thinner and less extensive
sandy layer from the 18th century might be related to the Seebär event in 1757, but the
authors consider it more likely to be left by a storm surge that has caused breaching of
the sand dunes and inundation of the coastal plain.

4.1.2 Historical events in Finland

The shallow waters and broken topography of the Finnish coast are favourable for
meteotsunami formation when conditions fall in place. One such event in 1876 on
the Gulf of Finland was witnessed by linguist Herman Vendell. In a newspaper article,
he describes a sailing trip in Kantvik (Kirkkonummi):

It was Seven Sleepers’ Day, 27 July 1876. [. . . ] As the sky was cloudless, the
weather mild, and the breeze suitably brisk in the morning, I set out to sail on
the open sea. Under a south-westerly wind and with full sails it was a pleasure
to cut the crests of the smoothly rounded waves. The bow was already pointing
homewards, when the wind calmed and, looking behind me, I saw, far out in
the Gulf of Finland a dark-blue horizon appearing and heard a rumbling like
distant thunder. Having made it back to the boathouse I was caught by a suddenly
onrushing remarkably high wave, followed by a whistling storm. In a hurry the
boat was secured and the sails furled. But the flood and storm was so fierce that
before my companion and I had left the shaking boathouse, the pier was torn
away into shreds, and we had to wade in water up to our armpits to the shore.
The water rose by some 4 or 5 feet above normal level and carried planks, lumber,
and vessels far up onto a meadow [. . . ]. This was followed by the full raging of
the forces of nature, which during the evening and the night escalated into an
unusually powerful thunder, punctuated by bright bursts of light, and quickly
strobing bolts of lightning.

Such natural phenomena are called ”sjösprång” in this area. They repeated
quite often during the same summer, though to a smaller degree and always during
a south-westerly wind. (H. Vendell: Något om sjösprång. Folkvännen 1885, nos.
133 and 134. Translated from Swedish.)

On the evening of 15 May 1924, a strong meteotsunami was observed on the
southern Finnish coast. Newspapers reported of unusual rising and falling of the sea
level that was repeated several times with short intervals, lifting up old tree trunks
from the bottom and revealing long stretches of seafloor in shallow places during the
outflow (Renqvist, 1926b). Observations of the phenomenon were reported from more
than 20 locations, mostly in the Archipelago Sea and western Gulf of Finland. The
waves occurred in the evening between 6 and 9 pm, generally earlier in the west than
in the east. However, in Utö and Bågaskär sea level oscillations were observed already
between 2 and 6 pm.
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The event was studied in detail by Renqvist (1926a,b). The meteotsunami was not
observed in Estonia on the opposite side of the Gulf of Finland. The maximum height
of the observed waves was 1.2 m in western Gulf of Finland east of Hanko, but in most
places the height was around 0.5 m. At the tide gauges of Hanko and Helsinki, only
damped oscillations of small amplitude were registered. According to the eyewitness
observations, the period of a single wave was 5–15 min and the event was typically
over within an hour. It seems that the anomalous observations in Utö and Bågaskär
were related to somewhat longer waves.

In the afternoon of 15 May 1924, a mild wind was blowing from the south or
southwest and there was a strong east-west temperature gradient over the Baltic
Sea: in Stockholm the temperature was 18 degrees, in Hanko only 6. During the
evening, mild wind, dark clouds, thunder, wind gusts, and fog were reported from many
observation sites, and small jumps in air pressure were registered at meteorological
stations in the region. Renqvist (1926a,b) notes that the Seebär phenomenon has
in earlier literature been connected to thunder and rapid variations in air pressure.
However, as electrical forces cannot cause sea level variations and changes in air
pressure by themselves cannot explain such high waves, Renqvist was led to seek the
explanation from whirlwinds and tornadoes, even though no such phenomena were
observed by the eyewitnesses.

4.2 Recent events

4.2.1 Recent meteotsunamis in Finland

In the summers of 2010 and 2011, the Finnish Meteorological Institute received several
messages from citizens who had witnessed exceptional sea level events on the Finnish
coast. The eyewitnesses reported strange waves with a period ranging from a few
minutes to fifteen minutes and height from 30 to 100 cm. Weather conditions were
described as not showing anything out of the ordinary. In Paper II, these observations
were documented and the events examined using sea level and meteorological data.
Tide gauge observations confirmed the eyewitness observations, but the oscillations
recorded at the measurement sites had generally a much smaller height. The oscilla-
tions coincided with small (1–4 hPa) sudden jumps in surface air pressure at coastal
observation stations (Figs. 3, 6, 9, and 12 in Paper II).

The propagation speed of the atmospheric disturbances was estimated from radar
imagery. Both events observed in the Gulf of Finland, on 29 July 2010 and 8 August
2010, were caused by an air pressure disturbance propagating northwards across the
gulf from Estonia; speeds were 22–24 m/s, corresponding to the long wave speed in
49–58 m deep water. While the speed of the disturbances matched long wave speed
in parts of the gulf (Fig. 8), in Paper II it was concluded that the amplification due to
Proudman resonance alone was not that significant because of the relatively small
width of the gulf (80 km) and the concave bottom topography. In that case, effects
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controlled by local bathymetry must have dominated to create the up to 1 m high
waves observed by eyewitnesses. The small height, 10–15 cm, of the waves recorded
at the tide gauges also points to this conclusion.

Also on 8 August 2010, a squall line propagated northward along the coast of the
Gulf of Bothnia, creating a small meteotsunami observed in Raahe. The speed was
18 m/s, corresponding to the long wave speed in 33 m deep water. Because the squall
line was propagating along the coastline, it had a long fetch over shallow coastal waters
and significant amplification of the wave due to Proudman resonance could occur.
Indeed, sea level oscillations at the Raahe tide gauge and the eyewitness observation
ca. 6 km to the south were of the same magnitude, about 0.5 m. Another event was
observed on 4 June 2011 in the Archipelago Sea, connected with a southeastward
moving cold front that created a small pressure jump.

4.2.2 Recent meteotsunamis in Sweden

Several meteotsunami events have been observed in Sweden in recent years. The
eyewitness descriptions very much resemble those reported in Finland: sudden sea
level variations of up to 1.5 m and strong currents. No systematic study of the Swedish
events exists to date, but it seems that meteotsunamis typically occur at least a couple
of times each summer and can be quite powerful (Ola Kalén, pers. comm.). Based
on the available evidence, it seems that conditions for meteotsunami occurrence in
Sweden very much resemble those observed in Finland.

On 8 August 2018, a meteotsunami was observed on the western Swedish coast
outside the Danish straits. Erik Wickstrand witnessed the event at Lapposand, Hönö,
outside Göteborg, and published a video that shows the seafloor revealed by the
outflow of water, stranded boats, and after a couple of minutes the inflow of water
back to the small bay1. According to him, the phenomenon was repeated at least 8–10
times in a similar fashion, before the thunder and rain rolled in. Fisherman Fredrik
Andersson, who also observed the event in Hönö, told the newspaper GT 2: "I have
never seen anything like it. My father is 73 years old and has fished all of his life, and
he has never experienced anything like it either."

According to a press release by SMHI (Swedish Meteorological and Hydrological
Institute)3, the event was caused by a weather front moving eastward over Denmark.
The event could be detected in the sea level signal of all Swedish tide gauges around the
coast (Ola Kalén, pers. comm.). The tide gauge in Torshamnen, Göteborg, registered
20–25 cm high oscillations, while eyewitnesses reported wave heights of up to 1 m in
Göteborg archipelago.

1Erik Wickstrand: Sjösprång på Lapposand (Hönö). Published 13 Aug 2018, accessed 23 May 2020.
https://youtu.be/4i_FNL3f_9s

2GT: Havet försvann – mitt framför Fredriks ögon. Published 11 Aug 2018, accessed 23 May 2020.
https://www.expressen.se/gt/havet-forsvann-mitt-framfor-fredriks-ogon/

3SMHI: Sjösprång på västkusten. Published 8 Aug 2018, accessed 23 May 2020.
https://www.smhi.se/nyhetsarkiv/sjosprang-pa-vastkusten-1.138339

41



The Swedish word sjösprång (lit. "sea leap") is a somewhat loose term referring
to rapid sea level variations, both storm surges with a period of several hours as
well as sudden sea level oscillations of shorter period, 5–20 min (Nyberg, 1979). The
description of the latter variant clearly points to a meteotsunami: their generation
is known to be connected with an air pressure disturbance moving over the sea at a
speed close to the long wave speed in the sea. According to Nyberg (1979), the height
of the short-period sjösprång on the Swedish coast vary from a few decimetres to 1–2
metres, occasionally even higher. Often there is no local disturbance in weather to be
seen; the waves occur in calm weather.

4.3 Meteotsunamis in Finnish sea level data over the past century

Apart from the 15 May 1924 meteotsunami, which aroused widespread attention and
was thoroughly examined by Renqvist (1926a,b), and the recent events documented
in Paper II, there are no scientifically documented occurrences of meteotsunamis
in Finland. A systematic study of such events was needed to find out how common
meteotsunamis are on the Finnish coast. This was performed in Paper IV.

The study of meteotsunamis is hindered by the spatial and temporal resolution
of the sea level measurement network. Even though sea level measurements have
been carried out on the Finnish coast for over a century, digital measurements with
a sampling interval of less than one hour are not available before 1980 (Section 2.1).
However, the Finnish tide gauges have been equipped with recording devices that
plotted the sea level as a continuous curve on paper (Fig. 3 in Paper IV), and these
paper records exist in the archives of the Finnish Meteorological Institute. There is a
lot of undigitized data available on these paper charts.

The sea level data used in Paper IV consists of the original paper charts of the tide
gauges of Hanko and Hamina, in the Gulf of Finland (Fig. 1), from the 1920s to 1989.
Because analyzing the charts involves a lot of manual work, the scope of the study
was restricted to these two tide gauges and to the summer months of May–October.
Even though meteotsunami occurrence in winter is possible, as demonstrated by the
sea level event of January 1858 in Hiiumaa (Section 4.1.1), Baltic meteotsunamis are
predominantly a summertime phenomenon. The sjösprång phenomenon in Sweden
is strongly connected to thunderstorms (Nyberg, 1979), which are rare in winter in
the region (Mäkelä, 2011). The possible ice cover in the sea further reduces the effect
of atmospheric disturbances on sea surface and suppresses sea level oscillations
(Section 2.1.1).

The tide gauge charts were browsed through visually, and exceptionally rapid and
strong oscillations with a period of max. 2–3 hours were marked for further analysis and
digitized. The time series was complemented with events automatically detected from
15-min sea level data since 1980 from three tide gauges in the Gulf of Finland: Hanko,
Helsinki, and Hamina. The overlapping ten years in 1980–1989 showed that both the
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visual viewing and the automated algorithm were effective methods of detecting rapid
variations in the data, and the results could be combined with reasonable confidence.

The atmospheric origin of the waves was studied using barograms from the nearby
coastal stations. In most cases, a small but abrupt pressure jump or drop – or several –
was found to coincide with the sea level oscillations, indicating that the waves were of
meteorological origin. These events were interpreted as small meteotsunamis. A small
number of events that were not accompanied by any unusual changes in air pressure
were excluded. While notable gaps in the data exist especially because of damping of
the sea level records (filtering out of high-frequency signals because of blockages in
the pipe connecting the tide gauge well to the sea), the research resulted in a unique
dataset of meteotsunami occurrence in the Gulf of Finland spanning nearly a century.

In total, 135 potential events exceeding a location-specific height threshold (10–
20 cm) were found in the sea level data of the three tide gauges, and 99 (over 70%) of
these were confirmed from the air pressure observations (Table 1 in Paper IV). The
rest could not be confirmed because of missing air pressure data. Taking into account
that 14 of the events were observed at more than one station, the number of separate
events was 121. The longest time series from Hanko (1922–2014) contains 45 events,
the time series from Hamina (1928–2014) 65 events (Fig. 5 in Paper IV). While the
series from Hanko does not show clear trends in meteotsunami occurrence, in Hamina,
meteotsunamis seem to be more common over the latter half of the century than over
the first half. Excluding the years with over 80% of missing data, a least squares fit for
Hamina gives an increasing trend which is statistically significant at a level of at least
p = 0.01 (Paper IV).

Three height metrics were used to characterize the heights of the detected me-
teotsunamis in Paper IV: the maximum height of an individual wave, the total range
of variation during the event, and the maximum elevation on top of the background
sea level variations. Typical heights of the first two metrics were 10–30 cm, with the
highest observed events being close to 60 cm. The maximum elevations were typically
roughly half of the total sea level variation. Wave height does not show a statistically
significant trend in the time series.

4.4 Connection to atmospheric phenomena

In Paper II it was shown that the three sea level events observed in 2010 and 2011 on
the Finnish coast occurred during the passage of air pressure disturbances moving at
a speed close to the long wave speed in the sea below, confirming their atmospheric
origin and meteotsunami-type character. The disturbances were related to different
types of weather phenomena: a gust front, squall lines and a cold front.

The connection between meteotsunami occurrence and atmospheric conditions
was further studied in Paper IV. On a monthly scale, the months (May–Oct in 1922–
2014) with at least one meteotsunami occurrence were compared with the months
with no recorded meteotsunamis. The null hypothesis was that the means in at-
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mospheric parameters between these two sets of months would be equal; this was
true for mean sea level pressure, 10 m wind speed, and the NAO index. In contrast,
surface temperature, dew point temperature, and CAPE (convective available potential
energy) showed a statistically significant (p < 0.01) difference, with larger average
values during the months when meteotsunamis were observed (Table 2 in Paper IV).
Means of these atmospheric parameters were calculated from reanalysis data.

Thunderstorm days in Finland have been observed by humans since 1887, and
since 1960 with an automatic flash counter network. The yearly means of the number
of thunder days (1922–2014) showed a statistically significant (p = 0.02) difference
between years when meteotsunamis were recorded and when they were not recorded.
However, the number of CG (cloud-to-ground) flashes over the whole continent of
Finland and meteotsunami occurrence in the Gulf of Finland did not show such a
connection, presumably because the geographical areas differ too much.

More specific location information of CG flashes is available since 1998. The
daily and monthly CG flash numbers in the Gulf of Finland region were calculated in
Paper IV and compared with meteotsunami occurrence. These numbers were clearly
and significantly (p < 0.001) higher during days and months when meteotsunamis
were recorded compared to other times. On meteotsunami days, CG flash numbers in
the Gulf of Finland were over 10 times higher compared to an average summer day of
no meteotsunami occurrence (Table 2 in Paper IV).
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5 Discussion

There are still large uncertainties in sea level projections, but decisions with a time
horizon of 100–200 years have to be made now in coastal management. Adaptive
measures, e.g. determining the building elevations of new infrastructure, need to aim
at a good balance between the opposing risks of flooding damage (if the flood risk
estimates are too low) and larger expenses of flood protection (if unnecessary mea-
sures are implemented because the estimates are too high). Probabilistic projections
are helpful in this balancing as they can be applied to different situations requiring
different safety levels.

Our aim was to present the deep uncertainty in sea level projections as a single
probability distribution that includes i) all possible future trajectories of greenhouse
gas emissions, ii) the high-impact, low-probability risks such as the possible disin-
tegration of the West Antarctic ice sheet, and iii) regional deviations from the global
mean. This was achieved by making a weighted combination of different projections
that are based on different methods and treat the uncertainties differently. The process
inevitably includes some subjective choices and the results are subject to change as
the scientific understanding of sea level rise evolves. However, as Hinkel et al. (2015)
point out, the ability of societies to adapt to rising sea levels, e.g. by building flood
defences, is faster than the rate of sea level rise given sufficient economical resources
are available. While it is good to prepare for rising sea levels, at this point it may be
enough to leave possibilities for adaptation open in case the high-end scenarios come
true.

Current evidence suggests that the upper limit of potential sea level rise by 2100 lies
somewhere in the 1.5–2.5 m range. To reach such high levels, the collapse of the West
Antarctic ice sheet should begin during this century. There are recent observations
indicating that the disintegration caused by the marine ice sheet instability mechanism
is already underway on some of the West Antarctic ice streams, and some modelling
results indicate that a widespread collapse can begin during this century (Section
2.2.3), but current scientific knowledge cannot give a definite answer to how fast and
significant the retreat will be. Solving this question would require novel ideas and
breakthroughs in ice sheet modelling (e.g. Joughin et al., 2012; Jevrejeva et al., 2014).

Future efforts to mitigate greenhouse gas emissions play a crucial role in determin-
ing the future of the Antarctic ice sheet and global mean sea level rise (e.g. Winkelmann
et al., 2015). Even during this century, the difference between a strong mitigation
scenario (RCP2.6) and a business-as-usual scenario (RCP8.5) is significant, and the
difference is even more striking in a longer time perspective. By 2300, a 1.5◦C warm-
ing scenario could peak the sea level at 1.5 m above the 2000 level (Schaeffer et al.,
2012). Limiting warming to 1.5◦C would require deep emission reductions bringing

45



anthropogenic CO2 emissions to zero by 2050 (IPCC, 2018). Stronger warming is likely
to commit the world to several metres of sea level rise during the next few centuries.
While the postglacial land uplift in Finland, 40–100 cm per century, compensates a
significant part of the sea level rise, accelerating sea level rise means that the historical
trend of declining mean sea levels will reverse in Finland over time – sooner on the
southern coast and later in the north.

At the other end of the sea level spectrum, meteotsunamis on the Finnish coast
were studied. The phenomenon of sudden, unexpected large waves has long been
known among the coastal residents of Baltic Sea. As a shallow sea with a complex
coastal topography, the Baltic Sea is a suitable environment for the resonance effects
required to produce sizeable meteotsunami waves. The highest reliably documented
meteotsunamis in the Baltic Sea have been 1–1.5 m high, but historical sources point
to even higher waves. There is evidence of meteotsunamis from all around the Baltic
coasts, indicating that these events are widespread in the Baltic Sea.

The results obtained in this work show that Baltic meteotsunamis are more com-
mon than has perhaps been thought previously. While stronger events are rare, small
meteotsunami-type oscillations with a height of a few decimetres may occur a few
times each summer on the Finnish coast. Although relatively modest in size, Baltic
meteotsunamis can in some cases clearly be sufficient to cause at least minor damage
and endanger coastal safety. Moreover, it seems that under suitable meteorological
circumstances several meteotsunamis can occur within a short time period. For ex-
ample on 8 August 2010, meteotsunamis were observed both in the Gulf of Finland
and the Gulf of Bothnia, caused by separate weather phenomena.

The knowledge of meteotsunami occurrence in the Baltic Sea is still sparse and
there is plenty of room for further work. Some suggestions include:

• Compiling a catalogue of all known Baltic meteotsunami events, both historical
and contemporary. A systematic study of sea level data and newspaper archives
would probably reveal more proof of Baltic meteotsunamis (as e.g. Haslett et al.,
2009; Haslett and Bryant, 2009 for the United Kingdom).

• Modelling work to examine the generation mechanisms of meteotsunamis in
the Baltic Sea in detail. How can the high Seebär waves observed in the 15th and
18th centuries on the southern Baltic coasts be explained?

• Modelling work to reveal vulnerable locations for meteotsunami occurrence on
the coasts of the Baltic Sea.

• Calculating the probability distribution of meteotsunami occurrence at a given
location to improve risk assessments of coastal flooding. How well are me-
teotsunamis represented in the statistics of sea level extremes used in such
assessments?
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• What is the reason behind the differing trends of meteotsunami occurrence in
Hanko and Hamina, and how will climate change affect meteotsunami occur-
rence in the future?

• Spreading awareness of Baltic meteotsunamis and strengthening international
cooperation among the Baltic Sea countries.
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6 Conclusions

The main conclusions of this work, referring to the research objectives presented in
Chapter 1, can be summarized as follows:

• Probability distributions of mean sea level change in different locations on the
Finnish coast were presented. The regional effect of global sea level rise will
be below average, approximately 80% of the global mean, and postglacial land
uplift further counteracts sea level rise in the region. However, sea level rise
and significant increases in flooding risks are expected over the 21st century in
the Gulf of Finland. In the northern parts of the Gulf of Bothnia, land uplift is
strong enough to outweigh sea level rise during this century unless the highest
projections come true.

• A total number of 121 potential (over 70% of them confirmed) meteotsunami
events were identified in the sea level data of three tide gauges in the Gulf of
Finland 1922–2014, showing that small meteotsunamis occur regularly on the
Finnish coast. Typical wave heights at the tide gauges were 10–30 cm, but higher
oscillations are possible in vulnerable locations. A statistically significant in-
creasing trend in the number of meteotsunamis was found in Hamina, in the
eastern part of the Gulf of Finland, but not in Hanko in the western part of the
gulf.

• Weather phenomena that generate meteotsunamis on the Finnish coast include
gust fronts, squall lines and cold fronts propagating over the sea at a resonant
speed. Meteotsunami occurrence in the Gulf of Finland shows a strong con-
nection to lightning observations. A statistically highly significant difference
between meteotsunami months and other months was also found in convective
available potential energy (CAPE) which is an indicator of summertime thunder-
storm potential. Meteotsunamis in the region seem to occur practically always
in connection with thunder.
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We calculate scenarios for the mean sea level on the Finnish coast by combining the land uplift, wind-induced
changes in the local sea level, and large-scale sea level rise due to changes in ocean density and circulation
and melting of land-based ice. The wind-induced changes were estimated by utilising their correlation
with the zonal geostrophic wind, which explains 84–89% of the observed interannual variability of sea
level on the Finnish coast. Future scenarios were based on the geostrophic wind projections from nine global
circulation models. Land uplift rates are 4.1–9.9 mm/yr, determined from the observations after filtering out
the wind-induced effect. A 26–155 cm range for the global mean sea level rise up to 2100 was obtained by
combining several recently published scenarios. This rise is geographically unevenly distributed, and on
the Finnish coast it is estimated to be only 24–126 cm. Relative sea level change in the Gulf of Finland in
2000–2100 is projected to be +29 cm (−22 to +92 cm). A change of−5 cm (−66 to +65 cm) is projected
for the Bothnian Sea, and −27 cm (−72 to +28 cm) for the Bothnian Bay, where the land uplift is stronger.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Estimates of the future behaviour of the sea level are important for
coastal activities, including construction and planning, as well as
flood protection. Thus, there is a continuous interest in sea level sce-
narios based on the most recent knowledge of the effects of climate
change. For practical applications like risk analyses, not only an en-
semble of possible scenarios, but also estimates of their probabilities
are of interest. This study responds to this need on the Finnish coast
in the north-eastern Baltic Sea.

The semi-enclosed Baltic Sea is connected to the North Atlantic
Ocean through the narrow and shallow Danish Straits. The water
flows in and out through the straits, allowing the sea level changes
in the global ocean to penetrate into the Baltic Sea as well. The
long-term changes in the relative sea level on the coastline of Finland
are thus determined by a combination of local and large-scale
processes: local meteorologically induced changes in the sea level
and local postglacial land uplift, as well as the large-scale sea level
rise due to melting of ice sheets, glaciers and ice caps, thermal expan-
sion of the oceans, and changes in ocean dynamics (Johansson et al.,
2004). All these factors need to be taken into account when analysing
the past and projecting the future behaviour of the local sea level.

The Baltic Sea level varies remarkably due to regional meteorolog-
ical conditions. The interannual fluctuations in the annual average sea
levels on the Finnish coast are of the order of 20 cm. In earlier studies,

this variability was found to be related to the North Atlantic Oscilla-
tion (NAO) index, the correlation being especially strong in winter
and in the northeastern part of the Baltic Sea (e.g., Andersson, 2002;
Johansson et al., 2003; Kahma, 1999; Suursaar and Sooäär, 2007;
Suursaar et al., 2006). A positive NAO index coincides with anoma-
lously strong westerlies over the North Atlantic. This westerly flow
tends to push water through the Danish Straits into the Baltic Sea,
thus altering the total water volume in the semi-enclosed basin.
Such variations affect the Baltic Sea level by several tens of
centimetres on an intra-annual time scale. In addition, a prevailing
westerly flow redistributes water inside the Baltic Sea basin in such
a way that the sea level is highest in the northeastern part of the
basin; this sea level tilt reinforces the effect of water volume changes
on the Finnish coast (Johansson et al., 2003). Other phenomenamight
also contribute to the link between a high NAO index and high sea
levels in the Baltic Sea: e.g. a high NAO index correlates with high pre-
cipitation, which through river runoff affects the salinity gradient in
the Baltic Sea. However, compared to the fluctuations induced by
the water transport, such phenomena are of secondary importance.

The variability of the NAO index, and the corresponding fluctuations
in sea level are also visible on a decadal time scale. For instance, in the
1980s and 1990s the mean sea level on the Finnish coast was anoma-
lously high. This behaviour coincides with a high NAO index during
these decades (Johansson et al., 2003). Thus, this meteorological contri-
bution is relevant in studies of long-term mean sea level scenarios.

In Scandinavia the postglacial land uplift, i.e., the slow recovery of
the Earth's crust from the pressure of the ice masses during the last
ice age, is still ongoing and has been extensively analysed. Tradition-
ally, the most accurate data for studying the land uplift were the
long-term time series of mean sea level measured by tide gauges.
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These data yield the vertical land movement in relation to the sea sur-
face (e.g. Hela, 1953; Lisitzin, 1964; Vermeer et al., 1988). In some
earlier papers, it was customary to call this relative movement rela-
tive land uplift (Johansson et al., 2004; Vermeer et al., 1988), although
actually it is a combination of the sea level change and the crustal
movement. Recently, new data obtained from permanent GPS sta-
tions allow the calculation of vertical land movement independently
of the sea level change (Lidberg et al., 2007; Richter et al., 2011;
Vestøl, 2006). To avoid misinterpretation, in this paper we denote
the absolute crustal movements as “land uplift”, while the term “rel-
ative sea level change” refers to the change from a coastal viewpoint
as measured by the tide gauges (sea level change minus land uplift).

In this paper we use the term “large-scale sea level change” to
refer to sea level changes which have their main sources outside the
Baltic Sea, but which still affect the Baltic Sea. These include melting
of ice sheets, glaciers and ice caps as well as thermal expansion of
the oceans, and changes in ocean dynamics. These phenomena
cause global-scale sea level changes. The average rate of the global
mean sea level rise during the 20th century was 1.7±0.5 mm/yr, as
estimated in the Fourth Assessment Report (AR4) of the Intergovern-
mental Panel on Climate Change (IPCC; Bindoff et al., 2007). There
is evidence that the global mean sea level rise has accelerated.
Satellite altimetry measurements show a rate of 3.3±0.4 mm/yr in
1993–2007 (Cazenave and Llovel, 2010).

The Third Assessment Report (TAR) of the IPCC (Church et al.,
2001) projected a global average sea level rise of 9–88 cm by the
end of this century. Johansson et al. (2004) calculated sea level sce-
narios for the Finnish coast by combining the TAR scenarios with
local land uplift and scenarios for meteorological forcing. The possi-
bility that the large-scale sea level rise due to thermal expansion
and melting of land-based ice might be geographically unevenly dis-
tributed was not taken into account in that paper: the global average
scenarios were applied to the Baltic Sea unchanged. Johansson et al.
(2004) concluded that the decline of the relative sea level observed
on the Finnish coast during the 20th century is likely to cease in the
Gulf of Finland. The mean of six different emission scenarios
projected a −4 to +5 cm change from 2000 to 2093, while the
whole scenario range extended from −30 to +47 cm. In the Gulf of
Bothnia, where land uplift is stronger, the decline of the sea level
was projected to continue. The intermediate projection ranged from
−49 to −18 cm, while the entire scenario range extended from
−74 to +25 cm. The differences among the local values mainly orig-
inated from different land uplift rates, ranging from 3.1 to 9.0 mm/yr.
The uncertainty of several tens of centimetres in the global sea level
rise scenarios was reflected on the Finnish coast as well.

Meier et al. (2004) presented sea level scenarios for the Baltic Sea
based on dynamical modelling of the local processes combined with
the global sea level scenarios of the TAR. The scenarios showed that
land uplift will compensate for the sea level rise for low-end scenari-
os, and in the northern parts of the Baltic Sea even for the intermedi-
ate scenario, but according to the maximum scenario the relative sea
level would rise over the entire Baltic Sea area.

Since TAR, new knowledge on global sea level rise and its spatial
distribution has been obtained, and thus the sea level projections
for the Finnish coast by Johansson et al. (2004) are outdated. The
AR4 provided updates for the global sea level scenarios. The sea
level was projected to rise by 18–59 cm in the 21st century (Meehl
et al., 2007). In addition, an ice-sheet discharge term of up to 17 cm
was suggested to account for the possible effect of rapid dynamical
changes in the Greenland and Antarctic ice sheets. Because current
models lack the ability to simulate such changes, this estimate was
based on an assumed link between the sea level rise induced by
these dynamical changes, and the global mean surface temperature.

The new IPCC scenarios have encountered criticism as being too
conservative, because the full effect of ice sheet dynamics was not in-
cluded in the numerical estimate (e.g. Hansen, 2007). Since 1990,

global mean sea level has been rising faster than the models predict
(Rahmstorf et al., 2007), indicating possible deficiencies in the ability
of the models to handle this issue. After AR4, a number of higher sea
level projections have been published. Several authors (Grinsted
et al., 2010; Horton et al., 2008; Jevrejeva et al., 2010; Jevrejeva
et al., 2012; Rahmstorf, 2007; Vermeer and Rahmstorf, 2009) used
semi-empirical relations between sea level and temperature (or radi-
ative forcing); projections of sea-level rise ranging from 36 to 190 cm
were obtained. Pfeffer et al. (2008) made an effort to estimate the
highest possible rate of ice discharge from the Greenland and West
Antarctic ice sheets, concluding an upper limit of 200 cm for the sea
level rise by 2100.

The global-scale sea level rise is not distributed evenly, as revealed
by satellite altimetry (e.g. Cazenave and Llovel, 2010). These regional
differences arise from changes in ocean density and dynamics as well
as gravitational effects and land movements due to redistribution of
water and ice on the Earth's surface (Bindoff et al., 2007). Large ice
masses attract sea water by gravitation, causing the water to pile up
around the ice mass. When the ice melts, the gravitational attraction
is relieved, and the water retreats. According to modelling results, the
sea level will decline near the melting ice mass, while in areas far
away it will rise more than on average (Mitrovica et al., 2001;
Tamisiea et al., 2003). Thus, depending on whether the global average
sea level rise is caused by thermal expansion, melting of the Green-
land ice sheet, of the Antarctic ice sheet, or of the small glaciers and
ice caps around the world, the result is a different regional contribu-
tion on the Finnish coast. From the Finnish viewpoint, the source of
the projected sea level rise thus is of great importance.

This study aims at updating the sea level scenarios of Johansson
et al. (2004). In Section 2 the data are presented. In Section 3 the
local effects of meteorological forcing and land uplift are considered.
We examine the possibility of more efficiently explaining the
meteorologically-induced component of sea level variations by the
local time-mean geostrophic wind rather than the NAO index used
in previous studies (Johansson et al. 2003, 2004). The land uplift
rates are estimated from the sea level time series after subtracting
the response to meteorological forcing and the past large-scale sea
level rise. In Section 4, scenarios are constructed. To obtain a probabil-
ity distribution for future large-scale sea level rise, we combine differ-
ent global sea level projections presented in literature. The uneven
geographical distribution of the sea level rise and specifically the re-
gional contribution on the Finnish coast is estimated. This has not
been done previously for the Finnish coast, as the earlier projections
were based on the TAR global mean sea level scenarios solely. To re-
spond to the practical demands, the probability distributions for the
large-scale sea level scenarios are estimated. Finally, the large-scale
sea level rise is combined with the land uplift and meteorologically
induced variations to obtain projections for the local relative sea
level change on the Finnish coast.

2. Data

2.1. Sea level data

The sea level is continuously measured at 13 tide gauge stations
on the Finnish coast, most of which have been operating since the
1920s (Fig. 1, Table 1). The longest time series, beginning in October
1887, comes from Hanko, and the shortest one, beginning in January
1933, from Rauma. The sea level was generally recorded at 4-hour in-
tervals up to 1970 and at 1-hour intervals since then. In this study, the
sea level values are given relative to the Finnish height reference
N2000 (Saaranen et al., 2009).

Annual mean sea levels were calculated from the observations
after an extensive check of data quality. For a detailed discussion on
the data quality and associated problems, see Johansson et al.
(2001). For various reasons, observations are missing occasionally.
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These were patched by linear interpolation, averaging the observa-
tions from adjacent stations weighted by inverse geographical dis-
tances. In the case of Kemi and Hamina, linear extrapolation using
the observations from two adjoining stations was applied. Some
gaps were still left in the 4-hourly data; no interpolation could be
done if data from one of the adjacent stations were missing. Other
corrections on the data have also been made based on a quality

check. For instance, the observations at Hanko were biased when
the pipe connecting the tide gauge well to the sea was partially
blocked, and at the same time high precipitation raised the water
table around the well over the sea level (Johansson et al., 2001).

The percentages of missing, interpolated or corrected sea level
data are given in Table 1. The effect of interpolation on the annual
mean sea levels was tested by generating complete interpolated
data for years for which observations exist, and then comparing the
annual mean sea level derived from the interpolated data with that
actually observed. The root-mean-square (rms) difference between
the interpolated and observed annual mean was between 5 and
12 mm depending on the place, and the maximum difference be-
tween the interpolated and observed annual mean was only
41 mm; these are almost an order of magnitude smaller than the
natural year-to-year variation of the annual mean values (Fig. 2).
The mean difference between the interpolated data and the observed
data over the whole observation period (about 80 years) varied ran-
domly from station to station and was between −7 and +6 mm.
This shows that the gauge network is dense enough that no bias
was introduced by the interpolation. At the ends of the network,
where extrapolation rather than interpolation had to be used, the
rms difference was slightly larger, 24 mm at Kemi and 14 mm at
Hamina. The maximum difference in a single year was 96 mm at
Kemi and 39 mm at Hamina. Even these differences are smaller
than the natural variation of the annual means of different years.

Fig. 1. Locations of the Finnish tide gauges (diamonds), and the point from which the geostrophic wind data utilised in the study were selected (star). The black lines represent the
division of the Finnish coastline into three sections: the Bothnian Bay, the Bothnian Sea and the Gulf of Finland.

Table 1
The Finnish tide gauge measurements, including the lengths of the time series of annu-
al mean sea levels and percentages of missing or interpolated 4-hourly sea level values.

Tide gauge Years
of data

Missing
values (%)

Interpolated or
corrected values (%)

Kemi 1923–2010 0.13 4.6
Oulu 1923–2010 0.22 6.9
Raahe 1923–2010 0.13 9.2
Pietarsaari 1922–2010 0.08 2.0
Vaasa 1922–2010 0.03 8.5
Kaskinen 1927–2010 0.34 4.6
Mäntyluoto 1925–2010 0.26 1.8
Rauma 1933–2010 0.12 0.8
Turku 1922–2010 0.06 3.9
Degerby 1924–2010 0.01 6.4
Hanko 1888–2010 1.6 15
Helsinki 1904–2010 0.00 1.1
Hamina 1929–2010 0.01 2.5
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2.2. Geostrophic wind data and scenarios

To obtain the observation-based geostrophic winds, daily mean
sea-level pressure fields for the years 1899–2010 were utilised (U.S.
National Center for Atmospheric Research [CISL/Data Support Section]
et al., 2011; Trenberth and Paolino, 1980). In this data set, sea level pres-
sure is represented on a 5° latitude/longitude grid extending from 15°N
to 85°N. The zonal (Ug) and meridional (Vg) geostrophic wind compo-
nents were calculated from the pressure gradient:

Ug ¼ − 1
fρ

∂p
∂y ;Vg ¼ 1

fρ
∂p
∂x ð1Þ

where f stands for the latitude-dependent Coriolis parameter, and ρ for
the air density, which is a function of the pressure and temperature (in
calculating the observation-based (Ug, Vg), a constant value of 283 K
was used). The wind components were first calculated at the intermedi-
ate points of the grid and then interpolated to the 5° latitude/longitude
grid. Annual means were calculated from the daily data. The rather
coarse spatial resolution was considered adequate, as those phenomena
on which the relationship between the wind and sea level variations on
annual and longer time scales are based (see Section 1) occur on the spa-
tial scale of the entire Baltic Sea.

Future scenarios for geostrophic wind were based on global cli-
mate model runs performed under the A1B, A2 and B1 greenhouse
gas scenarios of the Special Report on Emission Scenarios (SRES;
Nakićenović et al., 2000). The model-simulated daily sea level pres-
sure and temperature data were downloaded from the Coupled
Model Intercomparison Project 3 (CMIP3) archive (Meehl et al.,
2007); nine high-resolution models representing different research
centres were selected for the analysis (BCCR-BCM2.0, CGCM3.1 (T63),
CNRM-CM3, ECHAM5/MPI-OM, GFDL-CM2.1, IPSL-CM4, MIROC3.2
(hires), MRI-CGCM2.3.2 and NCAR-CCSM3; for further information,
see Gregow et al., 2011). The components of geostrophic wind were
derived from 24-h mean surface pressure fields simulated by the
models. For each model, Ug and Vg were first calculated at the inter-
mediate grid points of the native grid of the model. In order to build
multi-model statistics, the components were thereafter interpolated
onto a common 2.5° latitude/longitude grid. The procedure is docu-
mented in more detail in Gregow et al. (2011). Model-based daily
pressure data were available for the baseline period 1961–2000 and
for two future periods, 2046–2065 and 2081–2100. Data from all
the nine models were available for the A1B scenario, while only
seven models were available for A2 and eight models for B1.

Since the 24-hour averaging tends to reduce the magnitude of the
geostrophic wind, and there are other systematic differences between
the model-simulated and observed time-mean geostrophic winds
(Fig. 1 of Gregow et al., 2011), a so-called delta-change approach
was used to estimate the future geostrophic wind. This method

assumes that the modelling biases will remain unchanged in the fu-
ture. We first calculated, for each of the nine models and both future
periods (2046–2065 and 2081–2100), a deviation of the 20-year
mean from the baseline period 1961–2000 mean. These anomalies
were then added to the temporal mean of 1961–2000 calculated
from the observations (the DS010.0 dataset) to obtain the scenarios
for each model and time period. From these values, nine-model
averages were calculated for each period and SRES scenario, and
also the maxima and minima among the nine-model three-scenario
ensemble.

Unfortunately, the CMIP3 archive provides daily model data for
two discrete 20-year time slices only. For individual model runs,
these 20-year means are affected considerably by decadal-scale inter-
nal variability of the climate system. However, as the internal vari-
ability in the individual models behaves independently, it is largely
cancelled out by averaging over the nine models.

3. Observed long-term sea level variations

3.1. Components of sea level variations

As presented in Section 1, the relative sea level change h observed
at a Finnish coastal observation site i is a combination of various
processes:

h t; ið Þ ¼ R ið Þ þ hl t; ið Þ−u ið Þt þw t; ið Þ þ ε t; ið Þ ð2Þ

where t is the time since the reference year t0. The term hl represents
the large-scale sea level change since t0. The postglacial land uplift
proceeds at a constant local rate u within the time scale considered.
The local meteorologically-induced contribution to the sea level is
represented by a location-dependent quantity w. The constant R re-
lates the sea level values to the Finnish height reference N2000, and
ε represents the residual variations.

We approximate the large-scale sea level change by a linear rise
for the 20th century: hl=gt, where the rate g is approximated by
the global mean sea level rise rate of 1.7±0.5 mm/yr (Bindoff et al.,
2007). As the sea level rise is distributed unevenly, the applicability
of the global mean to the Baltic Sea can be questioned — see
Section 5 for discussion and suggested ways ahead. The assumption
of a linear rise is only applicable for the 20th century, as during the
latest decades the sea level rise has accelerated (Bindoff et al., 2007;
Cazenave and Llovel, 2010).

3.2. Meteorological forcing

Johansson et al. (2003, 2004) estimated the meteorologically in-
duced componentw by utilising the correlation of the sea level fluctu-
ations with the NAO index. In the present study, the NAO index is

Fig. 2. Annual mean sea levels measured at Vaasa (63°05′N, 21°34′E) and Hanko (59°49′N, 22°59′E) tide gauges.
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replaced by the zonal geostrophic wind over the southern Baltic Sea,
since this can represent the local physical mechanism – a westerly
flow – more closely than the NAO index, which is based on
large-scale surface pressure variations over the entire Northern At-
lantic. The interannual variability in the two long-term factors in
Eq. (2) – large-scale sea level rise, and land uplift – is much smaller
than the observed variability of up to 20 cm (Fig. 2). As a first approx-
imation, the sea level rise and land uplift have proceeded linearly dur-
ing the 20th century. Thus, to yield the detrended sea level anomalies,
the long-term changes were filtered out from the time series simply
by subtracting the linear trend.

The correlations between the annual mean zonal geostrophic
wind and the annual mean sea level anomalies on the Finnish tide
gauges were calculated for each wind grid point in an area covering
the Baltic Sea and the surroundings (from 20°W to 40°E and 45°N
to 75°N). The correlation was strongest for the zonal wind component
Ug at the grid point located in the southern Baltic Sea (55°N, 15°E,
Fig. 3). The meridional wind component Vg did not show any remark-
able correlation with the sea levels.

Regression coefficients representing the dependence of the sea
level at the tide gauges on the zonal geostrophic wind at the grid
point 55°N, 15°E were then calculated with a linear regression using
the maximum likelihood effective variance method, which takes
into account the uncertainties in both variables (Table 2). The regres-
sion was calculated for the sea level data up to 2000, before which the
assumption of a linear large-scale sea level rise (constant g) was as-
sumed to hold. The regression explains 84–89% of the interannual
variability of the sea levels, as revealed by the coefficients of determi-
nation R2. This correlation is stronger than the correlation between
the sea levels and the NAO index reported in Johansson et al.
(2003); the NAO index explained only 37–46% of the interannual
variability.

Next, estimates for the annual wind-induced sea level component
w for the years 1899–2010 were calculated using the linear relation
with the zonal geostrophic wind:

w t; ið Þ ¼ piUg tð Þ ð3Þ

where pi is the site-dependent regression coefficient obtained by the
regression above. The average ofw on the Finnish coast in 1961–2000
amounts to 20–24 cm (Table 2), indicating that the water level was
20–24 cm higher than it would have been in the hypothetical situa-
tion with zero average zonal wind.

3.3. Land uplift rates

After subtracting the estimatedw and the sea level rise gt from the
observed sea level time series up to 2000, a linear regression in time
was applied to the residual, yielding estimates for the land uplift rates
u (Table 3) and the terms R. The linear trend in ε was assumed to be
small and neglected.

The land uplift rates obtained are 0.83–0.96 mm/yr higher than
the corresponding estimates given in Johansson et al. (2004). This
can be explained by considering the linear trend rh of the observed
sea level time series as the sum of the large-scale sea level rise g,
land uplift u, trend in the wind-induced component rw and a trend
in the residual variations rε:

rh ¼ g−uþ rw þ rε : ð4Þ

The observed sea level trend (rh) is the same in this study and
Johansson et al. (2004). For the large-scale sea level rise g, they
used a value of 1.5 mm/yr, while 1.7 mm/yr is used here. Their
NAO-based estimate for the meteorologically induced sea level com-
ponent had no considerable trend, while the trend in the
wind-induced component w here is 0.54–0.64 mm/yr in 1899–2000.
As the land uplift rate u=g+rw — rh, these differences mostly explain
why the rates obtained here are higher than those obtained by
Johansson et al. (2004).

Fig. 3. Detrended annual mean sea level anomalies at Hanko as a function of the
detrended anomaly of the annual mean zonal geostrophic wind at the southern Baltic
Sea grid point (55°N, 15°E) in 1899–2000. A regression line obtained by the maximum
likelihood effective variance method is also shown.

Table 2
The regression coefficients pi (with error estimates corresponding to one standard de-
viation), and the coefficients of determination R2 for the relationship between the
detrended annual mean zonal geostrophic wind Ug at 55°N, 15°E, and sea level at the
Finnish tide gauge stations up to year 2000. The coefficients of determination for the
meridional wind component Vg are also given, as well as the mean wind-induced sea
level components in 1961–2000, obtained using Eq. (3).

Tide gauge pi (cm/ms−1) R2 (Ug) R2 (Vg) Mean w (cm)

Kemi 7.6±1.2 0.84 0.04 23
Oulu 7.4±1.2 0.85 0.05 23
Raahe 7.4±1.2 0.86 0.06 22
Pietarsaari 7.2±1.2 0.87 0.06 22
Vaasa 7.0±1.1 0.89 0.08 21
Kaskinen 7.0±1.2 0.88 0.06 21
Mäntyluoto 6.9±1.1 0.87 0.09 21
Rauma 6.8±1.2 0.88 0.10 21
Turku 6.9±1.1 0.87 0.11 21
Degerby 6.5±1.1 0.86 0.11 20
Hanko 7.0±1.0 0.85 0.16 21
Helsinki 7.2±1.0 0.87 0.17 22
Hamina 7.8±1.3 0.89 0.16 24

Table 3
Land uplift rates calculated from the reduced sea level time series up to 2000 after
subtracting the wind-induced fluctuations and the large-scale sea level rise of 1.7±
0.5 mm/yr (from Bindoff et al., 2007). The error estimates correspond to two standard
deviations.

Tide gauge u (mm/yr) Johansson et al. (2004)

Kemi 9.66±0.75 8.70±0.74
Oulu 9.30±0.74 8.37±0.73
Raahe 9.66±0.73 8.72±0.72
Pietarsaari 9.74±0.71 8.81±0.71
Vaasa 9.85±0.69 8.96±0.67
Kaskinen 9.36±0.71 8.49±0.69
Mäntyluoto 8.49±0.70 7.57±0.67
Rauma 7.67±0.71 6.85±0.70
Turku 6.33±0.70 5.44±0.66
Degerby 6.48±0.68 5.63±0.66
Hanko 5.00±0.68 4.13±0.65
Helsinki 4.37±0.69 3.51±0.66
Hamina 4.05±0.75 3.12±0.72
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The uncertainty estimates for u (Table 3) were based on the un-
certainties in the components from which uwas calculated, assuming
that the different components are independent:

Δu2 ¼ Δr2d þ Δg2 þ Δr2w ð5Þ

where Δrd is the uncertainty in the observational trend from which
the wind-induced component has been subtracted, rd=rh — rw. Δg
is the uncertainty in the large-scale sea level rise (0.5 mm/yr) and
Δrw the uncertainty in the trend of the wind-induced component.

3.4. Computational estimate for annual mean sea levels

A computational estimate for the annual mean sea level was calcu-
lated for the period 1899–2010 by summing up the terms ut, R, w and
gt (Fig. 4). The rms error of the estimate is 2–3 cm and the bias zero
for every tide gauge in 1899–2000. In 2001–2010, the rms error is
6–7 cm and the bias 5–6 cm. This indicates that rather than a degrada-
tion of the correlation between wind and sea levels in the year-to-year
variations, the larger error during the latest decade is due to the obser-
vations being systematically higher than the estimate. The estimate for
the years 2000–2010was based on extrapolation of the linear trend g of
1899–2000, and this trend evidently underestimates the accelerated
large-scale sea level rise of the latest years.

Calculated in all the overlapping 50-year periods between 1899
and 2000, the linear relation between the zonal geostrophic wind
and sea levels has not changed markedly; for instance at Hanko the
coefficients of determination vary between 0.82 and 0.90, and the re-
gression coefficients (6.7–7.3 cm/ms−1) are well within the uncer-
tainty limits of the coefficient determined for the full 102-year
period (7.0±1.0 cm/ms−1). Thus, it is reasonable to assume that
the relation will also hold for the future. The parameter R and land
uplift rate u obtained from the past observations will remain
unchanged, and can also be applied to the future. On the contrary,
the large-scale sea level trend g=1.7 mm/yr cannot be extrapolated
into the future, and therefore projections for hl will be constructed
in the next section.

4. Sea level scenarios

4.1. Weighting the global scenarios

To obtain a probability distribution for the global sea level rise in
the 21st century, several recent sea level projections were combined.
When combining projections based on different methods, each of

them was given a weight (Table 4). The leading principles in deter-
mining the weights were:

i) We concentrated on recent scenarios. Every scenario which we
judged to be based on physically justified assumptions was
given a weight of 1.

ii) If similar assumptions were used in several different papers,
this was taken into account by reducing the weight to 0.5.

iii) A scenario based on a review of several papers was given a
weight of 2.

We point out that while our weights are subjective, and different
choices may also be justifiable, the result is robust. We will discuss
the effect of weight choices and the robustness of the resulting sce-
narios in Section 4.4.

One approach to predicting sea level rise is to model each contrib-
utor to the rise numerically and add these components together to
form the total scenario. Steric sea level change (mainly due to the
thermal expansion of seawater) is calculated from the modelled
ocean temperature change, and melting of mountain glaciers and
small ice caps is assessed using modelled and observed sensitivity pa-
rameters that link the glacier mass balance to temperature change.
The ice sheet contribution is estimated with numerical ice sheet
models and supplemented with scaling of recent observations, as
the models do not yet include all relevant dynamical processes. The
AR4 (Meehl et al., 2007) provides an extensive summary of numerous
recent modelling studies and was thus given the highest weight of 2.
Katsman et al. (2008) and Katsman et al. (2011) combine modelling
with different scaling methods and expert judgement to assess the
sea level rise in northeast Atlantic Ocean, and were given a weight
of 1. We included both publications because of differences in method-
ology and temperature scenarios.

Another approach to estimating sea level rise is to construct a
semi-empirical model, which links the sea level rise to temperature
change, and then use the atmosphere–ocean general circulation
model (AOGCM) projections for temperature to find the correspond-
ing change in sea level. Rahmstorf (2007) assumed a linear relation-
ship between global mean surface temperature and the rate of sea
level change. His results were updated by Horton et al. (2008), who
used a similar method, but with more recent AR4 scenarios for global
warming. The analysis of Rahmstorf (2007) encompasses a wider
range of emission scenarios, however, so we included both publica-
tions. Grinsted et al. (2010), Jevrejeva et al. (2010), Jevrejeva et al.
(2012), and Vermeer and Rahmstorf (2009) used more complex
semi-empirical models with different calibration periods and, in
some cases, physical constraints on the model parameters. As the

Fig. 4. Annual mean sea levels measured at Hanko, together with the computational estimate obtained as a sum of land uplift, large-scale sea level rise (1.7 mm/yr) and the
wind-induced component.
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semi-empirical projections are based on somewhat similar assump-
tions, and to compensate their large proportion in the scenario en-
semble (6 out of 10), a weight of 0.5 was applied to them.

Given the inadequacy of the physical models, semi-empirical
methods provide a valuable alternative perspective to the sea level
problem, but they also have drawbacks (e.g., Church et al., 2011). Per-
haps most importantly, models of this type extrapolate the past sea
level behaviour into the future even though the physical processes
causing sea level rise may well be different — for example, reducing
glacier area will decrease the importance of their melting in the fu-
ture; on the other hand, the response of the Greenland and Antarctic
ice sheets may be nonlinear and unprecedented in recent history due
to the complicated dynamical processes involved. In addition, the
scaling method to be used to adapt these scenarios to the Finnish
coast (Section 4.2) adds to the uncertainty. Applying a lower weight
for the semiempirical scenarios also accounts for these uncertainties.

Finally, Pfeffer et al. (2008) attempted to calculate an upper limit
for the poorly known ice sheet dynamics term by considering maxi-
mal feasible ice discharge from outlet glaciers constrained by bedrock
topography. Their estimate was included with a weight of 1 as a
plausible upper limit of sea level rise by 2100.

4.2. Scaling the large-scale sea level rise for the Finnish coast

The projected sea level rise is not geographically uniform. Current
AOGCM results bear many similarities in the spatial distribution of
sea level rise, but diverge in details. Thus it is not yet possible to
give any exact regional values for sea level rise. We approach the
question of the large-scale sea level rise on the Finnish coast with a
componentwise scaling. The scenarios of Katsman et al. (2008,
2011), and Pfeffer et al. (2008) were presented as a sum of different
contributing components: ocean density and circulation changes,
melting of Greenland and Antarctic ice sheets and smaller glaciers
and ice caps, and also terrestrial storage in Katsman et al. (2008)
(Table 5). Each of these components was scaled for the Finnish
coast as follows.

For the sea level rise due to ocean density and circulation changes,
most of the models simulate larger than global average values for the
northeast Atlantic region (Meehl et al., 2007; Slangen et al., 2011). An
ensemble mean of 16 models forced by the A1B greenhouse gas sce-
nario shows a sea level rise for the eastern part of the North Sea
10–15 cm larger than average (Meehl et al., 2007; their Fig. 10.32).
We applied these values to the thermal expansion scenario of
Pfeffer et al. (2008) to yield a rise of 40–45 cm for the Finnish coast.
Katsman et al. (2008) analysed corresponding model results for the
northeastern Atlantic Ocean and concluded that while some models
do not show any difference compared with the global mean, others
result in an additional regional rise due to reduction in the strength
of the meridional overturning circulation. This local increment was
estimated to reach up to 4.2 cm per degree of global warming, or

16.7 cm by 2100 according to the maximum temperature scenario
of Katsman et al. (2008). We applied the northeast Atlantic values
given by Katsman et al. (2008) unchanged for the Finnish coast.

The contribution of glaciers and ice sheets is expected to be small-
er than the global average on the Finnish coast. Mitrovica et al. (2001)
presented maps for sea level change resulting separately from melt-
ing of the Greenland and Antarctic ice sheets and small glaciers and
ice caps due to changes in Earth's gravity field. The Greenland (Ant-
arctic) contribution is smaller (larger) in the Baltic Sea region than
the global average. The contributions of glaciers and ice sheets were
scaled according to the coefficients derived from the figures of
Mitrovica et al. (2001) and Tamisiea et al. (2003). The Finnish coast
was divided into three sections (Fig. 1), for which the coefficients
had the following values for Greenland, Antarctica and small glaciers
and ice caps, respectively: Gulf of Finland 0.15, 1.05, 0.65; Bothnian
Sea 0.05, 1.05, 0.65; and Bothnian Bay 0, 1.05, 0.5.

As an example, the scaling approach for the Gulf of Finland is
presented in detail in Table 5. Summing up the different contribu-
tions, the ratio of the large-scale sea level rise in the Gulf of Finland
to the global average is 0.71–0.97 (for all the scenarios plotted in
Fig. 5), the average ratio being 0.83. Similar scaling was done for the
Bothnian Sea and the Bothnian Bay, resulting in average ratios of
0.82 and 0.79, respectively.

The componentwise scaling cannot be applied to the semi-
empirical projections, as the projected rise is not attributed to differ-
ent sources. Thus we used a scaling approach based on the relation
between the global average sea level rise and the resulting
large-scale sea level rise on the Finnish coast. The relations from
those scenarios which were adapted to the Finnish coast are plotted
in Fig. 5. The recent observed sea level rise (Cazenave and Llovel,
2010) was also adapted to the Finnish coast with the componentwise
scaling, resulting in a regional rise of 2.07 mm/yr, in contrast to the
global value of 2.85 mm/yr (sum of climate-related contributions
for 1993–2007; this rise, which can be attributed to different factors,
is slightly smaller than the observed altimetry-based mean sea level
rise of 3.3±0.4 mm/yr). Also plotted in Fig. 5 is a rough estimate of
the sea level rise in the North Sea region from Slangen et al. (2011),
who made an attempt to calculate the regional pattern of the AR4
sea level scenarios. The contribution of different factors is estimated
from their Fig. 2 (GIA excluded) for the emission scenario A1B.

To construct a continuous function, a curve was fitted to the points
in Fig. 5: a linear least squares fit up to 111 cm of global rise, and a
second-order fit from 111 cm to the uppermost point, which corre-
sponds to the high scenario of Pfeffer et al. (2008). The justification
for bending the line is that there is a physical reason to assume a
lower regional to global ratio for high sea level scenarios, as the
share of the ice sheet contribution is larger. The straight line was
forced to pass through the point corresponding to the observed sea
level rise (Cazenave and Llovel, 2010). There is no reason to force
the line to pass through the origin; even in conditions of zero average

Table 4
Projections for global sea level rise used to calculate the combined scenario. Each projection is given a subjective weight: see Section 4.1 for details.

Publication Global sea level rise (cm) Probability range Time period Weight

IPCC AR4 (Meehl et al., 2007) 18–76a 5–95% 2090–2099 relative to 1980–1999 2
Katsman et al. (2011) 52–111 1990–2100 1
Pfeffer et al. (2008) 79–201 by 2100 1
Katsman et al. (2008) 34–87b 10–90% 1990–2100 1
Jevrejeva et al. (2012) 36–165 5–95% 2100 relative to 1980–2000 0.5
Jevrejeva et al. (2010) 44–178 5–95% 2100 relative to 1980–2000 0.5
Grinsted et al. (2010) 72–160c 5–95% 2090–2099 relative to 1980–1999 0.5
Vermeer and Rahmstorf (2009) 75–190 5–95% (based on AR4) 1990–2100 0.5
Horton et al. (2008) 47–100 5–95% (based on AR4) 2100 relative to 2001–2005 0.5
Rahmstorf (2007) 50–140 2.5–97.5% (based on TAR) 1990–2100 0.5

a Scaled-up ice sheet discharge included, see Table 10.7 of Meehl et al. (2007).
b Value for global mean sea level rise: local gravity corrections and local steric changes are not included in contrast to the total values presented by Katsman et al. (2008).
c Their experiment ‘Moberg’, which gives the best fit to global sea level reconstruction.
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global sea level rise, a sea level change on the Finnish coast might re-
sult, and vice versa. The analysis was repeated for the three coastal
sections (Gulf of Finland, Bothnian Sea and Bothnian Bay). The global
semi-empirical projections were then scaled using the functions
obtained.

4.3. Combined probability distributions

In total, ten global sea level rise projections (Table 4) were used to
form probability distributions for the sea level rise up to 2100 in rela-
tion to the year 2000. As the projections have slightly different time
spans, they were first scaled to correspond to a 100-year time span
(2000–2100) by assuming a linear evolution in time. Three values
for 2100 were constructed from each projection: minimum, interme-
diate, and maximum scenarios. The intermediate scenario usually
corresponds to the mean of the best estimates of the different emis-
sion scenarios. If no such information was available, the intermediate
scenario was set at the arithmetic mean of the minimum and maxi-
mum scenarios.

A three-parameter Weibull distribution was fitted to each of the
ten projections. For several of the projections, a probability range
was given (Table 4). For those projections which did not explicitly
state the probabilities, but which were based on the 5% to 95%
range of the AR4 temperature scenarios (Horton et al., 2008;

Vermeer and Rahmstorf, 2009) or the 2.5% to 97.5% range of the
TAR scenarios (Rahmstorf, 2007), the corresponding probability
levels were applied. The projection of Katsman et al. (2011) was as-
sumed to correspond to a probability range of 5% to 95%, as this was
the range used in most of the other projections. A probability level
of 99% was assigned to the high scenario of Pfeffer et al. (2008), as
this scenario is considered the physically plausible upper limit of
sea level change. This choice lowers the upper limits of the combined
scenarios in 2100 by a few centimetres, compared to assigning a
probability level of 95% to the high scenario of Pfeffer et al. (2008).

The intermediate scenario was assumed to be the most likely, and
thus the distributions were fitted iteratively to bring the peak of the
probability density function close to the intermediate scenario.
Many of the distributions have a positive skew, that is, the intermedi-
ate scenario is closer to the minimum scenario than to the maximum
scenario.

The probability density functions thus obtained were weighted
using the weights given in Table 4 and summed up to form a com-
bined distribution. This procedure was repeated for both the global
mean sea level rise and the scaled large-scale sea level rise on the
three sections of the Finnish coast (Fig. 6). The resulting 5% to 95%
probability range of global mean sea level rise in 2000–2100 is
26–155 cm, whereas the large-scale sea level rise is projected to af-
fect the Gulf of Finland by 24–126 cm, the Bothnian Sea by
24–122 cm, and the Bothnian Bay by 24–115 cm.

4.4. Effects of weighting and scaling

The effect of the weighting procedure on the resulting probability
distributions for the large-scale sea level rise was estimated by calcu-
lating an ensemble of 200 combined probability distributions using
the above method, but applying random weights between 0.5 and 1
for each of the projections. The only exception was the AR4 projec-
tion, for which the randomly applied weight was doubled. A
non-weighted calculation was also conducted, applying a weight of
one for all the projections.

The results for the Gulf of Finland are presented in Fig. 7. The
spread of the probability distributions based on random weights is
about 10 cm at most. Thus, the method is robust and not highly sen-
sitive to the subjective choice of weights. The distribution based on
the weights estimated in Section 4.1 is on the lower limit of the
range of the random weight ensemble, while the distribution based
on equal weights is on the upper limit.

As a result of the scaling the difference between the global sea level
rise projection and the projections for the Finnish coast is 29–40 cm for
the upper (95%) estimate.When the combined scenario is calculated by
applying the semi-empirical projections to the Finnish coast without
scaling, but still using the componentwise scaling for the other

Table 5
Adapting the global sea level scenarios to the Finnish coast, with the Gulf of Finland as an example. The global and northeast Atlantic values are taken from the references. The
values for the Gulf of Finland are the result of our scaling approach (Section 4.2).

Pfeffer et al. (2008),
by 2100

Katsman et al. (2008)
1990–2100

Katsman et al. (2011)
1990–2100

Global Gulf of Finland Northeast Atlantic Gulf of Finland Global Gulf of Finland

Min Max Min Max Min Max Min Max Min Max Min Max

Thermal expansion 30 30 40 45 15.0 47.8 15.0 47.8 12 49 14.5 59.3
Greenland 16.5 53.8 2.5 8.1 0.4 6.4 0.3 3.8 13 22 2.0 3.3
Antarctica 14.6 61.9 15.3 65.0 −3.4 23.5 −3.3 22.5 −1 41 −1.1 43.1
Glaciers and ice caps 17.4 55.1 11.3 35.8 6.5 15.4 5.3 12.5 7 20 4.6 13
Terrestrial storage – – – – 0 4 0 4 – – – –

Observed 1990–2005 – – – – 3 5 3 5 – – – –

Total 78.5 200.8 69.1 153.9 30.1 81.0 28.2 77.0 52.4 110.6 37.1 100.6

Ratio Gulf of Finland/global 0.88 (Minimum scenario)
0.77 (Maximum scenario)

0.82 (Minimum scenario)
0.88 (Maximum scenario)

0.71 (Minimum scenario)
0.91 (Maximum scenario)

Fig. 5. Regional sea level rise in the Gulf of Finland as a function of the global mean sea
level rise, derived from different publications. Global values are adapted to the Finnish
coast as demonstrated in Table 5. The function fitted to the points is shown with 5%
and 95% confidence limits; a linear fit was applied to global sea level rise up to
111 cm, and a second order fit for values higher than that; for details see Section 4.2.
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projections, the upper (95%) estimates of the combined large-scale sea
level scenarios are raised by 11–18 cm.

The choice of the scaling method has a smaller effect: if the scaling
is based on the upper and lower confidence limits of the scaling func-
tion (dashed lines in Fig. 5), the 95% level of the large-scale sea level
projections is changed less than 4 cm compared to the best estimate
(solid line in Fig. 5). If the semi-empirical scenarios are scaled with
a constant coefficient determined by calculating the average ratios
of regional to global sea level rise from points in Fig. 5 (around 0.8
depending on the coastal section), the result is within 1 cm from
the best estimate.

Thus, applying the scaling is justified, as the contribution of the ice
sheets is evidently smaller on the Finnish coast than globally, and the
scaling takes this into account. The details of the scaling method play
a lesser role.

4.5. Relative sea level change on the Finnish coast

Combining the probability distributions of the large-scale sea level
rise with those of the land uplift and wind-induced changes in the
local sea levels yields probability distributions for the relative sea
level change from 2000 to 2100 on the Finnish coast. Probability

distributions for the land uplift rates u were obtained by fitting nor-
mal distributions according to the parameters given in Table 3. Prob-
ability distributions for the wind-induced changes were obtained as
follows.

Scenarios for the 20-year mean zonal component of geostrophic
wind over the southern Baltic Sea are given in Table 6. On average,
the models project an increase for all three greenhouse gas scenarios.
The B1 scenario represents the smallest increase, while in 2046–2065
the increase is largest in the A1B scenario (0.70 m/s from the refer-
ence period 1961–2000), and in 2081–2100 in the A2 scenario
(1.22 m/s). As the differences among the three SRES scenarios are
smaller than one‐third of the range between the minimum and max-
imum changes derived from the ensemble containing all model runs
under all the three SRES scenarios (Table 6, the six-model averages),
it was considered best to use the A1B scenario as an intermediate es-
timate in calculating the future wind-induced sea level componentw.
The A1B scenario represents a greenhouse gas forcing of intermediate
strength and, moreover, for that scenario simulations were available
for all the nine models. The uncertainties in Ug were taken into ac-
count by assuming the difference between the maximum and mini-
mum wind scenarios from the nine-model three-scenario ensemble
to be equivalent to ±2 standard deviations (about 95% of the

Fig. 6. Cumulative probability distributions of the global mean sea level rise and the large-scale sea level rise on the Finnish coastal sections, in 2100 relative to the year 2000.

Fig. 7. An ensemble of 200 combined cumulative probability distributions for the effect of the large-scale sea level rise on the Gulf of Finland, obtained by applying random weights
for the different projections (“ensemble”). The probability distribution obtained by applying the weights chosen in Section 4.1 (“weighted”), as well as the one obtained by applying
a weight of one for every projection (“unweighted”) are also shown.
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projections falling within this interval), with the uncertainty being
normally distributed around the nine-model mean A1B projection. A
normal distribution was applied for pi based on the regression coeffi-
cients and their uncertainties in Table 2, and this was combined with
the distribution of Ug to yield the probability distribution for w.

Scenarios for w at selected locations are given in Table 7. The in-
creasing zonal winds lead to increasing sea levels; on average a
6–7 cm increase in the long-term mean sea levels on the Finnish
coast up to 2081–2100, while the maximum scenario projects an in-
crease of 15–19 cm and the minimum scenario a decrease of
3–4 cm. The differences between the two future time periods of
2046–2065 and 2081–2100 are at most 4 cm. This suggests that
even if the 2081–2100 period is not centred around the year 2100,
this should not result in an inaccuracy larger than 1–2 cm when the
2081–2100 scenario is chosen to represent the year 2100 and com-
bined with the large-scale sea level scenarios.

The resulting scenarios for the relative sea level change on the
Finnish coast by 2100 are presented in Table 8. The probability densi-
ty functions of the individual components of the scenario at Hanko in
2100 are given in Fig. 8. The figure illustrates the fact that the
large-scale sea level rise is the main source of uncertainty, the uncer-
tainties in land uplift and wind-induced changes being of secondary
importance.

5. Summary and discussion

The interannual sea level variability on the Finnish coast correlates
positively with zonal geostrophic wind over the southern Baltic Sea,
and this correlation accounts for 84–89% of the observed variability
(Fig. 3; Table 2). The correlation is stronger than that between the
sea level and the NAO index, which only explained 37–46% of the
sea level variability (Johansson et al., 2003). As this correlation has
not changed markedly during the 20th century (Section 3.4), we as-
sumed it to hold in the future also. The responses to future changes
in the zonal geostrophic wind correspond to a change in the
long-term mean sea levels on the Finnish coast ranging from a 4 cm
decrease to a 19 cm increase up to 2100 (three of the 13 stations
are shown in Table 7).

The land uplift rates on the Finnish coast range from 4.1 to
9.9 mm/yr (Table 3). These values are higher than those determined
before, due to the correction made for the wind-induced effect and
higher estimated large-scale sea level rise. The land uplift is weakest

in the Gulf of Finland and strongest around Vaasa in the Gulf of
Bothnia, in accordance with several earlier assessments (Johansson
et al., 2004; Lisitzin, 1964; Vermeer et al., 1988).

The land uplift rates are based on an assumption of a large-scale
sea level rise of 1.7±0.5 mm/yr on the Finnish coast. This value rep-
resents the global average sea level rise, and as the sea level rise is un-
evenly distributed, its applicability to the Baltic Sea can be
questioned. Since the measured sea level data alone are not sufficient
for determining the actual sea level rise and land uplift separately, a
more accurate determination of the land uplift rates and large-scale
sea level rise in the Baltic Sea might be achieved by combining the
sea level studies with GPS-based crustal movement rates. Such stud-
ies have been published (Richter et al., 2011; Vestøl, 2006). Including
an analysis of the meteorological effect on sea levels in such studies
might further make it possible to separate the large-scale sea level
rise and the meteorologically-induced sea level trends.

Several projections for the global mean sea level rise, ranging from
20 to 200 cm up to the end of this century, were weighted on the
basis of a subjective assessment of their relevance (Table 4) and
combined to form a probability distribution for the sea level rise.
The combined scenario projects a global average sea level rise of
26–155 cm from 2000 to 2100 (5% to 95% probability range; Fig. 6).

The sea level rise due to ocean density and circulation changes,
and melting of land-based ice is distributed unevenly over the
world ocean. Around the northeastern Atlantic, the contribution of
ocean density and circulation changes is expected to be larger than
in the global average. On the other hand, the effect of melting of the
Greenland ice sheet, and smaller glaciers and ice caps will be consid-
erably smaller (Table 5). The highest sea level rise scenarios, in partic-
ular, contain a significant contribution from the Greenland ice sheet,
which results in attenuated regional sea level rise on the Finnish
coast. The large-scale sea level rise on the Finnish coast is thereby
expected to be smaller than the global average (Fig. 5; Table 5). The
5% to 95% probability range is estimated to be 24–126 cm for the
Gulf of Finland, 24–122 cm for the Bothnian Sea and 24–115 cm for
the Bothnian Bay (Fig. 6).

The local relative sea level scenarios were composed by combining
the land uplift, wind-induced change, and the large-scale sea level
rise. In the Gulf of Finland, the land uplift is weakest and, according
to the average scenario, the sea level will rise 24–33 cm from 2000
to 2100, while the highest scenario predicts a 92 cm rise at Hamina
(Table 8). In the Bothnian Bay, the strong land uplift compensates
for the sea level rise. There, the average scenario predicts a decline
of 24–30 cm, while the high scenario predicts, for example, a rise of
28 cm at Oulu. The Bothnian Sea falls between these two extremes,
with the average scenarios ranging from a 21 cm decline to a 9 cm

Table 6
20-Year means for the zonal component of the geostrophic wind at 55°N, 15°E in the
southern Baltic Sea; projections calculated with the delta-change approach using the
reference period 1961–2000, for which the observed mean value was 3.04 m/s. As
the A2 and B1 scenarios were not available for all models, we also present six-model
averages using only those models for which all the scenarios were given.

Ug (m/s), nine-model averages Ug (m/s), six-model averages

Years A1B A2 B1 Min Max A1B A2 B1 Min Max

2046–2065 3.74 3.64a 3.23b 2.52 4.22 3.67 3.58 3.24 2.52 4.22
2081–2100 3.98 4.26a 3.53b 3.04 5.27 3.99 4.18 3.53 3.04 5.27

a Seven-model average.
b Eight-model average.

Table 7
Mean wind-induced component of the sea level at different tide gauge stations; values
calculated from observed geostrophic winds (1961–2000), and model-based estimates
from Table 6 (2046–2065 and 2081–2100).

Years Oulu (cm) Degerby (cm) Hamina (cm)

1961–2000 23 20 24
A1B Min Max A1B Min Max A1B Min Max

2046–2065 28 19 37 24 16 32 29 19 39
2081–2100 30 19 40 26 17 35 31 20 42

Table 8
Sea level scenarios for 2100 at the Finnish tide gauge stations; “average scenario” refers
to the weighted average, and low and high scenarios correspond to the 5% and 95% cu-
mulative probabilities. Sea level change from 2000 to 2100 is given, as well as the sea
level in 2100 in the N2000 height system.

Change 2000–2100 (cm) Sea level in 2100 (cm, N2000)

Tide gauge Low Average High Low Average High

Kemi −69 −26 25 −49 −6 46
Oulu −66 −24 28 −46 −3 49
Raahe −69 −27 25 −49 −7 45
Pietarsaari −70 −28 24 −51 −9 43
Vaasa −72 −30 22 −53 −10 41
Kaskinen −66 −21 35 −46 −2 54
Mäntyluoto −57 −13 43 −38 6 62
Rauma −49 −4 52 −30 14 70
Turku −36 9 65 −17 27 83
Degerby −38 6 62 −22 22 78
Hanko −22 24 82 −3 42 100
Helsinki −15 30 89 5 50 109
Hamina −12 33 92 8 54 113
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rise. Average scenario here is the weighted average, and low and high
scenarios correspond to the 5% and 95% cumulative probabilities.

As we combined an ensemble of several large-scale sea level rise
scenarios representing different assumptions, greenhouse gas emis-
sion and global warming scenarios, our scenarios do not represent
any specific emission scenario. Instead, the scenarios can be regarded
as covering a wide range of future emissions and climate changes. The
extreme alternative is also accounted for; we have included the sce-
nario of Pfeffer et al. (2008), which includes physically possible but
extremely accelerated sea level rise from the ice sheets, glaciers and
ice caps. This is what we have been aiming at with our method of
constructing a probability distribution — the extreme cases as well
as the more moderate projections should be accounted for by a single
scenario range.

The sea level scenarios calculated in this study are higher than
those reported in Johansson et al. (2004). For instance, the projected
change from 2000 to 2100 at Hanko ranges from−22 to +82 cm, the
average estimate being +24 cm. In Johansson et al. (2004), the
change from 2000 to 2093 for Hanko ranged from −30 to +37 cm,
with an average of −4 cm (their Fig. 7). This difference is mainly
due to a higher estimate for the large-scale sea level rise. While the
scenarios of Johansson et al. (2004) were based on a large-scale sea
level rise projection of 9–88 cm (Church et al., 2001), the present
study utilised the estimated effect of the large-scale sea level rise of
24–126 cm in the Gulf of Finland.

The decision to fit Weibull distributions to the global sea level rise
scenarios derived from literature, and the assumption that the low and
high scenarios generally correspond to the 5% and 95% probability
levels (Table 4) strongly affects the probability levels of the scenarios
on the Finnish coast. The uncertainties in the sea level rise scenarios
are large enough to justify an opinion that no probability distributions
should be attached to the scenarios. However, in practical applications
such probabilities are often demanded. For instance, to be able to as-
sess the probability of extreme sea level events reaching a certain
level in the future – a question of significant importance for coastal
planning – probabilities for the different mean sea level scenarios

are necessary. The somewhat subjective estimate that we have
presented in this paper is our best effort to make those decisions pos-
sible. The sea level scenarios will inevitably evolve as more research is
conducted, but for practical applications answers are needed now,
based on the best knowledge available at the moment.

The tests for the effect of weighting and scaling of the scenarios
(Section 4.4) showed that the scenarios are robust and only slightly af-
fected by the choice of the weighting method. The scaling affects the
scenarios more, but it has a physical justification as the effect on the
Finnish coast of themelting of the Greenland ice sheet and smaller gla-
ciers and ice caps is expected to be smaller than the global average.

To construct more objective scenarios for the sea level rise and to
reduce the uncertainties, more research is needed. The dynamics of
the large ice sheets of Greenland and Antarctica in a warming climate
is not yet fully understood, and this results in large uncertainties in
the global sea level rise scenarios. Also, the factors affecting the geo-
graphical distribution of the sea level rise – gravitational effects,
changes in ocean dynamics etc. – should be studied in more detail
to allow more precise estimates of their contribution on the Finnish
coast. From a Finnish viewpoint, we should follow the progress in
the studies of the global climate change and sea level rise and update
the local scenarios for the Finnish coast accordingly.
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Abstract We present four case studies of exceptional wave events of meteorological

origin, observed on the Finnish coast in the summers of 2010 and 2011. Eyewitnesses

report unusually rapid and strong sea-level variations (up to 1 m in 5–15 min) and strong

oscillating currents during these events. High-resolution sea-level measurements confirm

the eyewitness observations, but the oscillations recorded by tide gauges mostly have a

considerably smaller amplitude. The oscillations coincide with sudden jumps in surface air

pressure at coastal observation stations, related to the passage of squall lines or gust fronts.

These fronts propagate above the sea at a resonant speed, allowing efficient energy transfer

between the atmospheric disturbance and the sea wave that it generates. Thus, we interpret

the observed sea-level oscillations as small meteotsunamis, long tsunami-like waves

generated by meteorological processes and resonance effects.

Keywords Meteotsunami � Sea-level variations � Tide-gauge records � Baltic
Sea � Gulf of Finland � Gulf of Bothnia

1 Introduction

In July and August 2010, the Marine Research unit at the Finnish Meteorological Institute

(FMI) received several phone calls and emails about unusually strong and rapid sea-level

oscillations, observed at different locations along the Finnish coast. The eyewitnesses

described the events as exceptional and impressive: the sea-level rose and fell up to 1 m in

5–15 min and caused strong currents in shallow straits. No such reports had been received

by the sea-level researchers at the FMI at least since the beginning of the 1970s, but there

are historical occurrences of such events on the Finnish coast (e.g. Renqvist 1926a).
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The oscillations were soon found to coincide with sudden jumps in air pressure, caused

by a gust front or squall line propagating northwards over the Gulf of Finland, or north-

eastwards along the Gulf of Bothnia (Fig. 1), suggesting a causal relationship. They were

interpreted as small meteotsunamis, tsunami-like waves generated by atmospheric pro-

cesses. In the following summer 2011, a similar event was reported.

Meteotsunamis or meteorological tsunamis are long waves in the tsunami frequency

band caused by mesoscale atmospheric disturbances, such as thunderstorms, squall lines,

and other air pressure anomalies, moving above the sea at a resonant speed (Monserrat

et al. 2006). These waves occur more or less regularly in certain areas of the world ocean,

where conditions favour their formation, and in extreme cases, they can reach destructive

dimensions. The formation of a strong meteotsunami requires resonance between the

moving atmospheric disturbance and the long sea wave that it generates. In addition, just as

in the case of seismic tsunamis, topographically controlled effects such as shoaling,

focusing by refraction, and harbour resonance are required to amplify the small open sea

waves into sizeable waves at the shoreline.

In theory, the shallow bathymetry (mean depth 55 m) and complex coastline of the

Baltic Sea make it vulnerable to the formation of meteotsunamis. The phenomenon has

indeed long been known among the coastal residents of the Baltic Sea, and there is

anecdotal evidence, both old and contemporary, from seafarers of encounters with the

phenomenon. This type of unexpected and inexplicable high wave is known on the

Swedish and Finnish coasts under the Swedish name sjösprång (‘‘sea jump’’) and on the

southern Baltic coast under the German name Seebär (literally ‘‘sea bear’’, but the word

derives from an old word Bahre, meaning wave; Renqvist 1926b). While older scientific

literature includes many references to historical Baltic meteotsunamis (e.g. Credner 1889;

Doss 1907; Renqvist 1926a, b; Defant 1961), modern analyses are largely lacking.
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Renqvist (1926a, b) reports one meteotsunami event from 15 May 1924, observed

widely on the northern coast of the Gulf of Finland. Strong currents and sea-level oscil-

lations up to 1.5 m high were reported, generally during calm weather, but thunder was

reported together with the waves at two observation sites and later in the evening at other

locations. Renqvist suggests that whirlwinds and waterspouts would be the most probable

explanation for the phenomenon, even though waterspouts were not observed.

The name Seebär is also used in historical descriptions of very strong, highly

destructive waves observed on the southern Baltic coast, e.g. in Darłowo in 1497 and the

mouth of the Rega river in 1757, capable of carrying ships deep inland (Piotrowski et al.

2013). These waves have been reported to occur both under clear and calm weather and

during storms, sometimes accompanied by a sound resembling thunder, which refers to

meteorological origin. The origin of the waves is unknown, but as the seismic activity of

the region is low, it seems unlikely that these waves could have been of seismic origin

(Pekka Heikkinen, private communication 2011), although tectonical causes and under-

water methane explosions have been proposed by some authors (Piotrowski et al. 2013).

We present case studies of the recent small meteotsunamis observed on the Finnish

coast in 2010 and 2011 by combining marine and meteorological observations, including

radar imagery. The study is motivated by two main issues: (1) the lack of modern scientific

knowledge regarding Baltic meteotsunamis and (2) the risks they pose to maritime and

coastal activities. Although the observed oscillations did not cause significant damage,

bottom contact with some damage to a vessel did occur. Strong unexpected currents or

sudden lack of water under the keel of a boat can cause hazardous situations in coastal

traffic. In addition, it should be noted that the water level in the Baltic Sea can be well

above average for a prolonged time due to wind conditions that regulate water exchange in

the Danish straits (Johansson et al. 2014). If a meteotsunami would occur during such a

situation, record sea levels could be exceeded, e.g. in the Archipelago Sea, where sea-level

variations are relatively small. The occurrence of meteotsunamis should be taken into

account in risk analyses made for coastal activities, e.g. the safety of the Finnish nuclear

power plants. Better understanding of the phenomenon serves this purpose.

2 Essential features of meteotsunamis

Meteorological phenomena cause sea-level fluctuations at various scales, from seconds to

days or longer in time, from small wind-driven surface waves to seiches and storm surges.

Thus, defining a meteotsunami and distinguishing it from other sea-level oscillations is not

a trivial task. Meteotsunamis have physical dimensions similar to seismic tsunamis:

periods ranging from minutes up to 2 h and wavelengths from kilometres to hundreds of

kilometres. A height criterion is needed to distinguish meteotsunamis from background

noise. One definition proposed for a meteotsunami is a wave height three or four times the

standard deviation of the sea-level variation at the location (Monserrat et al. 2006).

However, the height of a meteotsunami strongly depends on local topography, and high

oscillations may not be observed at the points where water-level measurements take place.

In the semi-enclosed Baltic Sea and its sub-basins, seiches (internal eigenoscillations, or

standing waves inside a basin) are a typical phenomenon. The seiche period depends on the

length and depth of the basin and the number of nodes in the standing wave; in the Baltic

Sea, the characteristic periods are several hours or longer, up to 26 h (Lisitzin 1959). In the

smaller sub-basins, however, seiches may have periods similar to meteotsunami waves.
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Basin-wide seiches and meteotsunamis are different phenomena with different generation

mechanisms, and we must be able to distinguish them from each other.

The essential feature of a meteotsunami is its formation process: the initially small

wave grows through various resonance mechanisms, first through air–sea interaction on

the open sea and then through topographically controlled amplification when the waves

reach the coastline. The most common resonance mechanisms giving birth to meteo-

tsunamis include the Proudman resonance: when the air pressure disturbance travels at a

velocity close to the long wave speed in the sea (
ffiffiffiffiffi
gh

p
, where g is the acceleration due to

gravity and h is water depth), the disturbance can continuously feed energy to the wave

that it generates (Proudman 1929). In this paper, we regard the observed sea-level

oscillations as meteotsunamis, if they have characteristic temporal and spatial scales and

if we can show that they were generated by atmospheric disturbances through resonance

mechanisms.

Hibiya and Kajiura (1982) formulate the following equation for estimating the wave

amplification due to Proudman resonance:

Dg ¼ Dp
qg

� �
xf

2L

� �
ð1Þ

where Dg is maximum wave height, Dp/(qg) is the initial wave height due to the inverted

barometer effect alone (Dp is the amplitude of the air pressure disturbance, q the density of

water, and g the acceleration due to gravity), xf is the distance travelled by the pressure

anomaly above the sea, and L is the distance between the front of the disturbance and the

disturbance maximum, characterising the ‘‘abruptness’’ of the pressure anomaly.

As the wave propagates to the shore, it is further amplified by refraction, shoaling,

shoreline geometry, and harbour resonance. The shoaling amplification can be approxi-

mated by Green’s law

Dgs ¼ Dg0

ffiffiffiffiffiffi
cg0

cg

r
¼ Dg0

h0

h

� �1
4

ð2Þ

where cg ¼
ffiffiffiffiffi
gh

p
is the group velocity of shallow water waves (long waves), and the

subscript 0 refers to initial conditions in deep water before shoaling takes place. The

approximation is reasonable as long as the wave is not close to breaking.

The formation of a strong meteotsunami requires a combination of several factors,

which is why they are rare. The speed and route of the air pressure disturbance are

crucial factors. Mesoscale atmospheric disturbances have typical velocities of 20–40 m/s,

corresponding to the long wave speed in sea areas 40–160 m deep (Monserrat et al.

2006). However, Proudman resonance alone cannot generate destructive meteotsunamis

on an open coastline. Violent oscillations are restricted to semi-enclosed basins, such as

bays or harbours, where self-amplifying wave interference (harbour resonance) can

occur.

The coastline of Finland (Fig. 1) is characterised by a shallow and complex topog-

raphy: in the south, the Gulf of Finland with a mean depth of 37 m and a highly irregular

northern coast; in the southwest, the shallow Archipelago Sea with a complex mosaic of

islands and a mean depth of only 19 m; and in the west, the Gulf of Bothnia with a mean

depth of 55 m and an asymmetric bottom topography, gentler slopes being on the eastern

(Finnish) side (Leppäranta and Myrberg 2009). Thus, the necessary prerequisite for the

formation of meteotsunamis, namely a shallow sea area with an irregular coastline, is

fulfilled.
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3 Data and methods

Our observational material consists of the regular weather and sea-level observations

produced by the FMI together with radar data and eyewitness reports. All bathymetry data

utilised in this study are from Seifert et al. (2001) and have a spatial resolution of 10 9 20

(ca. 1 nautical mile).

3.1 Sea-level and weather observations

Several individuals observed unexpectedly rapid and strong sea-level variations in different

parts of the Finnish coastline on 29 July 2010, 8 August 2010, and 4 June 2011. The first

reports came spontaneously. After this, a specific request for such observations was made

in a press release published by the FMI, and some media coverage followed.

The FMI operates 13 tide gauges on the Finnish coast (Fig. 1). For 2010–2011, the

quality-controlled sea-level database consists of hourly observations, but digital data stored

every minute are available for all stations. For all the meteotsunami cases we examined,

the digital 1-min sea-level observations were quality controlled for this study.

Observations of the relevant meteorological parameters (surface air pressure, temper-

ature, dewpoint, wind, and weather) during the meteotsunami events were obtained from

the climate database of the FMI. Surface observation maps were produced for a better

understanding of the air pressure perturbation movement in the studied cases. The surface

isobar analyses were done manually by using surface observations.

3.2 Radar data

Data from the Finnish Meteorological Institute’s C-band Doppler radars are used in this

study. Radar data for the three dates are available from all FMI radars. Suitable imagery

was produced from the archived raw data in order to examine the propagation speed of the

atmospheric disturbances. The propagation speed of the disturbances was measured based

on the location of the leading line of the radar reflectivity echoes as they move over the sea.

CAPPI (Constant Altitude Plan Position Indicator) composite reflectivity images and the

positions of the leading line are shown in the case studies to visualise the perturbation

movements.

4 Results

The eyewitness observations received regarding the meteotsunami events are summarised

in Table 1. A seismic origin for the waves can be excluded, as there were no earthquakes in

the Baltic Sea region on the dates of the events (Institute of Seismology 2013).

4.1 The meteotsunami of 29 July 2010

Five eyewitness reports from three coastal islands on the northern coast of the Gulf of

Finland were received concerning the event on 29 July 2010 (Table 1). According to the

reports, the phenomenon was observed also in other places in the same area. The excep-

tional wave phenomenon occurred approximately at the same time on each island, between

05:00 and 06:00 UTC (08:00–09:00 local time). According to the eyewitness reports,
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Å
d
h
o
lm

en
,
E
sp
o
o

U
p
to

m
o
re

th
an

1
0
0

5
–
1
0

S
ev
er
al
w
av
es
,
o
sc
il
la
ti
o
n
s
la
st
in
g
ab
o
u
t
1
h
;

st
ro
n
g
o
sc
il
la
ti
n
g
cu
rr
en
ts

2
9
.0
7
.2
0
1
0

0
5
:0
0
–
0
6
:0
0

P
el
li
n
k
i,
P
o
rv
o
o

4
0

5
–
1
0

3
–
4
w
av
es
,
st
ro
n
g
cu
rr
en
ts
in

a
sh
al
lo
w
st
ra
it

2
9
.0
7
.2
0
1
0

0
5
:0
0
–
0
7
:0
0

K
au
n
is
sa
ar
i,
P
y
h
tä
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which also include photographs (Fig. 2), strong currents were formed in shallow straits,

changing direction several times as the sea-level rose and fell. One eyewitness describes

the events as follows:

Fig. 2 a, b Two images taken at the same spot on 29 July 2010 with a 2.5 min time interval, showing the
rapid sea-level fluctuation in a shallow strait. c Currents induced by sea-level oscillations in the strait. dMap
of the location (Pellinki, in Porvoo archipelago, Gulf of Finland); the red star denotes the observation site.
The rectangle in Fig. 1 shows the location of the map on the coastline. Photos: Dag Wallgren, used with
permission
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The water had risen dramatically, nearly one metre in 15 min at our shore. […] Next

the water started to flow out powerfully between the island and [a nearby islet],

foaming like a rapids. In front of my eyes, the water fell below normal water level.

After a few minutes, the stream turned back towards the bay […] I saw our neighbour

in his yard and shouted: ‘Come see this spectacle!’. He ran onto the deck of his boat

as the water again changed direction. After a moment he shouted that the boat is not

floating anymore. Normally there is one metre of water under the boat. The water in

the bay turned black, as the current tore up everything from the bottom. (Stora

Ådholmen)

The sea-level observations at the tide gauges of Helsinki and Hamina are shown in Fig. 3a.

The exceptional wave phenomenon is seen as rapid oscillations starting shortly before

05:30 UTC, corresponding well to the times given in the eyewitness reports. The amplitude

of the oscillations is considerably smaller, however, probably because the topographically

controlled wave amplification is weaker at the tide-gauge locations. The wave height is

10 cm in Helsinki and 14 cm in Hamina, and the periods 15–25 min.

In the coastal surface air pressure data (Fig. 3b), the meteotsunami event coincides with

a pressure jump of 1–2 hPa offshore of Helsinki and ca. 1 hPa in Kotka, near Hamina. The

phenomenon is restricted to the eastern part of the Gulf of Finland: the neighbouring tide

gauge in Hanko, over 100 km west from Helsinki (1 in Fig. 4), shows small rapid oscil-

lations somewhat later at 06:00–07:00 UTC, but no air pressure jump was observed (not

shown).
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Fig. 3 a One-minute sea-level observations at the tide gauges of Helsinki and Hamina during the
meteotsunami event of 29 July 2010. The reference level is the tide gauge zero. b Ten-minute sea-level
pressure observations at nearby coastal stations (locations marked in Fig. 4)
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During the previous night, a cluster of convective showers moved northwest over

Estonia. The northern part of the cluster dissipated and separated from the southern con-

vective cells. The remnants of the dissipating showers formed a gust front that moved fast

towards the northwest over the Gulf of Finland. The gust front was visible in radar pictures

as a narrow line of weak radar reflectivities, which over the Gulf of Finland consisted of

convective clouds and weak rain showers (Fig. 5). The leading line of the front reached the

coast at 05:45 UTC near Helsinki (Fig. 4), about 20 min after the sea-level oscillations

started at the Helsinki tide gauge and 35 min after the pressure jump. Although the surface

pressure perturbation extended from Helsinki up to Hamina, the gust front was not visible

there.
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Fig. 4 Gust front propagation over the Gulf of Finland on 29 July 2010. Black linesmark the position of the
leading line of the gust front (times UTC). Bathymetry of the gulf is shown in colours with depth in m. Stars
denote the locations of eyewitness observations (a Stora Ådholmen, b Pellinki, c Kaunissaari). Other
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Fig. 5 Movement of a gust front and surface pressure perturbation over the Gulf of Finland on 29 July 2010
at a 05:00 and b 06:00 UTC. Temperatures, dewpoints, winds, surface pressure, and weather are plotted at
station locations and overlaid on CAPPI composite reflectivity images. Surface analysis—isobars and
surface lows (L) and highs (H)—is done manually
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The speed of the gust front was rather constant over the Gulf of Finland, with a mean

speed of ca. 80 km/h (22 m/s). This corresponds to the long wave phase speed at a depth of

50 m. Along the track of the front, there is a plateau 20 km long with a depth of 40–60 m,

where Proudman resonance can occur (Fig. 4). The insufficient temporal resolution of the

air pressure data does not allow us to estimate the spatial length scale L in Eq. 1 accurately,

but a rough estimate is between 13 and 26 km, depending on the exact time of the pressure

maximum. From Eq. 1, we see that Proudman resonance only amplifies the wave when the

distance xf exceeds 2L. This suggests that amplification due to Proudman resonance has not

been significant in this case.

The pressure maximum may have occurred between the sampling times and could be

larger than 1 or 2 hPa, as in the similar case on 8 August 2010, when it was over 3 hPa

(Sect. 4.2.1). If we assume an upper limit of 4 hPa, the pressure jump corresponds to an

initial wave height of at most 4 cm due to the inverted barometer effect alone. Shoaling

would amplify this wave to 8 cm (Eq. 2), as the water depth at the tide gauges is about

2 m. Thus, even if the pressure jump had been stronger than revealed by the 10-min

observations, Proudman resonance and shoaling at the tide-gauge depth cannot explain the

high sea-level oscillations. Amplification effects controlled by local topography must have

been dominating, as the oscillations observed at the tide gauges are only 10–15 cm while

oscillations of over 1 m were reported by eyewitnesses. Modelling work would be required

to determine the exact amplification mechanisms.

4.2 The meteotsunami of 8 August 2010

During 8 August 2010, two separate cases occurred, one in the Gulf of Finland and the

other in the Gulf of Bothnia, seen in both sea-level and meteorological data.

4.2.1 Gulf of Finland

Exceptional sea-level variations of up to 60 cm and strong oscillating currents were

observed by eyewitnesses at three locations in and near Helsinki (Table 1). Indeed, sudden

sea-level peaks are observed at Helsinki and Hamina tide gauges in the evening, starting at

18:10 and 18:45 UTC, respectively (Fig. 6a). The range of sea-level variation between

18:00 and 20:00 UTC is 29 cm in Helsinki and 44 cm in Hamina, whereas at the neigh-

bouring tide gauge in Hanko (1 in Fig. 7), no similar sea-level oscillation is seen.

On 8 August 2010, convective storms formed over Belarus and Lithuania around

midday and moved northwards. Over Latvia, they organised into a squall line that moved

rapidly over Estonia to the Gulf of Finland (Figs. 7, 8). In Latvia, Estonia, and Finland,

extensive wind damage was reported, and wind gusts of up to 36.5 m/s were measured

(Törmä et al. 2013). During the time of the damage, the squall line was of trailing strat-

iform type, where intense convective cells are situated in the leading line of the convective

system. Destructive wind gusts occurred in the leading line of the system.

The leading line of the squall line reached Helsinki at 18:15 UTC (Fig. 7). Shortly

thereafter, the peak sea-level height was measured in Helsinki, as the maximum radar

reflectivities passed the area. In Hamina, in the eastern Gulf of Finland, the maximum sea

level was measured at 19:07 UTC. During this time, there were no strong reflectivity

echoes passing the area, but a jump in air pressure was observed even eastwards from the

squall line.

The event is very clearly seen in the coastal observations of surface air pressure

(Fig. 6b). In Kalbådagrund, 30 km from the coast, the squall line passage is seen as a sharp
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meteotsunami event of 8 August 2010. The reference level is the tide gauge zero. b Ten-minute sea-level
pressure observations at nearby coastal stations (locations marked in Fig. 7)

24˚ 26˚ 28˚ 30˚
59˚

60˚

61˚

50 km
−100

−90

−80

−70

−60

−50

−40

−30

−20

−10

0
m

a

b
c

2

3

7
6

4

5
1

Finland

Estonia

Russia

Gulf of Finland18:30 
18:40 

19:00 

18:00 

18:15 

17:45 

17:30 
17:15 

Fig. 7 Squall line propagation over the Gulf of Finland on 8 August 2010. Black lines mark the position of
the leading line of the squall line (times UTC). Bathymetry of the gulf is shown in colours with depth in
m. Stars denote the locations of eyewitness observations (a Porkkala, b Uunisaari, c Östersundom). Other
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pressure jump of 3.2 hPa. In Helsinki, the jump has a height of 2–2.5 hPa and arrives at

18:00 UTC, shortly before the sea-level oscillations. Neither the pressure jump nor sea-

level oscillations are seen in Hanko, west of Helsinki (not shown).

The speed of the squall line as it propagated over the Gulf of Finland was rather

constant, ca. 86 km/h (24 m/s). This corresponds to the long wave speed at a depth of

58 m. This case resembles very much that of 29 July 2010, and similar conclusions apply.

The distance over which Proudman resonance can act is rather short, and even though the

pressure jump is stronger in this case, Eq. 1 suggests that the amplification factor caused by

Proudman resonance alone is not significant.

We do not have eyewitness reports of high (1 m) sea-level oscillations in the Gulf of

Finland on 8 August 2010, but at the tide gauges, the oscillations were stronger than during

the 29 July 2010 event. Possibly there have been higher oscillations in topographically

vulnerable places, as the phenomenon affected a wide stretch of the coast.

4.2.2 Gulf of Bothnia

In Siniluoto, Raahe, sea-level oscillations of up to 50 cm were observed by eyewitnesses in

the afternoon (ca. 11:00 UTC) as a thunderstorm passed by along the coast (Table 1). In

the sea-level data from the Raahe tide gauge, a single pronounced peak with a height of

54 cm is seen at 10:50 UTC, confirming the eyewitness report (Fig. 9a). Sea-level varia-

tions at other tide gauges in the Gulf of Bothnia show no clear peaks. In Kemi, at the head

of the gulf, rapid sea-level oscillations with a maximum height of 30 cm were measured

after 12:00 UTC, coinciding with a sudden drop in air pressure. Tide gauges in Vaasa,

Pietarsaari, and Oulu (1, 2 and 4 in Fig. 10) show slower sea-level oscillations with a

height of up to 0.5 m, but with a period of 2 h or more.

Convective storms formed over southern Gulf of Bothnia in the early morning hours and

started to move northeast. The storms became organised into a line structure, and when

they reached the Finnish coast at around 05:00 UTC, the system was a leading stratiform

squall line (Morrison and Thompson 2008). As the squall line moved north along the

Finnish coast, it became less organised and embedded in stratiform rain. Later the

mesoscale convective system (Fritsch and Forbes 2001) became again more linear in

structure, and after 07:00 UTC, when the storm was approaching Kokkola from the

southwest, the storm intensified and became a trailing stratiform squall line.

As the squall line moved further northeast along the coast, it became stronger and had a

more asymmetric structure, with stratiform rain more around the northern parts of the

squall line (Fig. 11). The leading line of the squall line reached Raahe at 10:45 UTC

(Fig. 10), a few minutes before the peak sea level was observed at the local tide gauge. In

03:81c00:81b03:71a

Fig. 8 CAPPI composite reflectivity images of squall line movement over the Gulf of Finland on 8 August
2010 at a 17:30, b 18:00 and c 18:30 UTC
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the coastal air pressure data, the propagation of the squall line is clearly seen as pressure

jumps of 2–4 hPa (Fig. 9b).

The average velocity of the squall line as it propagated along the coast was ca. 65 km/h

(18 m/s), corresponding to the long wave speed at a depth of 33 m. This is the prevailing

depth of the Gulf of Bothnia at a distance of 20–30 km from the coastline (Figs. 1, 10).

The matching of velocities is manifested by the closely matching arrival times of the squall

line and sea-level oscillations in Raahe. Using a value of 180 km for xf and 11 km for L in

Eq. 1, we obtain an amplification factor of 8.2 for the Proudman resonance, thus ampli-

fying the initial 2–4 cm wave to 16–33 cm. The result 8.2 may be unusually high, because

an upper limit of 5.0 has been proposed for the amplification factor due to Proudman

resonance alone (Vilibić 2008). However, both tide gauge and eyewitness observations

(made about 7 km apart) have a similar magnitude, indicating that local amplification

effects were not dominating in this case and supporting the high amplification factor.

Shoaling further amplifies the wave twofold (Eq. 2) to 32–66 cm, in agreement with the

observations.

4.3 The meteotsunami of 4 June 2011

The only eyewitness report from 4 June 2011 comes from Muusluoto, in the Archipelago

Sea, where sea-level oscillations were observed in the evening after 17:00 UTC (Table 1).

Three larger waves with a height of 45 cm and periods of a few minutes were followed by
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weakening oscillations. Altogether, the exceptional sea-level oscillations lasted for more

than 1 h.

In sea-level measurements (Fig. 12a), there is no clear indication of rapid peaks at other

tide gauges than Degerby, located in Åland, ca. 80 km southwest from Muusluoto. A small

but pronounced peak 10 cm high was observed at 17:30 UTC, followed by oscillations of a

few cm and a period of ca. 20 min.

This case seems to be caused by a southeastwards moving cold front over the Gulf of

Bothnia (Figs. 13, 14). At the time of the eyewitness observation, the front was
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Fig. 10 Squall line propagation over northern Gulf of Bothnia on 8 August 2010. Black lines mark the
position of the leading line of the squall line (times UTC). Bathymetry of the gulf is shown in colours with
depth in m. The star denotes the eyewitness observation site (Siniluoto). Other symbols denote the locations
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Fig. 11 CAPPI composite reflectivity images of squall line movement over the Gulf of Bothnia on 8
August 2010 at a 09:00, b 10:00 and c 11:00 UTC
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approaching the area from the northwest. Coastal surface air pressure observations on 4

June show a steadily declining pressure during the night and morning, a sudden pressure

jump of 1–2 hPa, and a steadily rising pressure after that (Fig. 12b). This southwards

propagating pressure jump is clearly related to the cold front movement and sea-level

oscillations. In Turku, 30 km east from Muusluoto, the pressure jump was observed shortly

after 17:00 UTC, matching the time of the eyewitness observation. The jump arrived in

Lemland at 17:30 UTC, at the same time as the sea-level peak was observed at the nearby

Degerby tide gauge.

The speed of the pressure jump as it propagated southwards along the coast was

approximately 50–60 km/h (14–17 m/s), which corresponds to the long wave speed in

20–30 m deep waters. This matches roughly the prevailing long wave speed in the northern

Archipelago Sea and coastal Gulf of Bothnia (Fig. 1). Local topographic amplification in

the complex archipelago is probably the main cause of the reported oscillations, however,

as no sea-level oscillations were recorded by the nearest tide gauge (Turku) and only a

small peak was observed at the Degerby tide gauge.

5 Discussion and conclusions

The observational data analysed in this study strongly indicate that the exceptional sea-

level oscillations observed on the Finnish coast in 2010 and 2011 were of meteorological

origin. All of them occurred during the passage of air pressure disturbances moving at a
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Fig. 12 a One-minute sea-level observations at the tide gauges of Turku and Degerby during the
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speed close to the long wave speed in the sea below, thus enabling efficient energy transfer

from the atmosphere to the sea. In the coastal air pressure observations, sea-level oscil-

lations coincided with sudden pressure jumps of a few hectopascals. Thus, the events have

the essential characteristics of meteotsunamis, i.e. meteorologically induced tsunami

waves.

The air pressure disturbances were caused by different types of weather phenomena and

occurred on different scales. On 8 August 2010, two different cases were observed, both

caused by a passing squall line. The case on 29 July 2010 was caused by a passing gust

front, and the case on 4 June 2011 by a synoptic-scale cold front. Nevertheless, they had

similar characteristics: the pressure decreases before the front or squall line and increases

immediately after its passage. They also all included high winds perpendicular to the front

on its leading line.

Both the cases observed in the Gulf of Finland were caused by air pressure disturbances

propagating northwards across the gulf from Estonia, i.e. perpendicular to the coastline.

The relatively small width of the gulf (80 km) and the concave bottom topography limit the

distance over which Proudman resonance can act (Fig. 1). The calculated meteotsunami

heights were much less than observed, if only the Proudman resonance and shoaling effects

were taken into account. In contrast, the case observed in the Gulf of Bothnia was caused

by a disturbance moving parallel to the coast, allowing a longer fetch, and a more satis-

factory agreement with the calculated and observed wave height was found.

The sea-level oscillations reported by eyewitnesses were anomalous in speed and height

compared with typical conditions on the Finnish coast. Tide-gauge measurements show

rapid sea-level oscillations at corresponding times, but anomalously high oscillations

(close to 1 m) are not recorded by tide gauges. This points to the dominating role of local

topographically controlled resonance effects. Typically, the eyewitness observations were

made at small bays or shallow and narrow straits in the complex Finnish archipelago

(Fig. 2d is a good example). Simple analytical solutions, which can be used to estimate the

eigenfrequencies of relatively regularly shaped bays or inlets (e.g. Rabinovich 2009), are

not applicable. Numerical modelling would be needed to determine the resonant properties

of the coast at the observation sites, and to resolve the exact amplification mechanisms

behind the observed oscillations. Modelling could also be used to locate possible ‘‘mete-

otsunami hotspots’’, where strong topographic amplification can occur.

In addition to numerical modelling, an in-depth analysis of the formation of the waves

would require high-resolution air pressure and water-level observations of the order of

1 min (Vilibic and Šepic 2009). The 10 min time resolution of the air pressure data is

insufficient to resolve the amplitude of the pressure anomaly (that is, the initial height of

the wave) as well as the length scale L in Eq. 1, thus making it difficult to estimate the

resonant amplification of the meteotsunami waves.

The fact that we got many independent reports from the general public after decades of

no reports requires an explanation. Possibly the reporting threshold has been lowered, e.g.

because of increased public awareness due to the widespread attention to the 2004 Indian

Ocean tsunami or because of improved connections (internet, mobile phones). Otherwise,

we must assume that for some meteorological reason, meteotsunamis have become more

frequent and/or their magnitude has increased on the Finnish coast. A long time series of

meteotsunami occurrence is needed to find out the answer, but until recently, the digital

sea-level data have an insufficient temporal resolution to study rapid sea-level variations.

Constructing such a time series is possible by using original tide-gauge chart records,

which have the sea level plotted as a continuous curve (manuscript in preparation).
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The events we report are a reason for concern on several accounts: (1) although rela-

tively modest in size, the magnitude of the events is clearly sufficient to cause at least

minor damage, (2) it seems that under suitable meteorological circumstances, several

meteotsunamis can occur within a short time period, leading to a higher impact than a

single event, and (3) based on anecdotal and historical evidence, it is possible that the

phenomenon is much more common in the Baltic Sea than has been considered previously.

In some areas in the Mediterranean, meteotsunamis (known locally as rissaga in the

Balearic Islands) are a relatively regular phenomenon, and methods have been developed

to detect atmospheric disturbances and estimate their speed and direction (e.g. Šepić et al.

2009) with the aim of building an efficient operational warning system. After the mete-

otsunami observations reported in this paper, warnings of rapid sea-level oscillations have

been issued by the FMI when conditions have seemed favourable for the formation of

meteotsunamis. With the existing meteorological and oceanographic observation network,

the prediction of meteotsunamis on the Finnish coast is possible about 1 h before the event.

As a first step to aid in the operational work, we have plotted in Fig. 1 the long wave

phase speed in the Baltic Sea. Air pressure perturbations such as squall lines moving over

the sea at corresponding velocities can, in theory, generate meteotsunamis. The map is

intended to serve the on-duty meteorologists, helping them to estimate the risk of mete-

otsunami formation based on forecast speeds and directions of weather fronts. By using the

forecasts and the map together, potential risk times and areas can be identified and

warnings can be issued. However, the cause–effect relationship between atmospheric

disturbances and meteotsunami-type sea-level oscillations in the Baltic Sea should be more

thoroughly established from observations and process models before an operational pre-

diction system can be implemented.
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Fritsch JM, Forbes GS (2001) Severe convective storms: mesoscale convective systems. Am Meteorol Soc

Monogr 28:323–357
Hibiya T, Kajiura K (1982) Origin of the abiki phenomenon (a kind of seiche) in Nagasaki Bay. J Oceanogr

Soc Jpn 38:172–182
Institute of Seismology (2013) Seismic events in Northern Europe. Final monthly bulletins (June 2011,

August 2010, July 2010). Institute of Seismology of the University of Helsinki. http://www.seismo.
helsinki.fi/bulletin/list/pdfbul.html. Accessed 29 Nov 2013

Johansson MM, Pellikka H, Kahma KK, Ruosteenoja K (2014) Global sea level rise scenarios adapted to the
Finnish coast. J Mar Syst 129:35–46
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A B S T R A C T

Coastal planning requires detailed knowledge of future flooding risks, and effective planning must consider both
short-term sea level variations and the long-term trend. We calculate distributions that combine short- and long-
term effects to provide estimates of flood probabilities in 2050 and 2100 on the Finnish coast in the Baltic Sea.
Our distributions of short-term sea level variations are based on 46 years (1971–2016) of observations from the
13 Finnish tide gauges. The long-term scenarios of mean sea level combine postglacial land uplift, regionally
adjusted scenarios of global sea level rise, and the effect of changes in the wind climate. The results predict that
flooding risks will clearly increase by 2100 in the Gulf of Finland and the Bothnian Sea, while only a small
increase or no change compared to present-day conditions is expected in the Bothnian Bay, where the land uplift
is stronger.

1. Introduction

Estimating future flooding risks is vital for coastal planning and
construction. Accurate flood probability estimates are needed to ensure
safe and cost-effective building and to prevent flood damage to infra-
structure. Most urban infrastructure has a lifetime of at least 100–200
years, and within this timespan there will be significant long-term sea
level changes caused by climate change and other factors. Global mean
sea level rose by 10–20 cm over the 20th century (recent estimates of
the rate range from ca. 1.3 mm a−1 in Hay et al., 2015 and Dangendorf
et al., 2017 to 1.9 ± 0.3mm a−1 in Jevrejeva et al., 2014b) and is
expected to rise significantly more during the 21st century.

In Finland, historically the rate of postglacial land uplift has ex-
ceeded that of sea level rise, causing a fall in sea level relative to land
(e.g. Lisitzin, 1964, Vermeer et al., 1988, Johansson et al., 2014).
However, the situation is changing because of higher rates of sea level
rise, and the trend of declining relative sea level is currently reversing
on the southern coast of Finland. According to the highest sea level
scenarios, the rising mean sea level will outstrip the land uplift every-
where on the Finnish coast by 2100 (Johansson et al., 2014). An
overview of recent observed changes and scenarios on Baltic Sea level
was presented in the Second Assessment of Climate Change for the
Baltic Sea Basin (BACC, Hünicke et al., 2015, Grinsted, 2015).

In addition to long-term changes in mean sea level, short-term sea
level variations and possible changes in sea level extremes must be
considered in coastal management. High sea level can cause severe
flooding in the coastal cities of Finland: for example, the storm surge of

9 January 2005 resulted in new sea level records in the Gulf of Finland
and caused damage to the value of 12 million euros in Helsinki and
elsewhere on the Finnish coast (Anon, 2014). The damage would have
been considerably larger without an accurate flood warning 30 h prior
to the event. The short-term variability in sea level has increased in
Finland: Johansson et al. (2001) found significant increasing trends in
the annual maxima relative to the annual mean sea level during the
20th century.

Sea level in the semi-enclosed Baltic Sea (Fig. 1) is determined by
several processes acting on different time scales:

1. The isostatic recovery of the Earth's crust from the pressure of the
last glacial era, manifested on the Finnish coast as postglacial land
uplift (e.g. Lisitzin, 1964, Ekman, 1996, Lidberg et al., 2007). Im-
portant on time scales ranging from decades to millennia.

2. Long-term variations in the level of the northeastern Atlantic Ocean,
which affect the Baltic Sea through its ocean outlet, the Danish
Straits. From decades to millennia.

3. Variations in the water volume of the Baltic Sea, mainly controlled
by wind and air pressure conditions, which regulate the water ex-
change through the Danish Straits (e.g. Andersson, 2002, Lisitzin,
1962, Vermeer et al., 1988, Samuelsson and Stigebrandt, 1996).
From weeks to years.

4. Regional and local short-term variations driven by meteorological
forcing. Weather affects sea level directly through wind and air
pressure variations and indirectly through secondary phenomena
such as internal oscillations (seiches) in the sub-basins of the Baltic
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Sea (e.g. Lisitzin, 1974, Neumann, 1941, Wübber and Krauss, 1979).
From seconds to days.

5. Tides have a minor but observable effect on the Finnish coast
(Witting, 1911; Medvedev et al., 2013). From hours to days.

Significant floods occur when multiple factors contributing to high
sea level coincide. For example, the coastal flood of 9 January 2005 was
caused by the powerful storm Gudrun, which occurred when the mean
sea level in the Baltic Sea was already ca. 60 cm above average due to
preceding weather conditions. In addition, a seiche oscillation was
ongoing between the Gulf of Finland and the main basin of the Baltic
Sea, contributing to the record-breaking sea level peaks in the Gulf of
Finland. Tides reduced the maximum by 10 cm of what it would have
been if the peak times would have been coincident.

In this paper, we describe the method used to estimate future
probabilities of coastal floods in Finland. We construct probability
distributions for short-term sea level variations and long-term mean sea
level change, which we then combine to yield estimates of the prob-
ability of coastal floods up to 2100. A probabilistic framework allows
the use of our results for different planning purposes depending on the
acceptable risk level of the infrastructure in question. The research of
this paper is part of the implementation of the EU Floods Directive
(2007/60/EC) in Finland, and the method presented here has been
applied to give updated recommendations for minimum building ele-
vations on the Finnish coast (Kahma et al., 2014).

Several previous studies have laid the foundation for our work. Our
method to determine the distribution of long-term sea level rise and to
combine it with the short-term variations originates from an un-
published sea level risk analysis for a nuclear power plant (1990). The
method was further developed to produce national recommendations
for the lowest building elevations in Finland (Kahma et al., 1998) and
subsequently elaborated in several studies concerning nuclear power
plant safety. Johansson et al. (2004, 2014) calculated scenarios for
mean sea level rise on the Finnish coast in the 21st century. The results
presented here update previous assessments with the most recent ob-
servations and knowledge, e.g. the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change (IPCC AR5) and several
other recent publications.

2. Data and methods

2.1. Finnish tide gauge observations

Sea level data used in this study comes from 13 tide gauges on the
Finnish coast (Fig. 1). Measurements with automatic and continuous
gauges started in the 1920s at most stations: longer time series exist
from Hanko (1887) and Helsinki (1904), and a somewhat shorter one
from Rauma (1933). Up to the 1980s, the tide gauges were equipped
with mechanical recording devices whose charts were manually digi-
tized to obtain a time series of sea level observations. In the 1980s, the
mechanical instruments were replaced by automated data recording
units. The quality-controlled digital sea level database of the Finnish
Meteorological Institute contains sea level values at 4-h intervals up to
1970, and values at 1-h intervals after that. Since 1980 the quality-
controlled monthly and annual maxima and minima are based on
measurements with a time resolution of at least 15min depending on
the recording unit.

Gaps in the time series were filled by spatial linear interpolation:
missing values were calculated using the measurements at neigh-
bouring stations. Our analysis has shown that linear interpolation is a
reliable method for filling most of the gaps (typical root-mean-square
error is ca. 2 cm), because the tide gauge network is dense enough to
make the time series of adjacent stations highly correlated. For Kemi
and Hamina, the northernmost and the easternmost stations on the
Finnish coastline, missing values were linearly extrapolated using data
from the nearest two stations. Other quality corrections have also been
applied to the data, see Johansson et al. (2001). In the 4-h data used for
analysing long-term sea level variations, the proportion of interpolated
or corrected data varies between 1% (Rauma 1933–2010) and 15%
(Hanko 1888–2010), and the potential error in annual means caused by
interpolation proved to be small compared to the natural year-to-year
variation in mean sea level (Johansson et al., 2014).

Sea level values in this paper are presented in the Finnish height
system N2000, based on the third precise levelling of Finland
(1978–2006). The datum is equal to the Normaal Amsterdams Peil
(NAP) used in the common European Vertical Reference Frame 2000
(EVRF2000; Saaranen et al., 2009).

2.2. Separating long-term and short-term sea level variations

The observed sea level change h at a location i on the Finnish coast
can be expressed as the sum of the following components:

= − + + +h t i h t i u i t w t i d t i ε t i( , ) ( , ) ( ) ( , ) ( , ) ( , )l (1)

where t is the time since the time of reference, hl is the regional sea level
rise, u is the postglacial land uplift proceeding at a constant local rate at
the time scales considered, w represents meteorologically induced sea
level variations, d tides and ɛ residual variations. Residual variations
include e.g. local halosteric and thermosteric changes and are small
compared to other components.

The meteorologically induced sea level variations w cover a wide
range of time scales from seconds to decadal variations. We divide this
component in two parts, one representing variations in decadal time
scales (wm) and the other shorter-term variations (ws):

= − + + + +h t i h t i u i t w t i w t i d t i ε t i( , ) ( , ) ( ) ( , ) ( , ) ( , ) ( , )l m s (2)

The sum of the three long-term components represents the change
in mean sea level and is denoted by hm:

= − +h t i h t i u i t w t i( , ) ( , ) ( ) ( , )m l m (3)

When making projections of the flooding risks, we need to assess the
future evolution of each of these three components that contribute to

Fig. 1. Map of the Baltic Sea. Locations of the Finnish tide gauges are marked with tri-
angles. The star denotes the point (55° N, 15° E) used for calculating the annual me-
teorological sea level component (Section 2.3.2).
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the long-term mean sea level on the Finnish coast (Section 2.3). The
remaining short-term variations are estimated by removing the three
long-term components from the observed sea levels (Section 2.4):

= −h t i h t i h t i( , ) ( , ) ( , )s m (4)

To the first approximation, we estimate that the distribution of
short-term variations hs remains unchanged in the future. We can then
combine the future scenarios of hm and the observation-based dis-
tributions of hs to yield future estimates of h.

2.3. Long-term mean sea level change

In this section, we determine probability distributions for mean sea
level change on the Finnish coast up to 2100. For this purpose, we need
to estimate the three components contributing to the long-term mean
sea level change hm on the Finnish coast (Eq. (3)):

1. Regional sea level rise hl. Global mean sea level (GMSL) is rising at
an accelerating rate (Jevrejeva et al., 2014b; Dangendorf et al.,
2017) because of the thermal expansion of warming sea water and
the melting of land-based glacier ice. There is considerable spatial
variation in the rate of sea level rise: the melting of glaciers and ice
sheets affects sea level unevenly, and the uneven warming of the
oceans as well as changes in the ocean circulation and in wind and
air pressure patterns cause regional deviations from the global mean
(Mitrovica et al., 2001; Church et al., 2013).

2. Postglacial land uplift u. In Finland, the bedrock is still slowly re-
covering from the pressure of the ice sheet during the last glacial
era. This postglacial land uplift significantly compensates for sea
level rise. The land uplift rate is highest in the Bothnian Bay, up to
9–10mm a−1 (Hill et al., 2010; Johansson et al., 2014).

3. Long-term meteorological changes wm. Wind conditions in the
Danish Straits correlate well with annual and monthly sea level
variations on the Finnish coast (Johansson et al., 2014; Johansson
and Kahma, 2016), because wind and air pressure variations reg-
ulate the volume and distribution of water in the semi-enclosed
Baltic Sea. As a simple illustration, westerly winds push water from
the North Sea through the Straits and pile up water against the
Finnish coast, while easterly winds drive water in the opposite di-
rection and cause lower sea levels around Finland. Therefore, long-
term changes in the wind climate affect mean sea level on the Fin-
nish coast.

2.3.1. Constructing scenarios for regional sea level rise
We construct probability distributions of future sea level rise by

combining several predictions in recent scientific literature. Our ap-
proach stems from the lack of comprehensive sea level scenarios in the
IPCC assessments. There are considerable uncertainties in GMSL pre-
dictions, the most significant being dynamic changes in the Greenland
and Antarctic ice sheets. In particular, the ice streams of the West
Antarctic Ice Sheet, which rests on a marine base below sea level, are
considered unstable and prone to unstoppable retreat or “collapse”
(Mercer, 1978; Schoof, 2007; Joughin et al., 2014; Rignot et al., 2014).
Current models are not able to provide robust estimates of future
changes in ice sheet dynamics, and the estimates included in the IPCC
AR5 scenarios are largely based on extrapolations of recent ice sheet
mass loss. The AR5 concludes that while a larger collapse of the marine
sectors of the Antarctic ice sheet is not likely, it cannot be excluded and
may result in an additional sea level rise in the order of several deci-
metres during this century (Church et al., 2013).

Because of these uncertainties, we construct our sea level rise dis-
tributions using an ensemble of 14 predictions available in recent lit-
erature, based on different methods (Table 1, Fig. 3). Process-based
studies attempt to model each sea level rise component separately, but
need to be supplemented with expert judgement to assess future
changes in ice sheet dynamics. In contrast, semi-empirical models are

based on an empirical relationship between some climatic variable (e.g.
the global mean temperature) and GMSL. We scale all predictions in
Table 1 to a common time interval 2000–2100 by making a quadratic fit
to sea level rise values given for different years and subtracting the rise
by 2000. If only sea level rise in 2100 is available, we make the fit
assuming a start rate of 3.2 ± 0.4mm/yr (the rate of sea level rise in
1993–2010, Church et al., 2013).

Next, we adjust the scenarios to take into account regional devia-
tions from the global mean. For this purpose, the Finnish coastline is
divided in three regions: the Gulf of Finland, the Bothnian Sea, and the
Bothnian Bay (Fig. 1). We scale the glacier and ice sheet contributions
with regional coefficients to account for the so-called fingerprint effect:
when mass is transported from an ice sheet to the ocean, changes in the
Earth's gravitational field and crustal loading result in an uneven geo-
graphical pattern (“fingerprint”) of sea level rise. We derive the fin-
gerprint coefficients from Mitrovica et al. (2001) and Tamisiea et al.
(2003), taking the average of the fingerprint range presented in their
figures. According to their model results, the Baltic Sea is located on the
zero line of the Greenland fingerprint: melting of the Greenland ice
sheet will result in sea level fall in the Bothnian Bay, while sea level rise
of 0–10% and 10–20% of the global mean will take place in the Both-
nian Sea and the Gulf of Finland, respectively. Hence, we scale the
Greenland contributions with coefficients 0 for the Bothnian Bay, 0.05
for the Bothnian Sea, and 0.15 for the Gulf of Finland. By contrast, the
effect of Antarctic melting is slightly above the global average in the
Baltic Sea (100–110%, Tamisiea et al., 2003); the coefficient 1.05 is
used for all regions to scale the Antarctic contribution. Coefficients
applied to glaciers and ice caps are 0.5 for the Bothnian Bay and 0.65
for the Bothnian Sea and the Gulf of Finland (derived similarly from
Mitrovica et al., 2001).

Regional variations in ocean temperature and salinity changes also
cause regional deviations from GMSL rise, as do changes in ocean cir-
culation and atmospheric pressure. Current climate models indicate
that these changes will result in larger than average sea level rise in the
North Sea–Baltic Sea region (Church et al., 2013; Simpson et al., 2014;
Slangen et al., 2014). We assess this component using results from an
ensemble of 21 CMIP5 (Coupled Model Intercomparison Project Phase
5) atmosphere–ocean general circulation models, used in IPCC AR5 and
available through the Integrated Climate Data Center, University of
Hamburg, Germany (icdc.cen.uni-hamburg.de). For each Re-
presentative Concentration Pathway (RCP) scenario, we calculate the
mean of the 10 grid boxes bordering the coastline of Finland for the
central, lower (5%) and upper (95%) estimates. The resulting regional
sea level rise caused by thermal expansion and ocean dynamics is 17 cm
(9–25 cm) for RCP2.6, 26 cm (15–38 cm) for RCP4.5 and RCP6.0, and
43 cm (27–60 cm) for RCP 8.5 in 2081–2100 compared to 1986–2005.
We use the same results for the whole coastline, as the regional varia-
tions are small compared to the uncertainties (within a few centi-
metres). The mean over the Finnish coast is also very close to the mean
over the whole Baltic Sea. Compared to the mean over the North Sea,
the central estimates are 3–4 cm higher on the Finnish coast, but the
uncertainty ranges are narrower.

Process-based projections and the semi-empirical study of Mengel
et al. (2016) assess the sea level contributions of different components
separately. By applying the fingerprint coefficients to the glacier and ice
sheet contributions and by replacing the contribution of thermal ex-
pansion with the regional estimates presented above, we obtain esti-
mates of regional sea level rise on the Finnish coast. An example of the
component-wise regionalization of the global predictions is shown in
Table 2 for the RCP4.5 scenario of IPCC AR5.

Other semi-empirical projections provide only total sea level rise
values and cannot be adapted similarly. Instead, we use a scaling
method by examining the ratio of regional to global sea level rise using
the results from the component-wise adaptations. For all three regions,
we make a linear fit to the available pairs of global and regional sea
level rise (see Fig. 2 for an example) and use these functions to convert
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the global semi-empirical projections to regional values. To better
constrain the high end of the scaling functions, we include a worst-case
estimate following Jevrejeva et al. (2014a), but replacing their Ant-
arctic contribution (39 cm) with 114 cm from DeConto and Pollard
(2016), who suggest that Antarctica could contribute more than 1m of
sea level rise during this century. Our analysis indicates that the total
sea level rise on the Finnish coast over the 21st century will be roughly
80% of the global average (the slope of the linear fit is 0.81 for the Gulf
of Finland, 0.78 for the Bothnian Sea, and 0.75 for the Bothnian Bay).

To obtain a probability distribution of sea level rise, we fit a Weibull
distribution to each prediction and calculate a weighted sum of the
distributions. The weighted sum of the distributions without re-
gionalization is our estimate of the probability distribution of GMSL rise
(Fig. 3). When we apply the regionalization methods described above,
we get a probability distribution for sea level rise in 2000–2100 for
each of the three regions on the Finnish coast. The Weibull distribution
was chosen because it allows asymmetrical distributions while having
similar properties to the normal (Gaussian) distribution. Uncertainty
ranges in sea level predictions are typically asymmetrical: the dis-
tributions have a longer tail towards high-end predictions. We de-
termine the distribution parameters based on three constraints: the
probability levels of minimum and maximum scenarios (5% and 95% in

most cases, Table 1) and the peak of the distribution, which is itera-
tively fitted close to the best estimate. The best estimates were set at the
arithmetic mean of the best estimates given for different emission sce-
narios, or simply at the mean of the minimum and maximum scenarios,

Table 1
Predictions of GMSL rise which were combined to create scenarios for regional sea level rise on the Finnish coast. Each prediction was given a weight based on expert judgement.

Publication GMSL rise (cm) Time period Probability range Method Weight

Mengel et al. (2016) 28–131 2100 relative to 1986–2005 5–95% Semi-empirical 0.5
Kopp et al. (2016) 24–131 2000–2100 5–95% Semi-empirical 0.5
Kopp et al. (2014) 29–121 2000–2100 5–95% Process-based models + expert

judgement
1

Jevrejeva et al. (2014a)/Grinsted et al.
(2015)

45–183 2000–2100 5–95% Process-based models + expert
judgement

1

IPCC AR5 (Church et al., 2013) 26–82 2081–2100 relative to
1986–2005

5–95% (likely range, at least 66%
probability)

Process-based models + expert
judgement

4

Jevrejeva et al. (2012) 36–165 2100 relative to 1980–2000 5–95% Semi-empirical 0.5
Katsman et al. (2011) 52–111 1990–2100 5–95% (assumed) Process-based models + expert

judgement
1

Jevrejeva et al. (2010) 44–178 2100 relative to 1980–2000 5–95% Semi-empirical 0.5
Grinsted et al. (2010) 72–160b 2090–2099 relative to

1980–1999
5–95% Semi-empirical 0.5

Vermeer and Rahmstorf (2009) 75–190 1990–2100 5–95% (based on Meehl et al., 2007) Semi-empirical 0.5
Pfeffer et al. (2008) 79–201 by 2100 5–99% (assumed) Expert judgement 1
Katsman et al. (2008) 34–87a 1990–2100 10–90% Process-based models + expert

judgement
1

Horton et al. (2008) 47–100 2100 relative to 2001–2005 5–95% (based on AR4) Semi-empirical 0.5
Rahmstorf (2007) 50–140 1990–2100 2.5–97.5% (based on Cubasch et al.,

2001)
Semi-empirical 0.5

a Local gravity corrections and local steric changes are not included, in contrast to the total values presented by Katsman et al. (2008).
b Their experiment ‘Moberg’, which gives the best fit to global sea level reconstruction.

Table 2
Adapting the RCP4.5 sea level scenario of IPCC AR5 (Church et al., 2013) to three different regions on the Finnish coast. Values are cm in 2081–2100 relative to 1986–2005. Total values
for other RCP scenarios are also shown.

Global (Church et al., 2013: Table 13.5) Gulf of Finland Bothnian Sea Bothnian Bay

Thermal expansion + ocean dynamics 19 (14–23) 26.3 (14.5–38.2) 26.3 (14.5–38.2) 26.3 (14.5–38.2)
Glaciersa 12 (6–19) 7.8 (3.9–12.4) 7.8 (3.9–12.4) 6 (3–9.5)
Greenland SMBb 4 (1–9) 0.6 (0.15–1.35) 0.2 (0.05–0.45) 0
Antarctic SMBc − 2 (− 5 to − 1) − 2.1 (− 5.25 to − 1.05) − 2.1 (− 5.25 to − 1.05) − 2.1 (− 5.25 to − 1.05)
Greenland dynamicsb 4 (1–6) 0.6 (0.15–0.9) 0.2 (0.05–0.3) 0
Antarctic dynamicsc 7 (− 1 to 16) 7.35 (− 1.05 to 16.8) 7.35 (− 1.05 to 16.8) 7.35 (− 1.05 to 16.8)
Land water storage 4 (− 1 to 9) 4 (− 1 to 9) 4 (− 1 to 9) 4 (− 1 to 9)
Total (RCP4.5) 47 (32–63) 45 (26–62) 44 (25–61) 42 (23–59)
Total (RCP2.6) 40 (26–55) 34 (19–49) 33 (18–48) 31 (17–46)
Total (RCP6.0) 48 (33–63) 45 (26–62) 44 (26–61) 42 (24–58)
Total (RCP8.5) 63 (45–82) 63 (40–86) 61 (39–85) 58 (36–81)

a Fingerprint coefficients for small glaciers and ice caps: 0.65 (Gulf of Finland), 0.65 (Bothnian Sea), and 0.5 (Bothnian Bay).
b Fingerprint coefficients for Greenland: 0.15 (Gulf of Finland), 0.05 (Bothnian Sea), 0 (Bothnian Bay).
c Fingerprint coefficients for Antarctica: 1.05 for all three regions.

Fig. 2. Regional vs. global sea level rise in the Gulf of Finland, derived from the pro-
jections to which the component-wise adaptation was applied. Blue line is the linear fit to
all points, dashed line represents the case where global and regional sea level rise are
equal.
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if no other information was available. When the uncertainty ranges are
symmetrical, the Weibull fit is practically equal to a Gaussian fit.

We note that the uncertainty ranges of IPCC AR5 are 5–95% ranges
of the model results, but they were assessed by IPCC to be of medium
confidence (at least 66% probability) and are thus commonly inter-
preted as 17–83% ranges. We include them as 5–95% ranges, however,
for two reasons: 1) our ensemble includes many projections that extend
higher than the IPCC ranges; in fact, our method is designed to take into
account the possibility that the IPCC ranges can be exceeded, and 2)
applying the wider uncertainty limits and our fitting method makes the
distribution extend below zero in the low end, which we consider un-
realistic.

The weights used to calculate the total distribution are based on
expert judgement and aim at a balanced composition of different
methods. IPCC AR5 was given the largest weight (4) because it re-
presents the most comprehensive estimate of global sea level rise. Other
process-based estimates are included with a weight of 1. Generally,
semi-empirical models result in higher sea level predictions than pro-
cess-based models, but their reliability is controversial (Church et al.,
2013). Because of lower confidence in semi-empirical predictions and
their large number in the ensemble, we include these predictions with a
lower weight of 0.5. The effect of weighting the predictions is examined
in Section 3.3.

2.3.2. Estimating land uplift and the long-term meteorological component
We follow Johansson et al. (2014) in determining the land uplift and

the long-term meteorological sea level changes. Land uplift rates u at
the tide gauges are calculated as a residual trend that remains when the
long-term meteorological changes wm and the regional sea level rise hl
are removed from the observed time series of annual mean sea level up
to the year 2000. From Eq. (3) we get

− = − −u i t h t i h t i w t i( ) ( , ) ( , ) ( , )m l m (5)

where t is time and hm is the mean sea level relative to land observed at
a tide gauge i. Regional sea level rise is approximated with the global
mean rate g of 1.7 ± 0.2 mm a−1 (Church et al., 2013) and assumed to
have proceeded linearly during the 20th century. Assuming linearity is
an approximation, as there has been acceleration in the rate of sea level

rise towards the end of the 20th century, but since the exact regional
rate and variations therein over time are unknown, we make this as-
sumption for simplicity.

We use the results of Johansson et al. (2014) for the long-term
meteorological component wm. In short, they calculated linear regres-
sion between the detrended annual mean sea level up to 2000 and
detrended annual zonal geostrophic wind at 55° N, 15° E (Fig. 1), in the
southern Baltic Sea near the Danish Straits. This point showed the best
correlation between the zonal geostrophic wind (Ug) and the sea level
on the Finnish coast. The regression coefficients pi were then used to
estimate the annual meteorological sea level components: wa(t)
= piUg(t). The geostrophic winds were calculated from daily mean sea
level pressure fields for the years 1899–2010; for more details, see
Johansson et al. (2014). According to their analysis, the variations in
zonal geostrophic wind explain 84–89% of variations in annual mean
sea level on the Finnish coast.

When we replace the mean sea level hm with observed annual means
ha up to 2000 (calculated from 4-h sea level data) and the long-term
meteorological component wm with annual values wa, from Eq. (5) we
get

− = − −u i t h t i gt p U t( ) ( , ) ( )a i g (6)

This calculation results in land uplift rates varying from 4 to
5mm a−1 in the Gulf of Finland to 9–10mma−1 in the Bay of Bothnia
(Table 3). These values are comparable with those obtained from GIA
(Glacial Isostatic Adjustment) modelling (e.g. Hill et al., 2010).

To estimate the future sea level contribution of wm, the regression
coefficients from the 20th century observations were combined with
future scenarios of zonal geostrophic wind (20 year means) from an
ensemble of nine climate models. Johansson et al. (2014) concluded
that increasing zonal winds lead to increasing sea levels on the Finnish
coast. On average, the effect was estimated to be 6–7 cm by 2081–2100,
with values ranging from a 3–4 cm decrease to a 15–19 cm increase
depending on the station.

Finally, we calculate hm – the sum of the three long-term sea level
components (Eq. (3)) – over the 20th century. The annual meteor-
ological sea level component wa varies from year to year, the variations
in the annual means being of the order of 20 cm. To smooth out this
variation and to get an estimate for the decadal-scale meteorological
component wm, we calculate 15-year floating averages of wa. By com-
bining these 15-year floating average time series with the past GMSL
rise g and the linear land uplift u, we get an estimate of hm at each

Fig. 3. a) The ensemble of GMSL predictions (Table 1) scaled to a common time span
2000–2100. Colour indicates the method used: semi-empirical (grey) or process-based
(black), except IPCC AR5 (red). The numbers above the bars indicate the weight applied
to each prediction. b) Weibull distributions fitted to the predictions of GMSL rise and their
weighted sum (blue).

Table 3
Land uplift rates and scenarios for mean sea level change at the Finnish tide gauges over
the 21st century. The average scenario is the weighted average of the probability dis-
tribution, high and low scenarios correspond to the 5% and 95% cumulative probabilities.
“Region” indicates which regional sea level rise estimate was used for each tide gauge:
Bay of Bothnia (BB), Bothnian Sea (BS), and Gulf of Finland (GoF). The uncertainties in
land uplift rates are 95% confidence limits (two standard deviations).

Tide gauge Region Land uplift rate
(mm a−1)

Mean sea level change 2000–2100
(cm)

Low Average High

Kemi BB 9.66± 0.59 − 71 − 28 24
Oulu BB 9.30± 0.58 − 69 − 25 27
Raahe BB 9.66± 0.56 − 71 − 28 24
Pietarsaari BB 9.74± 0.54 − 72 − 29 23
Vaasa BB 9.85± 0.52 − 74 − 31 21
Kaskinen BS 9.36± 0.54 − 66 − 22 33
Mäntyluoto BS 8.49± 0.53 − 58 − 13 42
Rauma BS 7.67± 0.55 − 50 − 5 50
Turku BS 6.33± 0.52 − 36 8 63
Degerby BS 6.48± 0.51 − 39 6 61
Hanko GoF 5.00± 0.50 − 22 24 80
Helsinki GoF 4.37± 0.51 − 15 30 87
Hamina GoF 4.05± 0.59 − 13 33 90
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station (see Fig. 4 for Helsinki). This estimate is used to separate the
short-term variations from the long-term mean when forming the
probability distribution of short-term sea level variations (Section 2.4).

2.3.3. Probability distributions of future mean sea level change
We combine the probability distributions of the three long-term sea

level components (regional sea level rise, land uplift, and long-term
meteorological changes) to obtain a probability distribution of mean
sea level change in 2000–2100 for each tide gauge (Fig. 5). We assume
that land uplift will continue at a constant rate and fit normal dis-
tributions to the land uplift values and their 95% confidence limits
(Table 3). The distributions of the long-term meteorological component
are obtained from Johansson et al. (2014), who estimated future sce-
narios of the component by assuming that the relation between zonal
geostrophic wind and sea level on the Finnish coast will remain the
same in the future.

In addition, we calculate a distribution for mean sea level change in
2000–2050 for each tide gauge. We fit a second-order polynomial with

respect to time to the sea levels corresponding to each cumulative
probability level in 2000 and 2100, assuming a sea level rise rate of
3.2 ± 0.4mm a−1 in 2000 (Church et al., 2013 for 1993–2010), to
obtain the sea level representing that probability level in 2050.

2.4. Short-term sea level variations

As we are estimating the long-term flooding probabilities, we need
to study the distribution of maximum sea level values. Short-term sea
level distributions in this paper are based on the last 46 years
(1971–2016) of monthly maxima from each tide gauge. To obtain the
short-term variations, we subtract the estimated long-term mean sea
level hm (Eq. (3), Fig. 4) from the observed monthly maxima. These
remaining short-term maxima hs represent sea level variations from
which the three long-term components – land uplift, global sea level
rise, and long-term meteorological changes (on a 15-year and longer
time scale) – have been eliminated. From these short-term variations,
we calculate the exceedance frequency distribution of monthly maxima
for each tide gauge.

As mentioned previously, there is a site-dependent trend towards
increasing annual sea level maxima (relative to the mean) on the
Finnish coast. Also the probability distribution of sea level has changed
with time: high sea level values have had higher probabilities of oc-
currence during the recent decades than in the early 20th century
(Johansson et al., 2001). The reason for this change is uncertain and we
do not know what will happen in the future. To avoid underestimation,
we do not use the full time series (ca. 100 years) to derive the short-
term distributions. The period chosen (1971–2016) is sufficiently long
for a reasonably stable distribution.

The exceedance frequencies obtained from a 46-year time series
only cover return periods of up to 46 years. To estimate the sea levels
with lower exceedance frequencies, we extrapolate the distributions
with an exponential distribution. Särkkä et al. (2017) applied different
extrapolation functions to 30 years of observed daily maxima in Hel-
sinki and compared them with 850 years of simulated sea level data.
They concluded that the exponential and Weibull fits had the best

Fig. 4. Observed annual mean sea levels in Helsinki (black), their 15-year floating
average (red) and the sum of the three long-term sea level components (hm, blue): land
uplift, GMSL rise and the long-term meteorological sea level change.

Fig. 5. Probability density functions of a) total mean
sea level change hm from 2000 to 2100 and its
components (b–d): regional sea level rise (also the
distribution for GMSL rise shown), land uplift, and
long-term meteorological changes in mean sea level.
The distributions are shown for three tide gauges:
Kemi in the Bothnian Bay (BB), Rauma in the
Bothnian Sea (BS), and Helsinki in the Gulf of
Finland (GoF).
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agreement with the simulated distribution, while Fréchet and Gumbel
extrapolations led to an overestimation. The exponential distribution is
chosen in this paper, because it leads to slightly higher values and is
thus a safer choice regarding flood risk estimates.

The exponential distributions are fitted to the sea level values with
return periods of one year or longer. Such values can be considered to
represent extreme events. It is also obvious that the observed ex-
ceedance frequencies do not follow the exponential function on shorter
return periods (Fig. 6). The exponential fit and the observations are
then merged into one distribution, using the fit for return periods longer
than a year and the observed distribution for shorter return periods. The
result is called simply the short-term sea level distribution (or variation)
from now on.

2.5. Flood probability distributions

We estimate flooding probabilities in the future by combining the
long-term scenarios of mean sea level hm with the short-term sea level
variations hs. Two assumptions are made: 1) the distribution of the
short-term variations will not change in the future, and 2) short-term
and long-term variations are independent and their combination is the
sum of these two random variables. For land uplift and regional sea
level rise, the second assumption is nearly satisfied, and since these two
are dominant factors in the long-term variations, we consider the
second assumption reasonable. The first assumption is necessary, be-
cause future changes in short-term sea level variations are unknown.

The flood probability distributions are calculated for the years 2050
and 2100. For each tide gauge, we calculate the complementary cu-
mulative distribution function P(x) for the sea level values x under
investigation. First, for all possible mean sea levels yj we define the
short-term sea level values zj that have to be exceeded in order to ex-
ceed the sea level x:

= −z x yj j (7)

Where the mean sea levels yj are taken at 10 cm intervals from the mean
sea level distribution of the year and tide gauge in question.

Next, the exceedance probabilities Q(zj) corresponding to sea levels
zj are interpolated from the complementary cumulative distribution
function of the short-term sea level variations. Finally, the exceedance
probability P(x) for the sea level value x is calculated by combining the

probability p(yj) of the mean sea level yj and the exceedance probability
Q(zj) of the short-term sea level zj by summing over all the combina-
tions (yj, zj) according to

∑=P x p y Q z( ) ( ) ( )
j

j j
(8)

Eq. (8) is valid under the assumption that long-term and short-term
sea level variations are independent of each other. The exceedance
probabilities P(x) form the complementary cumulative distribution
function for future flood heights at the tide gauge in question.

3. Results

3.1. Distributions of mean sea level change

The probabilistic sea level rise scenarios constructed in this study
(Fig. 5b) give the following estimates of sea level rise in 2000–2100
(5–95% ranges): 31–155 cm globally, 24–124 cm in the Gulf of Finland,
23–120 cm in the Bothnian Sea, and 21–114 cm in the Bothnian Bay.
The results are well in accordance with those reported by Johansson
et al. (2014) despite significant updates in the prediction ensemble and
the regionalization methods.

After adding the effect of land uplift and long-term meteorological
changes, we obtain estimates of mean sea level change hm in 2000–2100
for the Finnish tide gauges (Table 3). According to the average sce-
narios, the historical declining trend in mean sea level is expected to
continue during the 21st century on the northern parts of the Finnish
coastline (Bothnian Bay and Bothnian Sea), while mean sea level rise is
expected in the Archipelago Sea and the Gulf of Finland. The rise is
strongest in the eastern part of the Gulf of Finland, up to 33 cm in
Hamina. According to the highest (95%) scenarios, mean sea level will
rise everywhere on the Finnish coast, varying from 21 cm near Vaasa to
90 cm in Hamina.

3.2. Future flooding probabilities

Future sea levels with certain exceedance frequencies can be de-
termined from the flood probability distributions that combine mean
sea level change and short-term variations. Examples of the flood
probability distributions are shown for six locations for the years 2010,
2050, and 2100 (Fig. 7). Sea levels corresponding to certain exceedance
frequencies are listed in Table 4 for all stations.

The results indicate significant regional differences in future trends
of coastal flooding risks. The coastal flood probabilities will con-
siderably increase in the Gulf of Finland compared to present-day
conditions, especially between 2050 and 2100. For example, during the
major coastal flood in January 2005, sea level reached 170 cm (N2000)
in Helsinki, causing significant damage. According to our results, such a
flood has an exceedance probability of 3 events per century at present,
4 events per century in 2050, and 50 events per century in 2100 in
Helsinki. Thus, by the end of the century the conditions have changed
so that such a flood would occur on average every second year.

In the Bothnian Sea and the Bothnian Bay, flooding risks will first
diminish by 2050 because of stronger land uplift and slightly weaker
regional sea level rise compared to the Gulf of Finland. However, the
situation is expected to reverse towards the end of the century: by 2100,
flood probabilities are predicted to rise back to the present level or
slightly above them in the Bothnian Bay and clearly above the present
level in the Bothnian Sea.

3.3. Effects of expert judgement

Our method of constructing a probability distribution for regional
sea level rise involves weighting the different scenarios in the predic-
tion ensemble and applying a scaling function to those global predic-
tions that cannot be regionalized otherwise (Section 2.3.1). The weights

Fig. 6. Short-term sea level distributions hs, i.e. observed monthly maxima in 1971–2016
(dots) relative to the estimated long-term mean sea level hm, and exponential distributions
fitted to the observations for six tide gauges on the Finnish coast.
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and the scaling function are based on expert judgement and are thus
debatable. Here we examine the effects of weighting and scaling on our
results.

Comparing the results with weighting and no weighting (all pre-
dictions in Table 1 are given equal weight), we see that weighting
somewhat lowers the total results: the estimated 5–95% range of global
sea level rise is 31–155 cm in the weighted case and 34–161 cm with
equal weights (Table 5). The difference is similar in the regional esti-
mates, which are lowered by ca. 5 cm due to the weights applied.

Scaling lowers the regional sea level rise estimates by ca. 20–30 cm
at the high end. We give more credibility to the scaled estimates, as
there is strong evidence that sea level rise on the Finnish coast will be
below the global average due to the fingerprint effect. Thus, applying
the global scenarios to the Finnish coast as such would result in an
overestimate. The exact shape of the scaling function is less important:
if the predictions are scaled with a constant coefficient of 0.8, which is
approximately the average ratio of regional to global sea level rise in
our analysis, the results differ only a few centimetres from those

presented in Table 5. The same is true if we drop the worst-case esti-
mate from the dataset used to determine the scaling function (Fig. 2) or
if we use a second-order fit.

We conclude that our results are not highly sensitive to the sub-
jective choice of weights applied to different predictions. Scaling has a
larger effect, but it has a physical justification and the details of the
scaling method are of lesser importance.

3.4. Comparison to other studies

Probabilistic estimates of regional sea level rise have been recently
emerging in the scientific literature. Kopp et al. (2014) published
probabilistic sea level rise estimates for a global network of tide gauge
locations, including all Finnish tide gauges. They estimate GMSL rise of
up to 121 cm in the 21st century (95% uncertainty limit of RCP8.5),
which is lower than our upper limit of 155 cm. Comparing their MSL
estimates at the Finnish tide gauges with our results, their average
(50%) estimates of RCP8.5 are roughly similar to our average estimates,

Fig. 7. Exceedance frequency distributions of high sea levels for 2010, 2050, and 2100 for six locations on the Finnish coast: Kemi, Raahe, Vaasa, Rauma, Helsinki, and Hamina.
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while the average estimates of RCP4.5 are lower than ours by
10–15 cm. Kopp et al. (2014) give wider uncertainty ranges, however.

Grinsted et al. (2015) presented scenarios of sea level rise in
northern Europe under RCP8.5. Their estimate of GMSL rise is higher
than ours (5–95% range 45–183 cm). For estimating the high end of the
distribution, they use the expert elicitation of Bamber and Aspinall
(2013). Their best estimates are generally in agreement with our re-
sults, as they also project sea level fall in the Bay of Bothnia and sea
level rise in the Gulf of Finland. Their best estimates are 10–15 cm
higher, however, which is expected as their results only represent the
high emission scenario RCP8.5. The largest differences are at the high
end: the upper uncertainty limits of Grinsted et al. (2015) are roughly
0.5 m higher compared to our estimates, which is partially explained by
their higher estimate of GMSL rise.

4. Discussion and conclusions

In this paper, we have presented a method of estimating future
probabilities of coastal floods and applied the method to assess flooding
risks on the Finnish coast in 2050 and 2100. Finland is relatively
sheltered from the worst consequences of sea level rise, because the
postglacial land uplift compensates for a significant portion of the
projected rise. In addition, the contribution of the Greenland Ice Sheet
is small in the Baltic Sea because of gravitational and crustal changes
caused by ice sheet melt. Our results suggest that the historical decline
in mean sea level will continue during the 21st century in the Gulf of
Bothnia, while a reversing trend and sea level rise of 30–40 cm is

expected in the Gulf of Finland. In the high end of the scenarios, mean
sea level rise is projected for the entire Finnish coast, and sea level rise
of close to 1m is possible in the Gulf of Finland.

Our results of future flooding risks reflect the expected changes in
mean sea level. Flooding risks are expected to considerably increase in
the Gulf of Finland during the 21st century. The situation is different in
the northern parts of Gulf of Bothnia, where flooding risks are expected
to decrease by 2050 and increase to the present level or slightly above it
by 2100. In the Bothnian Sea, flooding probabilities are predicted to
decrease or remain at the present level by 2050, but to rise clearly
above the present level by 2100.

Our probability distributions of future flooding heights combine two
distributions of different nature: we merge the uncertainty in the future
mean sea level with the observed short-term variability. The further
into the future we project, the wider the probability distribution will be
because of the increasing uncertainty in the mean sea level scenario.
The advantage of this method is that it results in only one sea level
value corresponding to a certain return period, which is convenient for
practical applications. However, it must be kept in mind that the in-
crease in the flood probabilities from 2010 to 2100 is partly due to
increasing uncertainty, not just the change in the physical process itself.

We note that our sea level rise distributions incorporate all emission
pathways in the same probability distribution, in contrast to most stu-
dies. This choice was made because our work is targeted to decision-
makers determining safe building heights. For this purpose, a single
probability distribution is more practical than giving multiple re-
commendations for different emission scenarios. When combining dif-
ferent emission scenarios presented in the literature we have treated
them as equally likely, taking the average of the best estimates of dif-
ferent scenarios to represent the best estimate of the study in question.

We assumed that the short-term variations in sea level will stay
unchanged in the future. This assumption may lead to uncertainties,
because changes towards more extreme sea levels relative to the mean
have been observed on the Finnish coast. The analysis of Johansson
et al. (2001) does not suggest a steady increase in sea level maxima: the
time series of annual maxima show periods of decrease and accelerated
increase. Because the current climate models are not accurate enough
to predict future changes in the short-term sea level variability, we have
assumed as a first approximation that the variability during the last 46
years represents future conditions. Refining the method to incorporate
also scenarios of future changes in short-term sea level variations is a
topic for future work.

The second assumption in our method was that the distributions of
long-term mean sea level change and the short-term variations are in-
dependent of each other. This assumption may not be fully accurate,
because a change in sea level alters the bathymetry affecting e.g. seiche
dynamics and wind setup, particularly in shallow areas. We estimate
that this potential source of dependence between short-term and long-
term variations has only a marginal effect in our results. The situation is
different in the case of variations in the water volume of the Baltic Sea.

Table 4
Sea levels corresponding to different exceedance frequencies in 2010, 2050, and 2100 at
the Finnish tide gauges.

Sea level (cm, N2000)

Exceedance
frequency
(events/
year)

1/20 1/50 1/100

Year 2010 2050 2100 2010 2050 2100 2010 2050 2100

Kemi 194 179 196 214 199 217 229 214 233
Oulu 192 179 198 211 198 218 226 213 233
Raahe 162 149 172 176 163 189 186 173 201
Pietarsaari 147 133 157 159 146 174 168 155 186
Vaasa 143 128 149 158 143 167 169 155 180
Kaskinen 140 129 160 154 143 177 164 154 190
Mäntyluoto 134 127 163 147 140 179 157 150 192
Rauma 134 130 171 146 142 188 155 152 200
Turku 137 139 187 149 151 204 157 160 216
Degerby

(Föglö)
117 118 166 129 130 183 138 139 195

Hanko 134 142 200 146 154 217 155 163 229
Helsinki 159 168 225 174 183 243 185 194 256
Hamina 194 204 258 212 222 278 225 236 293

Table 5
Effects of weighting and scaling on the estimated sea level rise (cm) in 2000–2100 at different probability levels in the Gulf of Finland (GoF), the Bothnian Sea (BS), and the Bothnian Bay
(BB) as well as globally. The results in bold are our best estimates.

Scaling No scaling

5% 17% 50% 83% 95% 5% 17% 50% 83% 95%

Weighted Global 31 46 73 115 155
GoF 24 39 64 98 124 GoF 24 40 68 107 141
BS 23 38 62 95 120 BS 24 39 67 106 140
BB 21 35 59 90 114 BB 22 37 65 103 139

Equal weights Global 34 51 82 126 161
GoF 27 42 69 104 129 GoF 28 45 76 118 152
BS 26 41 67 100 125 BS 27 44 76 117 152
BB 24 39 63 95 118 BB 25 43 74 116 152
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Short-term sea level variability can be expected to be larger when low
pressure systems pass over the region, and such situations are corre-
lated with westerly winds that push water into the sea through the
Danish Straits. A blocking high pressure, on the other hand, empties the
Baltic Sea, and it is usually associated with low winds and small short-
term sea level variations. We can therefore expect a positive correlation
between short-term sea level variations and the meteorological com-
ponent of long-term variations. However, the meteorological compo-
nent is small in comparison to the large ranges of land uplift and sea
level rise, and the assumption of independence between long-term and
short-term sea level variations is justified as a first approximation. The
relevance of the potential dependency could be modelled, which is also
a topic for future work.

Using monthly maxima to construct the short-term sea level dis-
tributions has some limitations: statistics based on monthly maxima fail
to take into account 1) that several high sea level events can occur
during the same month, 2) the duration of the flood events, and 3) the
effect of seasonal differences, i.e. the fact that sea levels in winter are
higher on average than in summer, the variability is larger, and extreme
values occur more often during winter on the Finnish coast. Therefore,
using temporally denser sea level data would be worth examining. We
chose the monthly maxima because they are sufficiently independent of
each other while providing enough data to fit the distribution.

Probability distributions of future flooding risks are highly valuable
for climate change adaptation in coastal planning and construction,
because they enable flexible and cost-effective risk management in
coastal areas. Buildings and structures whose operation is critical for
society or whose loss would cause serious harmful consequences in case
of flooding (e.g. hospitals, landfills or nuclear power plants) must be
adapted to rarely occurring flood heights, whereas light and less ex-
pensive buildings can be constructed on lower ground. By constructing
new buildings on sufficiently high ground, flood damage or costly flood
protection measures can be avoided. However, setting the level of the
recommendations for minimum building elevations is a matter of
weighing the risks against extra costs incurred in the building phase.
The latest recommendations for regular buildings in Finland were based
on the 0.4% flooding levels (1 event per 250 years) in 2100 (Kahma
et al., 2014). Any additional height to compensate for wave action is
determined separately for each location and added to the re-
commendations.

Sea level rise and its uncertainties, especially the uncertain con-
tribution from the Greenland and Antarctic ice sheets, are subject to
active research. Information on future changes in short-term variability
will also increase as climate models are improved. Therefore, flood risk
evaluation is an ongoing process and results like those presented in this
paper should be updated regularly when new information becomes
available.
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Abstract. We analyse changes in meteotsunami occurrence over the past century (1922–2014) in the Gulf of Finland, Baltic

Sea. A major challenge for studying these short-lived and local events is the limited temporal and spatial resolution of digital sea

level and meteorological data. To overcome this challenge, we examine archived paper recordings from two tide gauges, Hanko

for 1922–1989 and Hamina for 1928–1989, from the summer months of May–October. We visually inspect the recordings to

detect rapid sea level variations, which are then digitized and compared to air pressure observations from nearby stations.5

The data set is complemented with events detected from digital sea level data 1990–2014 by an automated algorithm. In

total, we identify 121 potential meteotsunami events. Over 70 % of the events could be confirmed to have a small jump in

air pressure occurring shortly before or simultaneously with the sea level oscillations. The occurrence of meteotsunamis is

strongly connected with lightning over the region: the number of cloud-to-ground flashes over the Gulf of Finland were on

average over ten times higher during the days when a meteotsunami was recorded compared to days with no meteotsunamis in10

May–October. On a monthly level, statistically significant differences between meteotsunami months and other months were

found in the number of CG flashes, convective available potential energy (CAPE), and temperature. Meteotsunami occurrence

over the past century shows a statistically significant increasing trend in Hamina, but not in Hanko.

Copyright statement. TEXT

1 Introduction15

On 29 July 2010, in Pellinki, in the Porvoo archipelago, Gulf of Finland, a summer resident witnessed an exceptional event:

"I have spent all my summers in Pellinki, now for the 50th time, and from 1989 in this place. During that time I have

of course seen the water rise, fall and flow in various ways, but what I saw on 29 July was something totally new. When I

stepped out of the door on that beautiful and calm morning I heard an exceptional sound, like a foaming torrent. The sound

came from the nearby strait, which is rather shallow, perhaps 20 cm at normal water level, and about 80 metres long. The20

water was indeed flowing as if in a small rapids and formed clear waterfalls when it ran out at both ends of the strait. From
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the waterline on the rocks and rocky shores, I saw that the water had gone down about 40 cm in a very short time. I decided

to photograph the events because they felt really exceptional. [. . . ] My impression is that during that time [40 min] the

water rose and fell about 40 cm 3–4 times. In particular, the waves rose very rapidly, in 2–3 minutes." (Eyewitness report,

translated from Finnish)

Similar observations were reported from three different locations along the Finnish coastline on the same day, and more5

reports followed on 8 August 2010 and 4 June 2011. Data from coastal observation stations confirmed the eyewitness observa-

tions: tide gauges recorded rapid sea level oscillations, coinciding with sudden jumps in air pressure. Radar imagery revealed

that the oscillations were small meteotsunamis caused by squall lines or gust fronts propagating above the sea at a speed close

to the long-wave speed in the sea (Pellikka et al., 2014).

Meteotsunamis, or meteorological tsunamis, are long waves created through air–sea interaction (Monserrat et al., 2006).10

They occur on shallow sea areas all around the world and can be several metres high in extreme cases, with periods ranging

from a few minutes to a few hours. The formation of a notable meteotsunami requires several coinciding factors:

1. An air pressure disturbance travels above a water body, creating a small initial wave.

2. The wave is amplified by air–sea interaction, e.g. through the Proudman resonance: the speed of the disturbance matches

the long-wave speed in the sea, which depends on water depth (v =
√

gh, where g is acceleration due to gravity and h is15

water depth).

3. When the wave arrives at the coast, its height is further amplified by the coastal topography through shoaling, refraction,

and internal oscillations in a semi-enclosed bay or harbour.

Meteotsunamis are subject to a recent upsurge in research activity worldwide, especially in the Mediterranean (e.g. Vilibić

and Šepić 2009; Vilibić et al. 2014; Bechle et al. 2015; Pattiaratchi and Wijeratne 2015; Vilibić and Šepić 2017). Several20

studies have examined meteotsunami occurrence in different parts of the world ocean and developed methods to recognize

meteotsunamis in past sea level observations (e.g. Pattiaratchi and Wijeratne 2014; Šepić et al. 2015; Masina et al. 2017;

Olabarrieta et al. 2017; Dusek et al. 2019). However, sea level time series of a sufficiently high resolution (preferably 1 min;

Leonard 2006) are typically rather short, 5–10 years.

The occurrence of meteotsunamis depends on the occurrence as well as on the speed, direction, and intensity of certain at-25

mospheric phenomena, which in turn can be affected by regional climate variability and long-term changes in climate. For ex-

ample, Olabarrieta et al. (2017) examined 20 years of tide gauge observations from the northeastern Gulf of Mexico and found

a correlation between ENSO (El Niño – Southern Oscillation) and meteotsunami activity in the region. Typical atmospheric

disturbances that create meteotsunamis under specific conditions include passing fronts, squalls, storms and atmospheric grav-

ity waves (Monserrat et al., 2006). The three meteotsunami events observed in Finland in 2010–2011 were created by a squall30

line, a gust front, and a cold front passage (Pellikka et al., 2014).

In Finland, the phenomenon aroused interest after the meteotsunami observations of 2010–2011. The speed and height of

the reported oscillations (up to 1 m in 5–15 minutes) clearly exceed normal sea level variations on the Finnish coast. A similar

2
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event in 1924 in the Gulf of Finland was documented by Renqvist (1926), and there are descriptions from coastal residents

and seafarers of encounters with such waves. On German-speaking Baltic coasts the phenomenon is known as Seebär and in

Swedish as sjösprång. While the phenomenon is not unprecedented on the Finnish coast, the eyewitness observations in 2010

and 2011 came after several decades of no reported occurrences.

In this paper, we study changes in meteotsunami occurrence in the Gulf of Finland, northern Baltic Sea (Fig. 1) over the5

past century. Recent scientific literature lacks a systematic study of meteotsunami occurrence in the Baltic Sea, and to our

knowledge, changes in meteotsunami occurrence in a century time scale have not been previously studied anywhere in the

world. Traditionally, the sampling interval of tide gauge observations has been 1 hour or longer, which is too coarse for

detecting variations in the tsunami frequency range. To overcome this limitation, we must turn to the original tide gauge charts,

where sea level variations have been recorded as a continuous curve on paper. As the processing of the charts involves a lot of10

manual work, the study area is restricted to the Gulf of Finland, where most known meteotsunami cases on the Finnish coast

have been observed.

Our research is motivated by coastal safety: while the events observed in Finland in 2010–2011 did not cause notable

damage, strong oscillations in sea level may endanger coastal traffic and infrastructure in extreme cases. Understanding the

frequency and intensity of meteotsunamis on the Finnish coast is crucial for estimating the probability of such events.15

We aim to answer these questions: i) Is it possible to detect past meteotsunami events based on the available sea level and me-

teorological data sets? ii) How typical and how strong are meteotsunamis in the Gulf of Finland? iii) Are there temporal trends

or variations in the frequency of meteotsunamis? iv) Is the occurrence of meteotsunamis correlated with some atmospheric

variables?

2 Observations and data quality20

2.1 Sea level observations

Sea level data used in this study comes from three tide gauges on the southern coast of Finland (Fig. 1): Hanko (founded in

1887), Helsinki (1904), and Hamina (1928). The quality controlled digital sea level database from these tide gauges contains

values for every four hours before 1970, and hourly values after that. Hence, the temporal resolution of this database does not

allow the study of meteotsunami waves that typically have much shorter periods. A digital data set, sampled every 15 minutes,25

is available from 1980 onwards (Fig. 2). From 2004 onwards, there is digital data sampled every minute; however, the longer

15 min data set was used in this study as we are interested in long-term changes in meteotsunami occurrence.

High-resolution sea level data before the 1980s is available only on the original tide gauge charts, which are currently stored

in the archives of the Finnish Meteorological Institute (FMI). From the 1920s to the 1990s, most Finnish tide gauges were

equipped with a Renqvist–Witting recording device (Fig. 3). The device recorded the movements of the float swimming in the30

tide gauge well by transferring the motion to a wheel (circumference 1m), on which 10 pens of different colours were fastened.

As the wheel turned, the pens plotted the motion on a paper roll in real size (scale 1:1) so that each colour corresponds to a

3
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certain decimetre of sea level height (Stenij, 1932). The 4-hourly and hourly values in the digital sea level database have been

sampled manually from these paper charts.

The principal data set used in this study consists of the original paper charts from the Hanko and Hamina tide gauges from

the periods 1922–1989 and 1928–1989, respectively (Fig. 2). The Helsinki tide gauge was the only Finnish tide gauge not

equipped with a Renqvist–Witting device. Instead, a Reitz recorder was used. The glass plate used to read sea level values5

from Reitz paper charts has not been preserved, and the data is arduous to use. In addition, the small scale of variation in Reitz

paper charts hinders the recognition of meteotsunamis. For these reasons, paper charts from the Helsinki tide gauge have been

excluded from the study. Digital 15 min sea level data from 1980 onwards is used from all three tide gauges.

Analysing the charts includes a lot of manual work. To restrict the amount of data, only the ice-free summer months from

May to October were considered. Even though the possibility of meteotsunamis occurring in winter cannot be ruled out, such10

cases are expected to be very rare on the Finnish coast (see Sect. 5 for discussion).

A notable meteotsunami with a height of up to 1 m was observed in the western part of the Gulf of Finland and in the

Archipelago Sea on 15 May 1924 (Renqvist, 1926). After this event, the Finnish Institute of Marine Research started to collect

observations of sudden sea level changes by preparing a specific form for the purpose and distributing it to pilot stations and

lighthouses in Finland. Approximately 60 such forms from 1924 to 1938 are stored in the archives of FMI. Among these, 1415

forms contain information of possible meteotsunamis in addition to the well-documented case of 15 May 1924. We use these

eyewitness observations as an additional source of information on meteotsunami occurrence in the 1920s and 1930s.

2.2 Atmospheric data

We use air pressure observations from coastal stations to confirm the meteorological origin of the possible meteotsunamis

discovered in the sea level data. The stations nearest to the tide gauges are Russarö (Hanko), Harmaja (Helsinki), and Rankki20

(Kotka, about 24km southwest from Hamina; Fig. 1). Original paper barograms from these stations exist in the archives of FMI

and have been used when available. Digital 10 minute data is available from 2001–2006 onwards depending on the station and

was used to confirm some of the recent events.

To study the connections between meteotsunami occurrence and climatological factors, meteotsunami observations are com-

pared to monthly climatological data and lightning observations. The North Atlantic Oscillation (NAO) indices are obtained25

from a data set by Cropper et al. (2014) which includes daily NAO indices since 1850. From this data set, we calculated

monthly mean values. The NAO index is calculated from the sea level pressure difference between the Azores and Iceland. It

describes large-scale atmospheric conditions in the region, controlling the strength and direction of westerlies and storm tracks.

The atmospheric parameters of mean sea level pressure, 10 metre wind speed, 2 metre temperature and dew point tem-

perature, as well as convective available potential energy (CAPE) are obtained from reanalysis data. Two different data sets30

were used: ERA-20C (covering the years 1922–2010) and ERA-Interim (1979–2014), both produced by the European Centre

for Medium-Range Weather Forecasts. ERA-20C has a horizontal resolution of around 125 km or 1.125◦ (Poli et al., 2013)

whereas in ERA-Interim, it is around 80 km or 0.75◦ (Dee et al., 2011). We have interpolated the ERA-Interim data to match

4
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the resolution of ERA-20C so that the grid points are compatible. The reanalysis data was averaged spatially over the Gulf of

Finland region (20.25–30.375◦ E, 59.0625–61.3125◦ N). Finally, daily and monthly mean values were calculated.

We also compare the meteotsunami occurrence to lightning observations. From 1887, thunderstorm days in Finland have

been observed by humans, and in 1960–1998 with an automatic flash counter network. From 1998 onwards, in addition to the

number of flashes, also the location information of the flash is obtained due to a modern lightning locating system (Mäkelä5

et al., 2014). In this study, we compared the meteotsunami data set to the yearly number of thunder days (1922–2014) and the

yearly number of cloud-to-ground (CG) flashes over the whole continent of Finland (1960–2014). In addition, from 1998–2014,

we calculated daily and monthly CG flash numbers in the Gulf of Finland region (20–30◦ E, 58–62◦ N).

2.3 Data quality

The 15 min digital sea level data (1980–2014) is raw data that has not been subject to thorough processing and quality control.10

However, the data was browsed through visually, and clearly erroneous spikes and shifts were removed before further analysis.

Possible problems in the data are documented and relatively easy to trace. In Hanko and Hamina, the 15 min observations were

digitized by a human-assisted computer program over the period 1980–1987. When comparing these observations to the data

that was digitized from the tide gauge charts for this study, it was noted that not all high-frequency oscillations are accurately

reproduced in the 15 min data during this period.15

On some occasions, sea level variations recorded at the tide gauges have been suppressed due to blockages or damage in

the underwater pipe connecting the tide gauge well to the sea. When the pipe is partially blocked, the water level in the well

adjusts slowly to sea level changes, and there is a time lag and attenuation in the recorded sea level fluctuations. We refer to this

attenuation as damping. In the worst case, damping is so heavy that all sea level variations have been levelled out. Damping

particularly hinders the study of high-frequency sea level variations such as meteotsunamis.20

To determine the periods when the high-frequency oscillations were damped in the digital 15 min tide gauge records (1980–

2014), a spectral analysis was performed. The variance of oscillations with a frequency higher than 0.25 h−1 (period shorter

than 4 hours) was integrated from the variance density spectra calculated from seven day time series. The high spatial and

temporal variability in the recorded shorter oscillations was evident already from a visual inspection of the high-frequency

variance. However, to quantify the results, a value exceeded 95 % of the time (i.e. the 5th percentile) was determined from the25

Hamina tide gauge records, which were the visually least disturbed. This value was found to be 0.016 m2. The same value was

then used in the analysis of all tide gauges. The results were not very sensitive to the exact choice of this cut-off value, but

produced the same main findings regardless.

The time series was then divided into blocks of four consecutive values, thus representing a time period of four weeks. If

the variance was below the 5th percentile over half of the time, the four week period was flagged as a "damped period". While30

this definition is somewhat arbitrary, a couple of results are evident: i) the records from Hanko are clearly damped during

1985–1989, and ii) none of the three tide gauges suffered from significant damping since the beginning of the 2000s. The

maintenance of the tide gauges was considerably improved when automatically registering devices were installed. Before that

5
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time reacting to problems was slow, because the tide gauge charts were collected once a month and it took almost one month

to read and analyse them.

It was not possible to perform a similar spectral analysis for the data before the 1980s (i.e. the tide gauge charts). However,

an experienced person can estimate the degree of damping visually by comparing the behaviour of the sea level curve to normal

variations. The degree of damping in the paper charts was roughly estimated as percentages from no damping (0%) to total5

damping (100%) per each month. For the overlapping period 1980–1989 for which there is both digital and chart data available,

the two independent methods of estimating the degree of damping (spectral and visual) produced comparable results.

In the tide gauge charts of Hanko (1922–1989), 3.2 % of the data was missing and 17.3 % damped, while in Hamina (1928–

1989), 2.0 % of data was missing and 12.4 % damped. Thus, about 20 % of the Hanko tide gauge charts and 14 % of the

Hamina charts were either missing or so heavily damped that they were unusable for meteotsunami detection. In the 15 min10

data from 1990–2014, the proportion of missing or damped data was small: 6 % in Hanko, 0 % in Helsinki, and 1 % in Hamina.

3 Identifying meteotsunamis

There is no universal definition or criteria for what qualifies as a meteotsunami, as nearly all sea level variations in the tsunami

frequency range are of atmospheric origin. In this study, the metrics used for detecting meteotsunamis are the period and height

of the sea level oscillations and the occurrence of a rapid change in air pressure simultaneously with the sea level event. For15

the tide gauge charts, possible cases were selected visually and digitized manually. High-frequency events in the 15 min data

were detected with an algorithm that resulted in a manageable amount of possible events to be confirmed or rejected through a

visual inspection of air pressure data. A detailed description of the procedures is given in the sections below.

The periods of meteotsunami waves are in the tsunami frequency range spanning from a few minutes to a few hours (Mon-

serrat et al., 2006). The heights of the events were determined from high-pass filtered time series, because slower variations20

influence the water level also during the meteotsunamis. The filter removed the information below a cut-off frequency of

0.25 h−1 in Fourier space and was implemented using the Fast Fourier Transform (FFT).

For each potential meteotsunami event identified in the data, we defined three different height metrics after high-pass filtering

the sea level data:

1. hmax: The height (top to bottom) of the largest individual wave.25

2. htot: The total range of sea level variation during the event.

3. ηmax: The rise above zero in the filtered signal.

3.1 Detecting meteotsunamis in tide gauge charts

Rapid sea level variations appear as dense oscillations on the Renqvist–Witting tide gauge charts and are easy to locate by

visual inspection (see Fig. 3 for an example). To find all possible meteotsunami events, we carried out a three-phase inspection:30

6
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1. The tide gauge charts were browsed visually. Exceptionally rapid sea level changes were selected for further inspection

and photographed. Loose criteria were applied at this stage in order not to miss any potential meteotsunamis.

2. From the cases selected in the visual browsing, we digitized those where the sea level behaviour clearly differs from

surrounding variations. The digitization was carried out manually with a glass plate designed for reading values from

tide gauge charts. The time scale printed on the plate has markings every 1 hour, meaning that times between the full5

hours needed to be estimated.

3. From the digitized cases, we excluded those that were too slow (period longer than 2–3 hours) or too small (hmax <12

cm in Hanko, <20 cm in Hamina).

The criterion for wave height was set as follows: First, we determined hmax. Second, we plotted a histogram of all events

at the tide gauge in question (not shown) and set the height threshold at the peak of the distribution. It was assumed that the10

frequency of occurrence should decrease towards higher values and that the peak in the distribution was an artifact resulting

from some of the smaller events being included in the visual browsing and some of them being omitted. Therefore, the peak

represents the wave height which is clearly visually distinguishable from other sea level variations.

The height criterion applied was different for each tide gauge, because there is large spatial variability in the high-frequency

part of the sea level spectrum depending on the location and structure of the tide gauge. In particular, the height of a me-15

teotsunami depends on the bathymetry of the coastal waters and varies strongly from point to point on the coastline. Highest

oscillations are observed in bays and inlets whose resonant properties amplify the arriving wave (Monserrat et al., 2006).

Finally, the atmospheric origin of the sea level oscillations was confirmed by examining barograms from nearby coastal

stations for rapid changes in air pressure. The events were interpreted as meteotsunamis if there was evidence of a pressure

jump occurring within a few hours of the sea level oscillations. A small proportion of the events were excluded because there20

was no indication of air pressure changes. The pressure jumps accompanying meteotsunamis are small (typically only 1–3 hPas,

Monserrat et al. 2006; Pellikka et al. 2014) and not always easy to distinguish especially if the quality of the air pressure curve

is poor. Therefore, and because of missing air pressure data, a notable portion of the potential meteotsunami events was left

unconfirmed.

3.2 Detecting meteotsunamis in digital sea level data25

Potential meteotsunami events were searched automatically from the 15 min sea level data (1980–2014) of all three tide gauges.

It is possible to detect rapid variations in the tsunami frequency range even in 15 min data, but the heights of the events will be

somewhat underestimated because of the temporal resolution. First, we calculated the heights of all individual waves (hmax)

from the high-pass filtered time series, using the differences of adjacent data points to locate wave tops and bottoms (where

the derivative of the signal changes sign). From this wave height data set we picked the waves that exceed the height threshold30

determined in the tide gauge chart analysis: 12 cm for Hanko and 20 cm for Hamina. For Helsinki, no charts were analysed,

so we applied a threshold of 10 cm. The spectra of the filtered 15 min data from Helsinki and Hanko are rather similar, while

in Hamina, there is clearly more variability in the sea level signal in the tsunami frequency range (standard deviations of the
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filtered signal are 0.45 cm for Hanko, 0.41 cm for Helsinki, and 0.92 cm for Hamina). To remove multiple occurrences of the

same event in the data set, we selected the events that have a time difference of at least 12 h.

As with the chart events, we examined the air pressure data and categorized the events as confirmed, not confirmed, or uncer-

tain depending on whether there was evidence of rapid changes in air pressure. Two examples of the detected meteotsunamis

are given in Fig. 4. The first one was digitized from the Hanko tide gauge charts (the original chart is shown in Fig. 3). The5

second was detected from the 15 min sea level data from Hamina. Both cases have been confirmed from air pressure data.

4 Results

4.1 Meteotsunami occurrence in the Gulf of Finland

For Hanko and Hamina, the methods described above result in two time series of meteotsunamis: one based on original tide

gauge charts (1922/1928–1989) and the other on 15 min sea level data (1980–2014). A small number of events (4 from Hanko10

and 6 from Hamina) were excluded from the data set because there was no evidence of rapid changes in air pressure during the

event despite air pressure data being available.

As there is a 10 year overlap (1980–1989) in the time series, we can compare the performance of the different methods of

identifying meteotsunamis in the data. For Hamina, the results are nearly identical: both the visual viewing and the automatic

detection identify 7 events over the decade, of which 6 are given by both methods. For Hanko, data from the 1980s is largely15

missing (Fig. 5) and there are only three possible events found in the tide gauge charts, of which one is detected in the 15

min data. The other two are not properly recorded in the 15 min observations because of data quality problems (see Sect.

2.3). Because of these problems, we use the results from the tide gauge charts in the final data set for the 1980s. Nevertheless,

the good agreement between the two data sets in Hamina indicates that both the visual viewing and the automatic detection of

rapid variations are effective methods of identifying meteotsunamis in the data and the results can be combined with reasonable20

confidence.

The detection algorithm successfully identifies the known meteotsunami events from the Gulf of Finland, on 29 July 2010

and on 8 Aug 2010 (Pellikka et al., 2014). The event on 15 May 1924 reported by Renqvist (1926) is also detected from the

Hanko tide gauge charts, but the maximum wave height is only 8.3 cm, falling below the height threshold. This highlights

the limitations imposed by the sparse observation network: even during strong meteotsunami events, when eyewitnesses have25

observed exceptional sea level oscillations over a large area (exceeding 1 m in some places), the wave heights observed at the

tide gauges can be small (Renqvist, 1926; Pellikka et al., 2014).

Only one of the events detected from the tide gauge charts (24 May 1926 in Hanko) was mentioned in old eyewitness reports

collected by the Finnish Institute of Marine Research (Sect 2.1). According to the report from the lighthouse of Seivästö, in

the easternmost part of the Gulf of Finland, sea level oscillations of ca. 40 cm occurred within a few minutes in the morning30

after a nightly thunderstorm. Rapid oscillations were recorded at the Hanko tide gauge during the night, but their height did

not exceed the threshold and this event is thus not included in the final data set.
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The number of detected events in the different data sets are given in Table 1. In total, 45 potential meteotsunamis were

detected from Hanko (1922–2014) and 65 from Hamina (1928–2014). In addition, 25 events were detected in the 15 min

observations from Helsinki (1980–2014). When we take into account that 14 of the events were detected at more than one

station, we get a total number of 121 separate events. Over 70 % of the events were confirmed from air pressure observations:

there is an abrupt change of 1–3 hPa occurring simultaneously with the sea level oscillations or shortly before. The remaining5

events were left unconfirmed because air pressure data of sufficiently high resolution is not available.

Figure 5 shows all detected and potential meteotsunamis together with the amount of missing data per year. Missing data

includes also the data which is so heavily damped that rapid variations in sea level have not been recorded correctly. Detecting

trends in the time series is hampered by gaps in the high-frequency data, most notably in the 1940s and 1980s in Hanko and in

the 1960s in Hamina.10

While the time series from Hanko shows no apparent trend, meteotsunamis in Hamina seem to be more common over the

latter half of the century than over the first half. Excluding the years with over 80 % of missing data, the slope of a least squares

fit for Hamina is 4.4 times larger than for Hanko. The positive slope at Hamina is also statistically significant at a level of (at

least) p = 0.01, while the weaker positive slope at Hanko is statistically significant only at p = 0.15.

Typical heights of the detected meteotsunamis (hmax) range between 10–30 cm (Fig. 6). The largest meteotsunami heights15

were found in Hamina, where the highest event was 51 cm (hmax), and the smallest in Helsinki, where the highest event

was 17 cm. The maximum variations during the events (htot) are only slightly higher than the height of the maximum single

wave. The maximum water level elevation above zero during the event (ηmax) is typically roughly half of the height of the

maximum variation. This indicates that the high-frequency variations during the meteotsunamis are usually quite symmetrical

with respect to the still water level determined by the slower changes (that have here been filtered out). There is no statistically20

significant linear trend for the magnitude of the meteotsunamis (hmax).

4.2 Comparison with atmospheric data

To study the connections between meteotsunami occurrence and the meteorological conditions, we calculated the number of

meteotsunamis occurring during each summer month (May–Oct) from 1922 to 2014. Of the 558 months over this time period,

91 months (16 %) have at least one potential meteotsunami occurrence. The number of events in different calendar months is25

as follows: 26 events in May, 20 in June, 37 in July, 18 in August, 10 in September, and 10 in October.

We then calculated the mean values of certain atmospheric parameters in the two sets of months: those that have at least one

meteotsunami occurrence and those that have none (Table 2). The null hypothesis that the means of these two sets are equal

was tested with the two-sample t-test, using Satterthwaite’s approximation in order not to assume equal variances. The main

conclusions remain unchanged even if the potential (uncertain) meteotsunamis are excluded from the data set.30

Statistically highly significant (p < 0.001) differences were found in the number of CG flashes in the Gulf of Finland area as

well as CAPE, which is a measure of convective instability in the atmosphere and often used as an indicator of thunderstorm

potential. The mean values of both the temperature and dew point temperature also show a statistically significant (p < 0.01)

9
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difference, the temperatures being higher during months when meteotsunamis have been registered. Mean sea level pressure,

wind speed and the NAO index did not show a statistically significant difference.

Similarly, we divided the years 1922–2014 in two categories – with meteotsunamis and no meteotsunamis – and tested the

difference in the yearly number of thunder days over Finland. The difference was significant at 5% level but not at 1% level.

However, there was no significant difference in the number of CG flashes recorded over the whole continent of Finland in a5

yearly time scale. Finally, the summer days (May–Oct) over the period May 1998–Oct 2014 were divided in two categories.

The daily number of CG flashes was clearly and statistically significantly (p < 0.001) larger during the days of meteotsunami

occurrence than during normal conditions.

The lightning observations have a strong connection with meteotsunami occurrence. In the summers of 1998–2014, from

which there is daily lightning data available from the Gulf of Finland, there have been 42 days on which a potential meteot-10

sunami has occurred in the area. CG flashes have been observed on all of these days except one (30 July 2010), and even on that

date, the meteotsunami in Hamina was recorded just after midnight after an active thunder day (5 378 CG flashes observed on

29 July 2010). On average, the number of flashes during a meteotsunami day was roughly 10 times that of an average summer

day in the region.

5 Discussion and conclusions15

We detected 121 potential meteotsunami events at the tide gauges of Hanko, Helsinki, and Hamina in the Gulf of Finland over

the past century (1922–2014). Over 70 % of the events were confirmed to coincide with a rapid change in air pressure. Typical

wave height registered at the tide gauges was 10–30 cm. However, higher oscillations have probably occurred in bays, harbours,

and straits where the coastal bathymetry has amplified the waves. The events detected in the tide gauge data are comparable

with the observed meteotsunami events in 2010 and 2011, during which eyewitnesses reported oscillations of up to over 1 m.20

Before the recent eyewitness observations of meteotsunamis in Finland (Pellikka et al., 2014), Finnish sea level researchers

did not receive such reports from the general public for at least 30 years. It remains unclear why, as the data shows that

meteotsunamis are not a new phenomenon on the Finnish coast and there is no significant trend in the height of these waves.

Lower reporting threshold in the era of Internet and mobile phones is one possible explanation for the upsurge in eyewitness

reports. However, data from Hamina gives a statistically significant increasing trend in the number of meteotsunamis over the25

past century. Further research is needed to explain this increase and the fact that no such trend is observed at Hanko. As the

height of a meteotsunami is sensitive to the interplay of the arriving wave and coastal bathymetry, it may well be that changes

in the propagation direction of atmospheric disturbances result in differing trends at different locations.

There is an identifiable difference between typical heights at the three locations, with Hamina having the largest meteot-

sunamis and Helsinki the smallest. However, different degrees of damping due to the blockage of the pipe connecting the30

tide gauge to the sea were found at all stations. It cannot be conclusively determined to which degree this damping may have

affected the amplitude of rapid variations even for data that was not discarded as erroneous. The use of 15 min observations is

also expected to introduce a slight negative bias, as the maximum values of 15 min observations are smaller compared to denser
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data. That said, the finding placing the highest variations in Hamina is expected based on its geographical location furthest in

to the Gulf of Finland.

Statistically highly significant differences between months when meteotsunamis have been registered compared to normal

conditions were found in the number of lightnings over the Gulf of Finland as well as CAPE, which is an indicator of sum-

mertime thunderstorm potential. Monthly mean temperatures also show a statistically significant difference. These differences5

may be partially connected to meteotsunamis being more prevalent during the hottest summer months of June–August and less

common in September–October, but the results do demonstrate a strong connection between thunderstorms and meteotsunami

occurrence. On a daily level, the cloud-to-ground flash numbers were over ten times larger during days when meteotsunamis

have been registered than otherwise. It can be concluded that meteotsunamis in the Gulf of Finland are practically always

connected with thunderstorms.10

The study was restricted to summer months (May–October) to keep the amount of data archaeology manageable. Meteot-

sunamis are expected to be rare in winter, as thunderstorms in Finland are predominantly a summertime phenomenon (Punkka

and Bister, 2015). Furthermore, ice cover in the sea reduces the effect of atmospheric disturbances on the sea surface and atten-

uates especially high-frequency sea level variations. The highest sea levels usually occur in the wintertime on the Finnish coast,

and thus meteotsunamis do not generally coincide with annual sea level maxima. This lowers the probability of an extremely15

high sea level occurring as a combination of a storm surge and a meteotsunami, but quantifying this probability is a topic

for further work. Considering coastal safety, an important question is whether meteotsunamis are included in distributions of

maximum sea levels. As meteotsunamis are relatively rare, it may be that none have contributed to the monthly maxima, which

are often used to estimate coastal flooding risks.

The results show that meteotsunamis as a phenomenon are far more common in the Baltic Sea than previously thought,20

even though few events are strong enough to be widely noticed or potentially harmful. Many open questions remain regarding

Baltic meteotsunamis. An essential topic for future work is to better establish the connections between meteotsunamis and

weather patterns. After that, atmospheric parameters could be used to estimate the probability of meteotsunami occurrence and

eventually to predict the events.
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Events hmax > ht Confirmed

Hanko

Charts (1922–1989) 39 31 20

15 min (1990–2014) 14 11

45 31 (69 %)

Hamina

Charts (1928–1989) 44 31 18

15 min (1990–2014) 34 26

65 44 (68 %)

Helsinki

15 min (1980–2014) 25 24

25 24 (96 %)

Table 1. Number of potential and confirmed meteotsunami events identified in the different data sets. The first column shows the number of

events found on the tide gauge charts based on visual inspection. The second column gives the size of the final data set, which are events

exceeding a station-specific height threshold ht. Confirmed events have a rapid change in air pressure occurring simultaneously with the sea

level oscillations. The rest could not be confirmed because of missing or inconclusive air pressure data.
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Meteotsunami No meteotsunami Significance (p)

Yearly means

Thunder days (1922–2014) 11.5 9.9 yes (0.02)

CG flashes over Finland (1960–2014) 137 850 140 007 no

Monthly means

MSLP (1922–2014), hPa 1012.9 1013.6 no

T2m (1922–2014), ◦C 12.5 11.1 yes (0.006)

D2m (1922–2014), ◦C 8.4 6.9 yes (0.004)

U10m (1922–2014), m s-1 4.4 4.4 no

CAPE (1922–2010), J kg-1 39.9 20.3 yes (< 0.001)

NAO (1922–2014) 0.12 0.04 no

CG flashes over GoF (1998–2014) 23 534 8 159 yes (< 0.001)

Daily means

CG flashes over GoF (1998–2014) 4 225 368 yes (< 0.001)

Table 2. Means of certain atmospheric variables on the years, months, or days when there is at least one meteotsunami occurrence and when

there are none. The statistical significance of the difference is shown at 5 % level. CG flash = cloud-to-ground flash, MSLP = mean sea level

pressure, T2m = temperature (2 m), D2m = dew point temperature (2 m), U10m = wind speed (10 m), CAPE = convective available potential

energy, NAO = North Atlantic Oscillation, GoF = Gulf of Finland.
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Figure 1. Bathymetric map of the study area, the Gulf of Finland in the Baltic Sea. Locations of the Finnish tide gauges are marked with

diamonds. Meteorological stations, which provided the data used in this study, are marked with triangles.
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Figure 2. Sea level data available from the tide gauges of Hanko, Helsinki, and Hamina in the Gulf of Finland. Only selected events have

been manually digitized from the tide gauge charts.
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Figure 3. The Renqvist-Witting recording device used at most Finnish tide gauges from the 1920s to the early 1990s and an example of the

paper charts recorded by the device at Hanko, showing a meteotsunami event on 9–10 May 1969.
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Figure 4. a) A meteotsunami in Hanko on 9–10 May 1969, visually identified and digitized from the tide gauge charts. Black dots show the

standard 4 h sea level observations. Air pressure observations from Hanko Russarö, digitized from a paper barogram, are plotted in red. b) A

meteotsunami in Hamina on 22 Aug 2007, automatically detected from the high-pass filtered 15 min sea level data. Air pressure observations

from Kotka Rankki are plotted in red.
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Figure 5. Meteotsunamis identified in the sea level data from the 1920s to 2014 for a) Hanko and b) Hamina. The events of each year

are stacked so that the height of the column corresponds to the sum of maximum wave heights of the events during a given year. Dark-

coloured events have been confirmed from air pressure data; the light-coloured events are potential meteotsunamis whose atmospheric origin

is uncertain. The blue curves show the proportion of missing or damped data per year.
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Figure 6. Histograms of meteotsunami heights, including both confirmed and potential events from all three stations: the maximum height

of a single wave hmax, the total range of variation htot, and the maximum elevation ηmax.
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