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ABSTRACT: We explore long-term variations in the properties of waves in the Baltic Sea and geostrophic air-flow over this water body. Records of visual wave observations from 1946 to 2012 at 8
observation sites at the eastern coast of the Baltic Sea reveal a multitude of changes. A substantial
decrease in the wave heights took place until about 1970, and considerable decadal variations
have occurred since then. The coherence between annual average wave heights at different locations was lost at the end of the 1980s. A rotation of the usual wave approach direction by almost
90° was identified at one location. We then coupled this data with a reconstruction of wave fields
and wave-driven sediment transport for 1970 to 2007. The reconstruction is based on adjusted
geostrophic winds from the Swedish Meteorological and Hydrological Institute. The simulated net
potential sediment transport along the eastern coast of the sea reveals a major change at the end
of the 1980s. This change is associated with an abrupt turn of the geostrophic air-flow over the
southern Baltic Sea by ~40° around 1987. This change may serve as an alternative explanation for
a radical decrease in the frequency of major inflows of saltier, oxygen-rich water into the Baltic
Sea since the mid-1980s.
KEY WORDS: Wave climate · Wave observations · Wave direction · Baltic Sea · Sediment
transport · Regime shift · Geostrophic air-flow

1. INTRODUCTION
The Baltic Sea is the Earth’s largest brackish water
body and one of the top 10 most threatened waters
(Uggla 2007), with a unique, yet sensitive marine
environment. It is not only under extensive anthropogenic pressure (by e.g. extremely busy shipping,
large industrial regions, eutrophication and acidification; Backer et al. 2010) but also particularly vulnerable to potential changes in climate (BACC 2008). The
key factor is that the Baltic Sea has a limited water exchange with the open ocean. The sea is strongly stratified, and oxygen primarily reaches its bottom waters
via major salt water inflows (major Baltic inflows,
MBIs) from the North Sea. These inflows have
stopped almost completely in recent years (BACC
2008, Nausch et al. 2013), while at the same time,
*Corresponding author: soomere@cs.ioc.ee

shift-like changes in water temperatures (Mohrholz et
al. 2006) and stratification (Väli et al. 2013) have occurred. Because any variation to the MBIs may drastically impact the entire ecosystem, there have been
recent debates for and against calls to engineer ways
to oxygenate the sea (Conley 2012), which has also
widened the political debate (Elmgren et al. 2012).
Here, we collate data from the recent research into
the Baltic Sea wave climatology and abrupt changes
to the drivers of its wave climate. Among a variety of
indicators of climate change, properties of surface
waves serve as a naturally integrated measure of the
driving forces of seas and oceans, and especially of
their changes (Hemer et al. 2013a). We explore longterm variations in wave properties in the Baltic Sea
based on observed time series from 1946 to 2012 and
a reconstruction of wave fields and wave-driven sed© The authors 2015. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
Publisher: Inter-Research · www.int-res.com
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iment transport for 1970 to 2007. The analysis reveals
several major changes in both wave properties and
wave-driven processes from the end of the 1980s.
The changes can be associated with an abrupt turn of
the geostrophic air-flow over the southern Baltic Sea
since 1987. This turn may serve as an alternative explanation for the almost complete vanishing of MBIs
since the mid-1980s.

2. DECADAL CHANGES IN OBSERVED WAVE
HEIGHTS AND DIRECTIONS
While most previous research into marine climate
changes has focused on variations in the hydrographic properties (such as water temperature/heat
content [Rosenthal et al. 2013] or salinity [Durack et
al. 2012]), plus changes in the scalar properties of
their drivers (Weisse & von Storch 2010) (such as the
wind speed), in shelf and semi-enclosed seas, many
dynamical features (circulation patterns, pollution
transport, coastal flooding) are strongly determined
by wind direction. The related changes to the wave
properties (Hemer et al. 2013a) and the level of
exposure of the nearshore area to the hydrodynamic
loads may have substantial consequences for safety
issues and also on coastal processes and nearshore
ecosystems.
Wave simulations are useful to identify such
changes, but at times, they reveal highly controversial results depending on the particular wind reconstruction (Young et al. 2011, Wentz & Ricciardulli
2011, Bertin et al. 2013, Hemer et al. 2013a). Wave
records and analyses of wave-driven coastal processes often provide a better option to reveal, visualise and quantify these changes. While in the open
ocean the rotation of the wave climate is usually confined to a few degrees (Hemer et al. 2013b, Idier et al.
2013), for regions that are sheltered from remote
swells, these changes are more locally driven and
can be much greater (Soomere & Räämet 2011).
The array of wave data used for identification of
changes in sea conditions should have a spatial resolution that is fine enough and temporal coverage that
is long enough to represent these changes. This
requirement is usually not satisfied because instrumented wave measurements extend back no more
than a few decades. An exception is the Baltic Sea,
where regular visual wave observations have been
performed since 1877 (Rosenhagen & Tinz 2013).
Because south-western winds predominate in this
basin, the most valuable data stem from the hydrometeorological stations of the former USSR. These sta-

tions are located along the eastern coast of the sea
(Fig. 1) and have used the same procedure for measurement since 1946. The number of single observations varies from ~13 000 (Pakri, 1954−1985) up to
~60 000 at Liepaja and Ventspils (Soomere & Räämet
2011, Soomere 2013, Zaitseva-Pärnaste 2013).
Despite suffering from some quality issues (Gulev
et al. 2003), large sets of visual wave observations
provide consistent information about changes in
the wave fields (Gulev & Grigorieva 2004). It is still
not clear a priori which visually observed wave
properties can be trusted (Zaitseva-Pärnaste 2013).
The applicability of the outcome of visual observations for the identification of changes in the wave
field can be highlighted by considering the average
wave heights for single calendar days (Fig. 2). The
resulting variations on weekly scales usually fade
out when the averaging time interval is increased
and may be completely different for different time
intervals (Soomere et al. 2012). The observed weeklyscale variations are highly coherent along the entire
eastern Baltic Sea coast (e.g. the correlation coeffi-

Fig. 1. Location scheme of the Baltic Sea showing Areas
1−11, for which the average geostrophic air flow is presented
in Figs. 5 & 6; visual wave-observation sites (d) at the eastern coast: see Figs. 2 & 3; instrumental wave-measurement
location at Almagrundet; boundaries of the study area (j)
for alongshore sediment transport: see Fig. 4. The relatively
small Area 7 is located near the southern coast of the Gulf
of Finland
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Fig. 2. Variation of the average mean wave height (5 d running
average) for single calendar days at selected stations. Red:
Liepaja, blue: Ventspils (both 1954−2011). Data for other stations (Nida 1954−2009, Vilsandi 1954−2008, Pakri 1954−1985,
Narva 1954−2008) are shifted vertically for better visibility

cient r = 0.87, p < 0.0001 for Ventspils and Liepaja;
Soomere 2013). This coherence signals that, notwithstanding a low accuracy of single recordings,
visually observed data sets consistently (albeit not
always perfectly) reflect changes in the wave
properties.
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The observed annual mean wave heights reveal
marked decadal patterns (Fig. 3). Differently from
many reconstructions of the course of wave heights,
e.g. in the northern Atlantic (Semedo et al. 2011), the
wave intensity gradually decreases from the mid1940s until about 1970 along the entire eastern Baltic
Sea coast. Although the magnitude of this decrease
(by almost a factor of 2) may be somewhat overestimated, it is very likely that the presented data mirror
a major change in storminess (Alexandersson et al.
2000) and the Baltic Sea wave fields during the 20th
century. These changes resemble the well-known
‘hockey-stick’ curve of recent changes in climate in a
reversed manner: instead of a large increase at the
end of the century, a major decrease in the average
wave height apparently occurred, at least in some
parts of the Baltic Sea, in the 1950s to 1960s.
Although there is effectively no change in the
numerically simulated average wave height for the
entire Baltic Sea (Soomere & Räämet 2014), local
variations in the wave height are considerable on
decadal scales, as noted by Soomere & Räämet (2011)
based on fewer observation sites. The variations in
the observed wave heights are markedly synchronous in counter-phase for the southern and northern
parts of the Baltic Sea since the 1970s. They culminate in the 1990s, when the majority of wave energy
was concentrated in the northern Baltic Proper between Almagrundet (Broman et al. 2006) and Vilsandi (Fig. 1). This maximum in the long-term course
of wave height occurs synchronously with an
extremely large number of days per annum with low
pressure in Härnösand, Sweden, a phenomenon that

Fig. 3. Annual mean wave height at 5 observation sites on the eastern Baltic Sea coast. Wave heights for Ventspils and Liepaja
for 1946−1953 are from Soomere (2013)
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seems to take place once or twice a century and that
happened in the 1990s (Bärring & von Storch 2004).
This phenomenon matches the overall tendency between 1948 and 2000 for the trajectories of cyclones
reaching Northern Europe to move northward (Sepp
et al. 2005). These 2 features can be interpreted (albeit somewhat speculatively) as reflecting a process
during which the storm cyclones predominantly cross
the Baltic Sea at latitudes of about 62 to 63° N. During such events, strong winds are concentrated in
the northern Baltic Proper, and much less wavegenerating forcing remains in the southern Baltic Sea.

3. A SHIFT IN WAVE PROPERTIES AND
COASTAL PROCESSES IN THE 1980s
The interannual variations in the observed wave
heights are highly correlated and in-phase for the entire eastern coast of the Baltic Proper (Fig. 3). Until
1987, this property was also true in the Gulf of Finland
(Fig. 1). Since 1988, however, the interannual variations at Narva-Jõesuu are completely out of phase
with those along the open Baltic Sea coast. Thus,
while storms before 1988 have created high waves
more or less simultaneously in the entire sea, since
then, periods that have led to wave storms in the
Baltic Proper correspond to relatively calm periods in
the Gulf of Finland and vice versa. This change has
been accompanied by pronounced changes in the
predominant wave direction at Narva-Jõesuu (where
the most frequent approach direction of waves has
turned by > 90°; Räämet et al. 2010) and is mirrored by
a gradual increase in the frequency of southwestern
winds in this region (Jaagus & Kull 2011).
Further evidence of changes can be extracted from
an analysis of the net and bulk wave-driven potential
sediment transport along the sedimentary part of the
eastern Baltic Sea coast. The analysis was based on
the nearshore wave properties reconstructed using
the third-generation spectral wave model WAM. It
was run with a spatial resolution of 3 nautical miles
for the entire Baltic Sea for 38 yr (1970 to 2007) in idealized ice-free conditions (Soomere & Räämet 2011).
Ignoring ice makes it possible to separate purely
wind-driven (albeit not perfectly realistic) changes to
the wave fields and wave-driven phenomena. The
model was driven by adjusted geostrophic winds
from the Swedish Meteorological and Hydrological
Institute’s database. This information is available
since 1970 with a time step of 6 h, and since 1977
with a time step of 3 h. These data are calculated
from the spatial air pressure distribution, and thus

represent global (on the scale of the Baltic Sea) wind
patterns. To obtain an approximation of the wind at
the 10 m level, used as the input to the wave model,
the geostrophic wind speed was multiplied by 0.6,
and the direction was turned 15° anticlockwise. The
use of these data ignores the local vertical structure
of air-flow, and thus possible trends in the air-sea
temperature difference and associated variations and
trends in the surface-level wind speed (Bumke &
Hasse 1989), and smooths out local variations in wind
properties. However, because wave fields are formed
through wind impact over large sea areas, it is likely
that the outcome of simulations captures the core
changes in the wave climate.
The regular rectangular grid (11 545 sea points)
extended from 09° 36’ E to 30° 18’ E and from
53° 57’ N to 65° 51’ N. The wave-energy spectrum at
each sea point was represented by 24 equally spaced
directions. An extended range of 42 frequencies
forming a geometric progression starting from
0.042 Hz with an increment (common ratio) of 1.1 up
to ~2 Hz (wave periods from 23.9 s down to 0.5 s) was
used to ensure realistic wave growth rates in low
wind conditions after calm situations that are frequent in this basin. See Räämet et al. (2010), Soomere
& Räämet (2011, 2014) and references therein for a
detailed description of the model setup, its applicability for the Baltic Sea conditions and an analysis of
the main properties of the wave climate and climatological changes in the reconstructed wave fields.
We used hourly time series of significant wave
height, peak period and wave direction properties to
calculate similar time series of the potential alongshore transport rate for each ~6 km long coastal section matching the nearshore wave-model grid cell.
This transport is evaluated using the Coastal Engineering Research Centre (CERC) approach (USACE
2002) for the entire sedimentary coast of the eastern
Baltic Sea from Kaliningrad (Russia) to southern
Estonia. The CERC method is based on the assumption that the potential alongshore transport rate is
proportional to the beaching rate of the alongshore
wave energy flux (wave power) per unit of length of
the coastline, and thus accounts for the magnitude
and direction of the wave energy flux. From the
resulting time series of instantaneous potential transport for each coastal segment, we calculated the net
transport (the residual sediment motion in some direction) and bulk transport (the total amount of
sediment moved in any direction, back and forth
alongshore) by waves over longer time intervals. See
Soomere & Viška (2014) for the particular implementation of the CERC model.
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The bulk transport, integrated over a 700 km
stretch of the coastline from the Kaliningrad district
to Pärnu in southern Estonia, steadily increases for
1970 to 2007 (Fig. 4), following increasing wind
speed in the northern Baltic Proper for the same time
interval (Broman et al. 2006, Soomere & Räämet
2014). This increase (~0.7% yr−1 of the long-term
mean) is statistically significant at a 95% level. The
net transport has decadal variability almost matching
that of the bulk transport. The increase in the net
transport was much faster (~1.2% yr−1 of the longterm mean of the bulk transport) and also statistically
significant at a 95% level. However, it breaks down
at the end of the 1980s and is replaced by a decreasing trend of similar magnitude. The decrease was
almost as rapid as the increase (~1% yr−1 of the longterm mean of the bulk transport) but statistically significant at a somewhat lower level of 89%. This
‘switch’ obviously comes from a change in the wave
direction — that change can only be possible if the
wind direction had changed.
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4. ABRUPT TURN OF THE GEOSTROPHIC
AIR-FLOW

Owing to the complex shape of the Baltic Sea,
changes to the wind direction may have a particularly
strong impact on the wave height. Numerical simulations (Soomere & Räämet 2011, 2014) indicated a major decrease (by >15%) in the annual mean wave
height in the western part of the Baltic Proper between the islands of Öland and Gotland (Fig. 1) and
to the south of these areas from 1970 to 2007. Because
the wind speed has increased in this area during the
simulation period (Broman et al. 2006, Soomere &
Räämet 2014), it is likely that changes to the wind direction are also behind this pattern of changes. The
distribution of winds from different directions (the
classical wind rose) does not reveal a change of sufficient magnitude (Lehmann et al. 2011). However, the
air-flow direction (represented by a vector consisting
of the average zonal and meridional wind components) reveals a substantial shift at 1987/88 (Fig. 5).
The annual average zonal component
(averaged over areas of approximately
55 × 55 km in the Baltic Proper and
over somewhat smaller areas in the
Gulf of Finland; Fig. 1) did not change,
but the switch of the meridional component from close to zero to ~1 m s−1 to
the south is equivalent to a turn of the
air-flow from its usual direction to the
east to almost south-east (Soomere &
Räämet 2014).
The changes are localised both in
time and space. They are concentrated
in the southern Baltic Proper, and are
not evident to the north of Saaremaa or
to the west of Bornholm (Fig. 5). Most
of the changes occurred in the
windiest winter months (December,
January, February [DJF]; Fig. 6). Almost no changes were evident during
the spring (March, April, May [MAM])
and summer (June, July, August [JJA])
seasons. A certain increase in the average zonal wind component (from ~2
m s−1 in 1970 to 1987 to the level of 3 m
s−1 in 1988 to 2007) in winter (Fig. 6)
was not statistically significant. This
Fig. 4. (a) Bulk and (b) net average wave-driven potential sediment transport
increase was not evident in the annual
rate along the eastern coast of the Baltic Sea. Red: transport for individual years,
mean (Fig. 5) because of a similar deblue: 5 yr moving average. The transport has been calculated using an implecrease in the average over autumn
mentation of the CERC model based on simulations of the Baltic Sea wave fields
months (September, October, Novemfor 1970−2007 using the WAM model with a spatial resolution of 3 nautical miles
and driven by adjusted geostrophic winds (Soomere & Räämet 2011)
ber [SON]; Fig. 6).
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change is statistically non-significant.
Therefore, the annual mean geostrophic air-flow has substantially turned
over the southern Baltic proper. The
change is most pronounced in winter
and possibly in early spring.
This turn in the air-flow direction is
fully consistent with a shift of the area
in the North Atlantic frequently hosting strong cyclones (< 980 hPa) from
its position mostly to the west of Iceland in the 1960s and 1970s to a position far to the east of Iceland in the
1980s and the 1990s (Lehmann et al.
2011). Fig. 5 signals that this shift may
have occurred abruptly, within at
most a single year. Thus, it serves as a
natural explanation of several other
jump-like changes in the hydrography of the Baltic Sea (Mohrholz et al.
2006, Väli et al. 2013). As the key
hydrophysical parameters (e.g. halocline depth; Väli et al. 2013) react to
such changes with some delay, its
sharpness may have remained unnoticed in many studies addressing the
Baltic Sea (marine) climate (de Laat &
Crok 2013). Moreover, it is likely that
this shift in air-flow and its implications only become clearly evident in a
quite limited geographical area
(Soomere & Räämet 2014) and thus
may be simply averaged out in studies of the entire Baltic Sea.

5. DISCUSSION
The described change in air-flow
direction may have considerable impact on the entire Baltic Sea. The
changes in the wave heights and
approach directions have straightforFig. 5. Annual mean (a) zonal (U) and (b) meridional (V) component of air-flow
ward impact on the sediment transof the adjusted geostrophic wind in different domains of the Baltic Sea indiport patterns and areas of erosion
cated in Fig. 1. Significant changes to the meridional component occurred in
and accumulation along sedimentary
1987/88 in Areas 5, 6, 10 and 11 to the south of Gotland
coasts of the Baltic Sea. Particularly
strong impact is expected in regions
The average winter-time meridional wind compowhere the approach angle of predominant waves benent was close to zero in the southern Baltic proper
comes > 45° and where the coastline may become unfrom 1970 to 1987 and was ~2 m s−1 to the south in
stable (Ashton et al. 2001), a feature that has been
1988 to 2007. A certain change in this wind comporecently noted in the eastern Gulf of Finland
nent may have occurred also in spring, but this
(Ryabchuk et al. 2011).

Soomere et al.: Change in winds over the Baltic Sea

169

Fig. 6. Mean (a) zonal (U) and (b) meridional (V) component of air-flow of the adjusted geostrophic wind in different seasons
(DJF: December, January, February; MAM: March, April, May; JJA: June, July, August; SON: September, October, November) in Areas 5, 6, 10 and 11 indicated in Fig. 1 (see key in Fig. 5). For comparison, the data for Area 8 located in the Gulf of
Finland are also provided
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The possible implications of the described rotation
of the air-flow over the southern Baltic Sea, probably
the strongest ever identified signal of climate change
in the area in the light of BACC (2008), are much
wider. In short, the air-flow direction since 1988 is
unfavourable for life in the deep sections of the Baltic
Sea. Major Baltic inflows of salt water (MBIs) are
multi-phase processes that can only occur through a
specific sequence of air pressure patterns and wind
events with a favourable direction (Schinke & Matthäus 1998, BACC 2008). Therefore, they are highly
sensitive to wind directions. Their frequency has radically decreased since the mid-1970s (Nausch et al.
2013), and only 3 MBIs have occurred since 1983.
This decrease is usually explained by a combination
of increased zonal circulation linked with intensified
precipitation in the entire region and increased river
runoff to the Baltic Sea (Schinke & Matthäus 1998,
BACC 2008). A probable mechanism that hampers
MBIs may thus be an unfavourable pressure gradient
(Zorita & Laine 2000) that enhances zonal flow.
The demonstrated rotation of the air-flow direction
has the potential to offer an alternative explanation
of the cause of the changes in frequency and magnitude of the MBIs and associated phenomena. The described switch in the air-flow direction (which becomes clearly evident in certain wave properties and
the course of wave-driven sediment transport) effectively does not influence the intensity of zonal circulation (Figs. 5 & 6). Instead, its presence means that
the meridional component of the air-flow has significantly changed. This change, in essence, means a
substantial increase in the long-lasting northwestern wind events at the expense of other wind
episodes (e.g. western winds that are critical for an
MBI to occur), and thus obviously impacts (generally
diminishes) the frequency of occurrence of highly
dynamical sequences that cause MBIs. The majority
of changes are concentrated in the winter months,
that is, in the middle of the relatively windy season
during which most of the MBIs occur. Last but not
least, this study suggests that proper analysis of climatological changes in wave properties and in the
course of wave-driven coastal processes has great
potential to reveal such shifts, which could also be
important for other parts of the world.
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