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We address the accuracy of replication of wave properties of the Baltic Sea using two wave 
climate simulations for the period of 1970–2007. Both are based on the spectral wave 
model, WAM, with a resolution of 3 nautical miles in hypothetical ice-free conditions. 
One of them used adjusted geostrophic wind fields from the Swedish Meteorological and 
Hydrological Institute database and the other applied high-resolution COSMO-CLM 4.8 
winds. The outcome of both simulations is compared with available instrumentally meas-
ured wave heights. Simulations using geostrophic winds systematically underestimated 
wave heights, whereas the hindcast using COSMO winds tended to overestimate wave 
heights. The simulation with COSMO winds provides an acceptable match with measured 
data in the entire sea. The hindcast forced with geostrophic winds is only adequate at the 
latitudes of the Gulf of Finland.

Introduction

The Baltic Sea is a region of great challenge for 
wave researchers as properties of wave fields 
reflect the combination of wind direction and the 
geometry of the water body at specific locations 
much more than in other, less geographically 
variable water bodies. The conditions of slanted 
fetch are frequent here (Pettersson et al. 2010) 
and the presence of extensive archipelago areas 
(Tuomi et al. 2014) may cause strong enough 
deviation from the traditional spectrum of waves 
to have a measurable effect on the definition of 
the significant wave height (Björkqvist et al. 
2019). The seasonal ice cover may affect the 

very meaning of common average wave prop-
erties (Tuomi et al. 2011). Wave climate stud-
ies are becoming increasingly important in the 
context of global climate change as due to the 
complex shape of the sea, the wave properties 
reflect not only changes in the wind speed or 
general storminess (Alexandersson et al. 1998), 
but also changes in the wind direction (Soomere 
et al. 2015) and modification of storm tracks 
(Lehmann et al. 2011).

Wave fields in the Baltic Sea exhibit high 
spatio-temporal variability due to the complex-
ity of the geometry of the sea, anisotropy of the 
wind regime, seasonal variability of wind speed 
and the occasional presence of ice cover (e.g., 
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Jönsson et al. 2002, Soomere 2003, Broman 
et al. 2006, Björkqvist et al. 2018). The wave 
climate is one of the most important indicators 
of the wind regime and local climate change in 
semi-enclosed sea areas (Weisse and von Storch 
2010). Considerable changes in the wave climate 
may greatly influence processes on the sedimen-
tary coasts in the eastern and southern parts of 
the Baltic proper (Orviku et al. 2003).

Basin-wide average wave properties such 
as the annual mean wave height over the entire 
Baltic Sea exhibit certain decadal-scale varia-
tions but do not show any significant trend. This 
feature is characteristic for both modelled wave 
fields (Soomere and Räämet 2014, Björkqvist 
et al. 2018) and wave data retrieved from 
satellite altimetry (Kudryavtseva and Soomere 
2017). This property is not applicable for single 
locations. The wave climate has extensive spa-
tial variability (Schmager et al. 2008, Soomere 
and Räämet 2011) and it also shows regime 
shifts (Soomere and Räämet 2014). The exist-
ing measured and visually observed data indi-
cate that changes in the Baltic Sea wave cli-
mate have been modest since the late 1950s 
through to the late 1980s (Broman et al. 2006, 
Soomere 2013). The situation changed drasti-
cally in the 1990s when rapid changes in the 
annual mean wave heights appeared synchro-
nously in both the eastern and western part of 
the northern Baltic proper (Broman et al. 2006, 
Soomere 2013) but there were no significant 
changes in wave heights on the Lithuanian 
coast (Kelpšaite et al. 2008).

Some of these changes were inconsistent 
with some of the recorded wind data. For 
example, the wind speed on the island of Utö 
(that reflects open sea wind conditions well) 
showed a slight increase in the 1980s–1990s 
(Broman et al. 2006). The changes only par-
tially matched the temporal course of stormi-
ness in the Baltic Sea region: it was relatively 
severe in the early 20th century, became milder 
in the middle of the century, more severe again 
in the 1980s and 1990s and probably again 
milder at the turn of the century (Alexanders-
son et al. 2000, Helminen 2006). An intensi-
fication of coastal processes at the end of the 
20th century apparently occurred because of 
shortening of the ice period (Orviku et al. 2003, 

Tõnisson et al. 2008, Orviku et al. 2009, Rya-
bchuk et al. 2011). Winter ice cover makes 
instrumental wave measurements problematic. 
Floating devices are usually removed from the 
sea before ice formation (Kahma et al. 2003). 
As a result, the measured time series do not 
include data from the windiest period and some 
reconstructions of severe wave storms cannot 
be complemented with field observations (e.g., 
Osinski and Radtke 2020).

Because instrumental measurements and 
visual observations have limited temporal and 
spatial coverage, numerical modelling is one 
of the few viable ways to replicate the Baltic 
Sea wave climate. Today, there exist a number 
of contemporary third-generation wave models 
capable of reproducing two-dimensional spec-
trum of wind waves (e.g., WAM, SWAN, 
WAVEWATCH III, WWM). In this study, we 
rely on simulations using the WAM model. 
This model gives good results in the Baltic 
Sea conditions if its resolution is sufficient and 
the wind information is of reasonable quality 
(Tuomi et al. 1999, Tuomi 2008, Björkqvist et 
al. 2017).

The most critical issue in contemporary 
wave modelling is the quality of wind informa-
tion. This is particularly important in the Baltic 
Sea. Over the last two decades, the quality 
of wind field data and analyses have signifi-
cantly increased the accuracy of wave climate 
modelling (Björkqvist et al. 2018). But still, 
the wave climate reconstructions show quite 
large differences between the modelled and 
measured data as well as between the results 
of different model runs (Nikolkina et al. 2014). 
For example, the HIRLAM model often under-
estimated the wind speed in the past (Jönsson 
2005). The MESAN reanalysis also tended to 
underestimate wind speeds (Häggmark et al. 
2000). The first multi-decadal reconstructions 
of wave patterns for the period 1970–2007 
using adjusted geostrophic winds clearly under-
estimated wave heights (Räämet et al. 2010, 
Räämet and Soomere 2010).

Another serious problem with the recon-
struction of a reliable wave climate of the 
Baltic Sea is the winter ice cover (Kahma et al. 
2003, Leppäranta and Myrberg 2009, Tuomi et 
al. 2011). Reconstructions under hypothetical 
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ice-free conditions give a reasonable represen-
tation of the wave conditions in the southern 
Baltic Sea and also provide a satisfactory rep-
resentation of the true wave field in the middle 
of the Baltic proper. However, in the northern 
Baltic Sea, determining the parameters of the 
wave climate is a major challenge (Tuomi et 
al. 2019) because some commonly used meas-
ures such as the annual mean wave height may 
be misleading. Also, the quality of some wind 
data sets varies over this water body. For exam-
ple, the MESAN wind data is more accurate 
near Sweden but less reliable at a larger dis-
tance from the shore (Räämet et al. 2009).

Numerous wave hindcasts have been 
performed for the Baltic Sea over the last 
decade (e.g., Tuomi et al. 2011, Soomere and 
Räämet 2011, Björkqvist et al. 2018). They all 
show a similar spatial pattern of wave proper-
ties (except for the southern Baltic Sea) but pro-
duce different quantitative results. Recent wind 
and wave reconstructions exhibit a good match 
in the entire Baltic Sea basin (Björkqvist et 
al. 2018). The reliability and accuracy of older 
simulations may vary over different regions. In 
order to make use of these reconstructions, e.g., 
in an ensemble of hindcasts, it is necessary to 
estimate their accuracy in different parts of the 
Baltic Sea. However, some of these reconstruc-
tions (e.g., those based on geostrophic winds) 
cannot be extended through to the present and 
verified against newer measured data because 
of lack of homogeneous wind information.

The goal of this study is to evaluate the 
spatial variation in the quality of wave climate 
reconstructions for 1970–2007 based on instru-
mental wave measurements of the entire Baltic 
Sea. Most of these measurements only cover 
short time intervals and thus are not suitable 
for estimates of long-term wave properties and 
their (e.g., decadal) variations. However, their 
use sheds light on the reliability of wave cli-
mate reconstructions and makes it possible to 
compare, at least qualitatively, the outcome of 
older reconstructions with newer hindcasts.

We focus on two model runs using differ-
ent wind data sets. One (historical) hindcast 
was forced with geostrophic winds and thus 
expected to highlight changes in wave fields 
that mirror similar changes in global wind 

patterns. Even though such forcing ignores 
most of local features of the wind fields, land-
sea differences and the surrounding surface 
roughness, it follows the large-scale distribu-
tion of air pressure and thus provides a reason-
able proxy of long-term changes to the wind 
fields. The other forcing is taken from the 
COSMO hindcast (Geyer 2014). Both runs are 
performed using the WAM model under hypo-
thetical ice-free conditions. The model results 
are compared to the wave buoy data at 16 loca-
tions (Fig. 1, Table 1) from the Swedish Mete-
orological and Hydrological Institute (SMHI), 
Finnish Meteorological Institute (FMI) and 
Institute for Coastal Research (ICR, now Insti-
tute of Coastal Systems), Helmholtz-Zentrum 
Geesthacht.

It is well known that the Baltic Sea wave 
fields are very intermittent and relatively short 
periods of intense waves are separated by much 
longer periods of fairly calm seas (Soomere 
and Eelsalu 2014). To avoid a deceptively good 
match between simulated and measured wave 
properties during calm time periods, modelled 
and measured wave properties are directly 
compared for single months chosen from rela-
tively windy autumn and winter time.

Fig 1. Locations of the SMHI, FMI and ICR instrumental 
wave measurement sites providing the data used in 
this study.
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Material and methods

Geostrophic hindcast

One set of wave properties over the Baltic Sea 
was simulated using the third generation spectral 
wave model WAM cycle 4 (Komen et al. 1994) 
for 1970–2007 and presented in a series of papers 
from Räämet and Soomere (2010) to Soomere 
and Räämet (2014). The bathymetry was based 
on data prepared by Seifert et al. (2001). The 
resolution of this data was 1´ along latitudes and 
2´ along longitudes. The calculation was done 
over a regular rectangular grid (239×238 points; 
including 11 545 sea points) with a resolution of 
about 3×3 nautical miles (grid increment for lati-
tudes 3' and for longitudes 6´). The grid covers 
the area from 09°36´E to 30°18´E and from 
53°57´N to 65°51´N. The model was run inde-
pendently from the North Sea in shallow-water 
mode with depth refraction but without depth-
induced wave breaking. At each sea point, 1008 
components of the two-dimensional (2D) wave 
spectrum (24 equally-spaced directions with the 
angular resolution of 15° and 42 frequencies 
ranging from 0.042 Hz with and increment of 
1.1) were computed. The range of wave periods 
was extended to about 2 Hz to properly resolve 
the wave growth in low wind conditions after 

calm periods (Soomere 2005). The ice cover and 
the presence of currents were ignored.

The model was forced with the near-surface 
wind at 10 m level that was constructed from 
the SMHI geostrophic wind database. The geos-
trophic wind grid resolution was 1×1°. The time 
step was 6 h before September 1977 and 3 h 
after that. The geostrophic wind speed was mul-
tiplied by 0.6 and the wind direction was turned 
counter-clockwise by 15° as recommended by 
Bumke and Hasse (1989). The resulting values 
were interpolated to a grid with a step of about 
6 nautical miles (123×107 points from 09°30´E 
to 30°12´E and from 53°57´N to 65°51´N) and 
finally into the resolution of the WAM model 
internally within the model. A detailed descrip-
tion of this model run is given in Räämet and 
Soomere (2010) and Soomere and Räämet 
(2011).

COSMO hindcast

The wave properties evaluated using geostrophic 
winds were compared with the results of a wave 
hindcast forced by COSMO winds. See the 
description of this model and its products in 
Geyer (2014). The bathymetry for the model 
was based on the same data set as for the model 

Table 1. Instrumentally-measured wave data of the Baltic Sea. The comparisons with modelled data are only per-
formed from the years 1977–2007.

Station Lon Lat Time Period

Finngrundet (SMHI)  61.00 18.67 02.06.2006–19.08.2016
Finska Enskär (SMHI)  60.88 20.75 08.08.1989–19.12.1989
Örskär (SMHI)  60.87 18.23 21.07.1989–12.12.1989
Svenska Björn (SMHI)  59.47 20.35 01.11.1982–03.01.1987
Almagrundet (SMHI)  59.15 19.13 27.10.1978–04.09.2003
Huvudskär (SMHI)  58.93 19.17 10.05.2001–19.08.2016
Gustav Dahlen (SMHI)  58.60 17.47 07.07.1983–16.10.1987
Östergarn (SMHI)  57.43 19.28 01.05.1986–21.11.1986
Hoburg (SMHI)  56.83 18.22 24.06.1981–24.01.1982
Kristianopel (SMHI)  56.17 16.12 19.04.1990–13.03.1991
Ölands Södra Grund (SMHI)  56.07 16.68 19.10.1978–26.03.2004
Karlskrona (SMHI)  55.93 15.32 14.11.1985–15.01.1986
Södra Östersjön (SMHI)  55.92 18.78 15.06.2005–16.04.2011
Suomenlahti (FMI)  59.96 25.24 18.10.2000–02.11.2015
Darss Sill (ICR)  54.70 12.70 29.01.1991–05.07.2011
Pohjois-Itämeri (FMI) 59.25 21.00 01.01.1996–02.11.2015
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forced with geostrophic winds. The regular rect-
angular grid with the same resolution covers a 
slightly larger area from 09°00´E to 31°30´E 
and from 53°30´N to 66°00´N. The grid contains 
226×251 points (including 13 396 sea points). 
The wave hindcast was run in shallow-water 
spherical mode with depth-induced wave break-
ing and depth refraction accounted for. Simi-
larly to the geostrophic hindcast, the ice cover, 
the presence of currents and the wave energy 
flux from the North Sea were ignored. The 
directional structure of the wave spectrum was 
approximated by 24 equally spaced directions 
on a rotated grid (from 7.5° to 352.5°). The 
energy of wave components was approximated 
using 35 frequencies (from 0.042 Hz to 1.07 Hz) 
arranged in a geometrical progression with an 
increment of 1.1.

For this run, the WAM model v.4.5.3.2 was 
forced by winds from the meso-scale meteo-
rological model COSMO-CLM 4.8 (Rockel et 
al. 2008) performed for 1948–2012. The wave 
model was run from the for 1970–2007. As the 
COSMO model is widely used in atmospheric 
modelling (Geyer 2014) and in a number of 
applications (Hermans et al. 2012, Geyer et al. 
2015), we only present here a very brief over-
view of the wind data. The COSMO model is a 
non-hydrostatic operational weather prediction 

model that is developed by the several European 
national weather services organized in the "COn-
sortium for Small-scale MOdelling". The wind 
information from this model has a horizontal 
resolution 0.22° that corresponds to a grid spac-
ing of about 24 km. The COSMO simulation has 
a regular rectangular grid in rotated coordinates 
where 40 vertical levels up to a height of 27 km 
are used. The time step of the data used was 1 h.

Results

The comparison of the output of the hindcasts 
was performed for the years 1970–2007. Both 
hindcasts agree that the most intensive wave 
fields occur in the central and south-eastern 
Baltic proper to the south and south-east of the 
island of Gotland (Fig. 2). The long-term aver-
age wave height reaches 1.3 m according to the 
run forced with COSMO winds. The second area 
of high wave activity appears in the Sea of Both-
nia where the average wave height reaches 1.1 m 
according to COSMO winds. Semi-enclosed 
areas like the Gulf of Finland, the Gulf of 
Riga and the Gulf of Bothnia host much lower 
wave activity, with the long-term average wave 
heights approximately 0.8 m. The described 
pattern matches well the outcome of Tuomi 

Fig 2. Long-term average significant wave height (cm) in the Baltic Sea from 1970–2007 from the WAM model 
forced by (a) geostrophic winds (adapted from Räämet and Soomere 2010) and (b) COSMO winds.
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et al. (2011), which was performed using the 
WAM model and wind data from the HIRLAM 
model. A similar pattern was found also in Jöns-
son et al. (2003). A 41 year long hindcast for 
1965–2005 (Björkqvist et al. 2018) performed 
using the SWAN model and BaltAn65+ winds 
revealed a spatial distribution of wave heights 
very close to the results presented here, with the 
mean wave heights in the Baltic proper almost 
the same as those evaluated using COSMO 
winds. The consistency with previous validated 
hindcasts suggests that the hindcast based on 
COSMO winds replicates well wave properties 
in the study area.

The hindcast that used geostrophic winds 
showed systematically lower average wave 
heights than simulations using COSMO winds 
(Fig. 2). A previous comparison with instrumen-
tal measurements and visual observations indi-
cates that the model forced by geostrophic winds 
underestimates wave heights by about 15–20% 
(Soomere and Räämet 2011, pp. 345 and 359). 
The spatial pattern of long-term average wave 
heights is generally similar to that established 
using COSMO winds. The largest wave heights 
are in the southern Baltic proper, the northern 
Baltic proper and the Sea of Bothnia. The pat-
terns based on COSMO winds are more sym-
metric in the east-west direction whereas the 
results based on geostrophic winds indicate 
larger wave heights in the western part of the 
southern Baltic proper and in the eastern part of 
the Sea of Bothnia.

The largest average wave heights are found 
in the northern and southern Baltic proper. In 
contrast to results obtained using COSMO 
winds, the wave activity evaluated using geo-
strophic winds is quite low in the south-east-
ern part of the Baltic proper near the coasts 
of Lithuania and the Kaliningrad district. The 
maximum average wave height (0.87 m in the 
Baltic proper) is lower than in simulations with 
the COSMO winds and appears in an area south-
west of Gotland. Similarly to simulations with 
COSMO winds, wave heights in semi-closed 
areas such as the Gulf of Finland and the Gulf 
of Riga are noticeably lower (0.6–0.7 m) than in 
the Baltic proper. Simulations using geostrophic 
winds give the same maximum average wave 
height in the Sea of Bothnia as in the Baltic 
proper (0.86 m).

Different from the simulations with the 
COSMO wind, the hindcast based on geostrophic 
winds indicates strong east-west asymmetry of 
average wave heights in the Sea of Bothnia, 
where the eastern part of the sea hosts much 
larger waves. Also, simulations forced with geo-
strophic winds indicate a distinct wave height 
maximum (0.93 m) in the Arkona basin. This 
anomaly is present neither in the COSMO hind-
cast nor in the earlier studies (Jönsson et al. 
2003, Tuomi et al. 2011, Siewert et al. 2015, 
Björkqvist et al. 2018). This peak apparently 
stems from the inability of geostrophic winds to 
follow different roughness of sea and land in this 
region.

Fig 3. (a) Correlation, (b) root mean square deviation and (c) bias (cm) between modelled wave data produced by 
models forced using geostrophic winds and COSMO winds. Negative bias means that the model forced by COSMO 
winds gives higher waves than the model driven by geostrophic winds.
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The wave heights calculated using geos-
trophic and COSMO winds best match each other 
in the northern Baltic proper, in the southern part 
of the Sea of Bothnia and in the Gulf of Finland 
(Fig. 3). The maximum correlation coefficient 
(up to 0.8) was found in the eastern Gulf of Fin-
land. To the north and south of the latitudes of 
the Gulf of Finland the correlation between the 
two simulated wave data sets decreases rapidly. 
A remarkable mismatch between wave heights 
calculated using geostrophic and COSMO winds 
appears in the south-western Baltic Sea and 
in the Bay of Bothnia where the correlation is 
almost zero.

The pattern of root mean square deviation 
(RMSD, Fig. 3) between the two wave sim-
ulations to a large extent mirrors the spatial 
distribution of the correlation coefficient. It is 
fairly small, at a level of 0.1–0.2 m in the Gulf 
of Finland and around latitude 60°N in the Baltic 
proper. This match is very good in the light of a 
comparison of modelled data with the outcome 
of simulations (Björkqvist et al. 2018). The dif-
ference is much larger, at a level of about 0.5 m 
in the entire Sea of Bothnia, including the Bay 
of Bothnia where wave heights are basically the 
same as in the Gulf of Finland. Therefore, a good 
match of the two simulations at the latitudes of 

the Gulf of Finland does not stem from simply 
low wave activity in this area and apparently 
reflects the acceptable quality of the geostrophic 
winds in this region.

Consistently with the spatial distribution of 
the correlation coefficient, the RMSD is very 
large, over 1 m in the southern Baltic proper, 
thus at the level of the average wave height 
in this basin. This large difference does not 
necessarily mean that one of the simulations is 
useless. It may easily stem from a difference in 
the timing of strong wind events in COSMO and 
geostrophic winds.

The spatial patterns of bias (Fig. 3) between 
the outcome of the two models first demon-
strates the feature noted in discussions of the 
wave climate replicated using geostrophic winds 
(Soomere and Räämet 2011, 2014, Soomere et 
al. 2012): that such simulations systematically 
underestimated the wave height. Consistent 
with this feature, simulations using COSMO 
winds give higher waves in almost the entire sea 
compared to the hindcast forced by geostrophic 
winds. There are only some small areas near 
the coasts where the situation is different. This 
pattern also apparently reflects the inability of 
geostrophic winds to take into account the dif-
ferent roughness of sea and land. Wave heights 

Fig 4. Correlation coefficients between measured wave properties at the locations of the SMHI, FMI and ICR meas-
urement sites and wave heights simulated using (a) geostrophic winds and (b) COSMO winds.
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calculated using COSMO winds substantially 
exceed wave heights obtained with the use of 
geostrophic winds in the southern part of Baltic 
proper where the bias is almost 60 cm. On such 
occasions it is apparent that the simulations 
using the geostrophic winds are not reliable. In 
the northern Baltic proper where the correlation 
is higher the bias was in the range of 30–40 cm. 
As expected, the main features of the spatial 
distribution of bias and RMSD follow long term 
mean wave heights calculated using COSMO 
winds.

To avoid a deceptively good match between 
simulated and measured wave properties during 
calm time periods, we calculated correlation 
coefficients for one, two or three month periods 
depending on the availability of measured wave 
data (Fig. 4). The months for comparisons were 
chosen from the relatively windy autumn and 
winter time.

Not surprisingly, the time series of wave 
heights replicated using COSMO winds shows 
much better correlation (the relevant correla-
tion coefficient usually in the range of 0.7–0.9 
and only in a few places below 0.7) with mea-
surements than those retrieved from simulations 
forced by geostrophic winds. This correlation 
between measurements and wave properties 
obtained with the use of geostrophic winds 
changes over a wide range. In the northern Baltic 
proper and in the Gulf of Finland the correlation 

coefficient is about 0.7–0.8. To the north and 
south of this region it decreases rapidly. In the 
Sea of Bothnia and in the southern Baltic proper 
it falls to 0.2–0.3 and in the south-western Baltic 
Sea the correlation is almost zero. This pattern 
follows the spatial distribution of correlation 
coefficients between the two hindcasts (Fig. 3).

To quantitatively compare the modelled and 
instrumentally measured wave heights, we cal-
culated average significant wave heights at the 
available SMHI, FMI and ICR wave measure-
ment sites for all available measured wave data 
(Table 2). The wave heights calculated using 
geostrophic winds are, in almost all locations, 
significantly lower than the measured wave 
heights. The biggest difference (about 0.5 m) is 
at Huvudskär. Interestingly, simulations forced 
with geostrophic winds give higher than mea-
sured average wave height at the Gustav Dahlen 
and Kristianopel locations near the Swedish 
coast.

On the contrary, the hindcast forced with 
COSMO winds gave systematically higher 
average wave heights than the measurements. 
The difference is smaller than that between the 
measured data and the outcome of modelling 
using geostrophic winds. The largest mismatch 
(22 cm) is at Södra Östersjön in the southern 
Baltic Sea. Similar to the above, the hindcast 
based on COSMO winds underestimated aver-
age wave heights at two stations (Finska Enskär 

Table 2. Comparison of the average significant wave height at the locations of SMHI, FMI and ICR wave buoys, cm.

Station Buoy Geostr COSMO G–Buoy C–Buoy

Finngrundet 84 76 99 –8 15
Finska Enskär 123 82 109 –41 –14
Örskär 79 74 89 –6 10
Svenska Björn 112 80 119 –32 7
Almagrundet 88 71 100 –17 12
Huvudskär 121 73 106 –48 –14
Gustav Dahlen 69 75 78 5 9
Östergarn 83 73 92 –1 9
Hoburg 92 84 109 –8 17
Kristianopel 64 68 78 4 14
Ölands Södra Grund 103 84 117 –19 14
Karlskrona 95 73 103 –23 8
Södra Östersjön 104 82 126 –22 22
Suomenlahti 84 68 77 –16 –7
Darss Sill 75 81 82 5 7
Pohjois-Itämeri 124 82 119 –4 –5
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Fig 5. Scatter plot of measured and modelled significant wave heights at the locations of the SMHI wave buoys. 
The brightness scale shows the number of wave events in pixels with dimensions of 10×10 cm. Panels (a), (b) and 
(d) represent single windy months whereas panel (c) represents one year.
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in the Sea of Bothnia and Huvudskär in the 
northern Baltic proper) in the northern part of 
the sea. At these stations the mismatch of measu-
red data with the simulations using geostrophic 
winds was the largest (Table 2). 

Further information about the (mis)match 
of modelled and hindcast data can be obtained 
using scatter plots of single overlapping data 
entries (Fig. 5). As the Baltic Sea wave fields 
are very intermittent, we present scatter plots for 
single months from the relatively windy autumn 
and winter time. The pattern of similarities and 
differences of modelled and measured wave 
heights is highly different in different locations. 
The outcome of both simulations match the mea-
surements relatively well in the northern Baltic 
proper at Almagrundet (Fig. 5b). The simulations 
forced by COSMO winds give a quite good 
match with measured data (but slightly overesti-
mate wave heights) in most locations. The nature 
and level of scatter is similar for the Sea of Both-
nia (Finngrundet, Fig. 5a), the northern Baltic 
proper (Almagrundet, Fig. 5b) and the southern 
Baltic proper (Ölands Södra Grund, Fig. 5d).

As expected, scatter plots for longer time 
periods (one year in Fig. 5c) lead to point clouds 
that present much fewer features and where the 
average match of measured and hindcast wave 
data seems reasonable. This kind of match is 
mostly supported by data points that correspond 
to relatively low wind and wave conditions. As 
the number of such data points is comparatively 
large in the intermittent wave climate of the 
Baltic Sea, the presence of many such points to 
some extents masks the mismatch of wave prop-
erties under higher winds.

Consistent with the above, the simulation 
forced by geostrophic winds reasonably repli-
cates wave heights in the Sea of Bothnia (Finn-
grundet), systematically and severely underesti-
mates wave heights in some parts of the northern 
Baltic proper (Almagrundet) and unsatisfactorily 
follows actual wave heights in the southern 
Baltic proper (Ölands Södra Grund). In partic-
ular, this hindcast completely fails to replicate a 
set of strong wave events with heights of 2–4 m 
at Ölands Södra Grund.

The described pattern of differences is also 
evident in scatter plots of the outcome of sim-
ulations with COSMO winds and geostrophic 

winds. The relevant bias between the measured 
and hindcast data for the compared data sub-
sets is again considerably higher for simulations 
based on geostrophic winds than for those forced 
by COSMO winds (cf. Fig. 4). The described 
features again confirm that simulations with 
COSMO winds have consistently the same level 
of quality over the entire sea but simulations 
forced with geostrophic wind have very low 
quality in the southern areas of the sea.

Discussion

The presented material gives an insight into the 
accuracy (and thus the reliability) of an older 
hindcast of wave properties in the Baltic Sea for 
1970–2007 in comparison with contemporary 
simulations of the wave climate. The results of 
two discussed hindcasts (performed using geos-
trophic winds and COSMO winds, respectively) 
are compared with available instrumental wave 
measurements.

The core message is a well-known conjecture 
that the quality of historical simulations of wave 
climate substantially varies in different regions 
and that most of these (often great) differences 
stem from the different replications of the wind 
field that are used to force the wave model.

There are some features for which all the 
recent and historical wave simulations agree. 
For example, the eastern part of the Baltic Sea 
has the most severe wave climate. The wave 
intensity is, on average, somewhat lower in the 
Sea of Bothnia and considerably lower in the 
smaller sub-basins of the sea such as the Bay of 
Bothnia, the Gulf of Finland, the Gulf of Riga or 
the Arkona basin.

There remain differences and inconsistencies 
that seem to be an intrinsic part of wave model-
ling in the Baltic Sea. For example, the locations 
of hindcast long-term wave height maxima differ 
considerably. The models do not even agree 
as to whether the highest waves appear in the 
north-eastern (Tuomi et al. 2011) or south-east-
ern (Nikolkina et al. 2014, Björkqvist et al. 2018) 
areas of the Baltic proper or to the south of Got-
land in the south-western Baltic proper (Soomere 
and Räämet 2011). In essence, it is a reflection of 
a common feature in wave modelling today, that 
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a significant difference between measurements 
and modelling often occurs (Bonaduce et al. 
2019).

It is highly unlikely that small differences 
in bathymetry, model parameters or model type 
can cause such large differences in simulation 
results. Even ignoring sea ice cannot cause these 
differences, in particular, to the south of the Gulf 
of Finland latitudes. The most likely source of 
mismatches is thus hidden in the wind infor-
mation. The use of geostrophic winds evidently 
suppresses wave heights in the sea area between 
Gotland and Lithuania and Poland (Fig. 3). This 
feature may easily relocate the actual area of 
maximum wave intensity at these latitudes to 
the west. Also, subtle changes in the wind pat-
terns such as possible changes in the directional 
structure of winds (highlighted in the analy-
sis of satellite information in Kudryavtseva and 
Soomere 2017), may cause “relocation” of the 
maxima of wave intensity in simulations per-
formed over different time intervals.

Another important message is that older wave 
modelling efforts evidently have very different 
quality in different parts of the Baltic Sea. The 
match with newer simulations is better in near-
shore areas and in some of the semi-enclosed 
sub-basins (Soomere et al. 2012) where the bias 
in terms of wave heights is relatively low. This 
bias probably does not play a great role in appli-
cations such as wave-driven alongshore sediment 
transport that only use certain long-term proper-
ties of the wave climate. For example, specifica-
tion of the closure depth only requires the wave 
heights that occur, on average, 12 hours a year 
and estimates of wave-driven alongshore sedi-
ment transport and simple models of shoreline 
evolution rely on the frequency of occurrence of 
waves with different heights, periods and propa-
gation directions, often under the assumption 
that the wave climate is statistically stationary 
(e.g., Deng et al. 2015). It is, however, critical 
in applications that require an adequate timing 
of wave events such as evaluation of the con-
tribution of wave set-up to the total water level 
(Pindsoo and Soomere 2015). On such occa-
sions it is strongly suggested that contemporary 
numerically simulated wind information is used.

The hindcast forced by an even relatively old 
version of COSMO winds (performed in 2013 

for the years 1948–2012, Geyer 2014) seems to 
produce fairly consistent results over the entire 
sea. The correlation between modelled and mea-
sured wave heights remains generally the same 
over the entire sea. The relevant correlation 
coefficient is about 0.8 and in some places even 
above 0.9. Scatter plots of modelled and mea-
sured wave heights also reveal that wave heights 
are reasonably replicated in the largest basins of 
the sea.

In contrast, the adequacy of the wave climate 
restored using geostrophic winds varies greatly 
in different parts of the sea. In the northern Baltic 
proper and Gulf of Finland the outcome gives 
results that match the hindcast using COSMO 
winds. However, away from this region, the 
accuracy of replication of wave properties using 
geostrophic winds rapidly drops. This feature 
becomes evident in all components of our anal-
ysis. The replication of the main statistical prop-
erties of the wave climate (e.g., the mean wave 
height) may still be acceptable in some sheltered 
and/or nearshore regions as shown in (Viška and 
Soomere 2012) in terms of the hindcast of sedi-
ment transport along the Curonian Spit. We once 
more note that historical wave hindcasts using 
geostrophic winds systematically underestimate 
wave heights in the open sea areas whereas sim-
ulations using COSMO winds tend to overesti-
mate the wave heights.

In conclusion, offshore wave properties 
simulated using geostrophic winds provide an 
acceptable replication of long-term wave height 
only in the northern Baltic proper and the Gulf 
of Finland. The simulations using COSMO 
winds acceptably replicate the past wave cli-
mate in most areas of the Baltic Sea in terms of 
the wave height. The outcome of the hindcast 
using COSMO winds is close to the one that 
used BaltAn65+ winds (Björkqvist et al. 2018) 
whereas simulations using geostrophic winds 
provide results that diverge significantly from 
both of these studies.

Acknowledgements: The research was co-supported by the 
Estonian Ministry of Education and Research (Estonian 
Research Council, institutional support IUT33-3 and grant 
PRG1129) and the European Economic Area (EEA) Finan-
cial Mechanism 2014–2021 Baltic Research Programme 
project EMP480. The authors are deeply grateful to the ICR 
for providing the COSMO wind data, and to SMHI, FMI and 



40 Räämet et al. • BOREAL ENV. RES. Vol. 26

Baltic Sea wave fields. Ocean Eng. 30: 107–126.
Kahma K., Pettersson H. & Tuomi L. 2003. Scatter dia-

gram wave statistics from the northern Baltic Sea. 
MERI – Report Series of the Finnish Institute of Marine 
Research 49: 15–32.

Kelpšaite L., Herrmann H. & Soomere T. 2008. Wave regime 
differences along the eastern coast of the Baltic Proper. 
Proc. Estonian Acad. Sci. 57(4): 225–231.

Komen G.J., Cavaleri L., Donelan M., Hasselmann K., 
Hasselmann S. & Janssen P.A.E.M. 1994. Dynamics 
and Modelling of Ocean Waves. Cambridge University 
Press, Cambridge.

Kudryavtseva N.A. & Soomere T. 2017. Satellite altime-
try reveals spatial patterns of variations in the Baltic 
Sea wave climate. Earth Syst. Dyn. 8: 697–706, doi: 
10.5194/esd-8-697-2017

Lehmann A., Getzlaff K. & Harlaß J. 2011. Detailed assess-
ment of climate variability in the Baltic Sea area for the 
period 1958 to 2009. Clim. Res. 46: 185–196.

Leppäranta M. & Myrberg K. 2009. Physical Oceanography 
of the Baltic Sea. Springer-Verlag Berlin Heidelberg.

Nikolkina I., Soomere T. & Räämet A. 2014. Multidecadal 
ensemble hindcast of wave fields in the Baltic Sea. 
Proceedings of the 6th IEEE/OES Baltic International 
Symposium, 26–29 May 2014, Tallinn, Estonia.

Orviku K., Jaagus J., Kont A., Ratas U. & Rivis R. 2003. 
Increasing activity of coastal processes associated with 
climate change in Estonia. J. Coast. Res. 19: 364–375.

Orviku K., Suursaar Ü., Tõnisson H., Kullas T., Rivis R. 
& Kont A. 2009. Coastal changes in Saaremaa Island, 
Estonia, caused by winter storms in 1999, 2001, 2005 
and 2007. J. Coast. Res. Special Issue 56: 1651–1655.

Osinski R.D. & Radtke H. 2020. Ensemble hindcasting 
of wind and wave conditions with WRF and WAVE-
WATCH III (R) driven by ERA5. Ocean Sci. 16(2): 
355–371, doi: 10.5194/os-16-355-2020.

Pettersson H., Kahma K.K. & Tuomi L. 2010. Wave direc-
tions in a narrow bay. J. Phys. Oceanogr. 40(1): 155–
169, doi: 10.1175/2009JPO4220.1.

Pindsoo K. & Soomere T. 2015. Contribution of wave set-up 
into the total water level in the Tallinn area. Proc. 
Estonian Acad. Sci. 64(3S): 338–348, doi: 10.3176/
proc.2015.3S.03.

Räämet A. & Soomere T. 2010. The wave climate and its 
seasonal variability in the northeastern Baltic Sea. Esto-
nian J. Earth Sci. 59(1): 100–113.

Räämet A., Soomere T. & Zaitseva-Pärnaste I. 2010. Vari-
ations in extreme wave heights and wave directions in 
the north-eastern Baltic Sea. Proc. Estonian Acad. Sci. 
59(2): 182–192.

Räämet A., Suursaar Ü., Kullas T. & Soomere T. 2009. 
Reconsidering uncertainties of wave conditions in the 
coastal areas of the northern Baltic Sea. J. Coast. Res. 
Special Issue 56: 257–261.

Rockel B., Will A. & Hense A. 2008. The regional climate 
model COSMO-CLM (CCLM). Meteorol. Z. 17(4), 
347–348.

Ryabchuk D., Kolesov A., Chubarenko B., Spiridonov M., 
Kurennoy D. & Soomere T. 2011. Coastal erosion 
processes in the eastern Gulf of Finland and their links 

ICR for making the wave data publicly available. The authors 
are particularly thankful for one referee whose detailed com-
ments helped us to greatly improve the manuscript.

References

Alexandersson H., Schmith T., Iden K. & Tuomenvirta H. 
1998. Long-term variations of the storm climate over 
NW Europe. The Global Atm. Ocean System 6: 97–120.

Björkqvist, J.-V., Tuomi, L., Fortelius, C., Pettersson, H., 
Tikka, K. & Kahma, K.K. 2017. Improved estimates 
of nearshore wave conditions in the Gulf of Finland. J. 
Mar. Syst. 171: 43–53.

Björkqvist, J.-V., Lukas I., Alari V., Ph. van Vledder G., 
Hulst S., Pettersson H., Behrens A. & Männik A. 2018. 
Comparing a 41-year model hindcast with decades of 
wave measurements from the Baltic Sea. Ocean Eng. 
152: 57–71.

Björkqvist J.-V., Pettersson H. & Kahma K.K. 2019. The 
wave spectrum in archipelagos. Ocean Sci. 15(6): 1469–
1487.

Bonaduce A., Staneva J., Behrens A., Bidlo, J.R. & Wilcke 
R.A.I. 2019. Wave climate change in the North Sea 
and Baltic Sea. J. Mar. Sci. Eng. 7: 166, doi:10.3390/
jmse7060166.

Broman B., Hammarklint T., Rannat K., Soomere T. & Vald-
mann A. 2006. Trends and extremes of wave fields in 
the north–eastern part of the Baltic Proper. Oceanologia 
48: 165–184.

Bumke K. & Hasse L. 1989. An analysis scheme for deter-
mination of true surface winds at sea from ship synoptic 
wind and pressure observations. Bound. Lay. Meteor. 47: 
295–308.

Deng J.J., Harff J., Schimanke S. & Meier H.E.M. 2015. A 
method for assessing the coastline recession due to the 
sea level rise by assuming stationary wind-wave cli-
mate. Oceanol. Hydrobiol. Studies 44(3): 362–380, doi: 
10.1515/ohs-2015-0035.

Geyer B. 2014. High-resolution atmospheric reconstruction 
for Europe 1948–2012: coastDat2. Earth Syst. Sci. Data 
6: 147–164.

Geyer B., Weisse R., Bisling P. & Winterfeldt J. 2015. 
Climatology of North Sea wind energy derived from 
a model hindcast for 1958–2012. J. Wind Eng. Ind. 
Aerodyn. 147: 18–29.

Hermans A., Ament F., Geyer B., Matthias V., Quante M. & 
Rockel B. 2012. Evaluation of Humidity, Clouds and 
Precipitation in COSMO-CLM and MM5 over Ger-
many. Meteorol. Z. 21(5): 487–502.

Häggmark L., Ivarsson K.-I., Gollvik S. & Olofsson P.-O. 
2000. MESAN, an operational mesoscale analysis 
system. Tellus 52A: 2–20.

Jönsson A. 2005. Model Studies of Surface Waves and Sedi-
ment Resuspension in the Baltic Sea. PhD thesis. Linkö-
ping Studies in Arts and Science, No. 332. Linköping 
University.

Jönsson A., Broman B. & Rahm L. 2002. Variations in the 



BOREAL ENV. RES. Vol. 26 • Quality of historical wave climate reconstructions 41

with geological and hydrometeorological factors. Boreal 
Environ. Res. 16(Suppl. A): 117–137.

Schmager G., Fröhle P., Schrader D., Weisse R. & Müller-
Navarra S. 2008. Sea state, tides. In: Feistel R., Nausch 
G. & Wasmund N. (eds.) State and Evolution of the 
Baltic Sea 1952–2005, Wiley, 143–198.

Seifert T., Tauber F. & Kayser B. 2001. A high resolution 
spherical grid topography of the Baltic Sea, 2nd edi-
tion. In: Baltic Sea Science Congress, Stockholm 25–29 
November 2001, Poster #147, www.io-warnemuende.
de/iowtopo

Siewert M., Schlamkow C. & Saathoff F. 2015. Spatial 
analyses of 52 years of modelled sea state data for the 
Western Baltic Sea and their potential applicability for 
offshore and nearshore construction purposes. Ocean 
Eng. 96: 284–294.

Soomere T. 2003. Anisotropy of wind and wave regimes in 
the Baltic Proper. J. Sea Res. 49: 305–316.

Soomere T. 2005. Wind wave statistics in Tallinn Bay. 
Boreal Environ. Res. 10(2): 103–118.

Soomere T. 2013. Extending the observed Baltic Sea wave 
climate back to the 1940s. J. Coast. Res. Special Issue 
65: 1969–1974.

Soomere T. & Eelsalu M. 2014. On the wave energy poten-
tial along the eastern Baltic Sea coast, Renew. Energy 
71: 221–233.

Soomere T. & Räämet A. 2011. Spatial patterns of the wave 
climate in the Baltic Proper and the Gulf of Finland. 
Oceanologia 53(1-TI): 335–371.

Soomere T. & Räämet A. 2014. Decadal changes in the 
Baltic Sea wave heights. J. Mar. Syst. 129: 86–95.

Soomere T., Weisse R. & Behrens A. 2012. Wave climate 
in the Arkona Basin, the Baltic Sea. Ocean Sci. 8: 
287–300.

Soomere T., Bishop S.R., Viška M. & Räämet A. 2015. An 
abrupt change in winds that may radically affect the 
coasts and deep sections of the Baltic Sea. Clim. Res. 62: 

163–171, doi: 10.3354/cr01269.
Tuomi L. 2008. The accuracy of FIMR wave forcasts in 

2002–2005. MERI – Report series of the Finnish Insti-
tute of Marine Research 63: 7–16.

Tuomi L., Kanarik H., Björkqvist, J.-V., Marjamaa, R., 
Vainio, J., Hordoir, R., Höglund, A. & Kahma, K.K. 
2019. Impact of ice data quality and treatment on 
wave hindcast statistics in seasonally ice-covered 
seas. Frontiers Earth Sci. 7, UNSP 166, doi: 10.3389/
feart.2019.00166

Tuomi L., Pettersson H., Fortelius C., Tikka K., Björkqvist 
J.V. & Kahma K.K. 2014. Wave modelling in archipel-
agos. Coast. Eng. 83: 205–220, doi: 10.1016/j.coast-
aleng.2013.10.011.

Tuomi L., Kahma K.K. & Pettersson H. 2011. Wave hind-
cast statistics in the seasonally ice-covered Baltic Sea. 
Boreal Env. Res. 16: 451–472.

Tuomi L., Pettersson H. & Kahma K. 1999. Preliminary 
results from the WAM wave model forced by the 
mesoscale EUR-HIRLAM atmospheric model. MERI 
– Report series of the Finnish Institute of Marine 
Research 40: 19–23.

Tõnisson H., Orviku K., Jaagus J., Suursaar Ü., Kont A. & 
Rivis R. 2008. Coastal damages on Saaremaa Island, 
Estonia, caused by the extreme storm and flooding on 
January 9, 2005. J. Coast. Res. 24(3): 602–614.

Weisse R. & von Storch, H. 2010. Marine climate and cli-
mate change. Storms, wind waves and storm surges. 
Springer, Berlin, Heidelberg, New York.

Viška M. & Soomere T. 2012. Hindcast of sediment flow 
along the Curonian Spit under different wave climates. 
Proceedings of the IEEE/OES Baltic 2012 International 
Symposium “Ocean: Past, Present and Future. Climate 
Change Research, Ocean Observation & Advanced 
Technologies for Regional Sustainability,” May 8–11, 
Klaipėda, Lithuania. IEEE Conference Publications, 7 
pp. doi 10.1109/BALTIC.2012.6249195.


