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We explore the effect of sea ice on wind wave statistics and wave-driven hydrodynamic
loads in a seasonally ice-covered sea. We compare the results of hypothetical ice-free
wave simulations for 1979-2007 in the northern Baltic Sea with in-situ wave time series
and with truncated simulations in which waves during the ice season are ignored. The ice
cover impacts the mean wave properties usually less than 5% and up to 10-20% at a few
locations. The cumulative annual wave energy and energy flux are greatly (up to 82%)
influenced. The mean wave properties and the ice season duration are almost uncorrelated
in the Sea of Bothnia and Bay of Bothnia but have a statistically significant (at a > 99%
level) negative correlation at the latitudes of the Gulf of Finland. This feature implies that
climate-driven changes, first of all, the later appearance of ice in the relatively windy late
autumn and winter season, may considerably add energy to coastal processes at these lati-

tudes.

Introduction

Variations in the wave climate have a broad
impact, from shaping coastlines (e.g., Labuz
2015, Kelpsaite-Rimkiené et al. 2021) and
coastal erosion (Ryabchuk er al. 2011, Suursaar
et al. 2014, Harff et al. 2017) to the safety of
navigation and shipping (Goerlandt et al. 2017,
Lensu and Goerlandt 2019). These variations
are largely driven by similar variations in the
weather conditions, first of all wind forcing and
air temperature. Sea ice also has a great influence
on wave properties. They both have extensive
seasonal and interannual variability and they
both are eventually impacted by climate change
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in boreal marginal seas, such as the Baltic Sea
(Fig. 1).

The weather conditions of the Baltic Sea are
mostly controlled by two dominant atmospheric
circulation systems; the North Atlantic Oscilla-
tion and the Scandinavian mode (e.g., von Storch
et al. 2015). Their extensive variability leads to
large spatial and temporal variations in the mean
and extreme Baltic Sea wave properties. These
changes exhibit a complicated spatial pattern
(Soomere and Radmet 2011). The mean sig-
nificant wave height, /7, evaluated using satellite
altimetry data 1993-2015, varied in the range of
1-1.3 m in the Baltic proper (Kudryavtseva and
Soomere 2016, 2017). This value may be slightly
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Fig 1. Map of the study area and the discussed loca-
tions. The wave measurement devices operated by
the Swedish Meteorological and Hydrological Institute
(SMHI) and Finnish Meteorological Institute (FMI) are
marked with red and blue stars, respectively. The loca-
tions of FMI temperature buoys are shown by blue
circles, WAM model grid points used in the analysis by
green circles, and the south-west SMHI location Nord-
valen by a red triangle.

overestimated because satellite altimetry does
not recognise very low wave heights. In semi-
enclosed areas like the Bay of Bothnia, the Gulf
of Finland, and the Gulf of Riga, the mean
had lower values in the range of 0.5-1 m (Tuom1
et al. 2011, Nikolkina et al. 2014).

The most disruptive storms in the Baltic Sea
basin usually happen in late autumn or early
winter (Suursaar et al. 2006, Bjorkqvist et al.
2017, 2020). The severest wave events are found
in the northern part of the Baltic proper where
the maximum measured / and peak period
reached 8.2 m and over 12 s, respectively, in
December 2004 (Soomere et al. 2008, Tuomi et
al. 2011, Bjorkqvist et al. 2018). Waves can also
be very high in the Sea of Bothnia; for example,
in January 2019, the maximum /_ and the peak
period in the southern part of this basin reached
8.1 m and 12 s, respectively (Bjorkqvist et al.
2020).

The long-term changes in the wind and wave
properties in the Baltic Sea region are less reli-
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ably known than their short-term variations.
Wind speeds have increased at an 850 hPa level
over the Atlantic Ocean (Pryor and Barthelmie
2003, Torralba et al. 2017) and strong westerly
winds have become more frequent in the Baltic
region (Ruosteenoja et al. 2019). These trends,
however, seem to be controversial in the Baltic
Sea also in terms of wave heights (Hiinicke et
al. 2015, Rutgersson et al. 2022). Estimated
by the satellite altimetry, the mean significant
wave height H_increased by 0.005 m yr' from
1993 to 2015 over the Baltic Sea. This trend is
more discernible in the western part of this basin
(Kudryavtseva and Soomere 2017). A large part
of this change is controlled by the two above-
mentioned atmospheric circulation systems
(Najafzadeh et al. 2021). Even though the aver-
age wave heights have increased only margin-
ally, unexpectedly severe wave conditions have
been recorded in the 21st century (Bjorkqvist
et al. 2017, 2020). Other analyses also indicate
that extremes may increase (Méll et al. 2020)
and become more frequent (Kudryavtseva et al.
2020).

The properties of waves and sea ice cover are
strongly interrelated. The presence of ice affects
wave growth and the generation of longer waves
implicitly via reduction of the free propagation
distance (Liu and Mollo-Christensen 1988) and
explicitly by dissipation of wave energy (Collins
et al. 2015, Mostert and Deike 2020, Tavakoli
and Babanin 2021). Even though wind speeds
may be even higher during the ice season, the
ice cover damps wave fields and wave impact
on the shore (Orviku et al. 2003, Ryabchuk et
al. 2011). For example, the mean wave energy
flux decreased by up to 80% due to the effects
of ice in the Bohai Sea, the innermost gulf of the
Yellow Sea, in winter 2011-2012 (Zhang et al.
2020).

Ice conditions in the Baltic Sea are highly
variable in different years (SMHI and FIMR
1982, Haapala and Leppdranta 1996). During
a mild winter, the ice extends only over the
Bay of Bothnia, the Archipelago Sea, and some
parts of the Gulf of Finland (Fig. 1). During
an average winter, ice covers about 45% of the
sea (Jevrejeva 2001). In a severe winter (e.g.,
in 1947), the entire sea may be covered by ice
(Jevrejeva 2001, Leppéranta and Myrberg 2009,
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Section 7.1). The ice season's length varies from
5 to 7 months and the ice may cover 10—100% of
the total area of the Baltic Sea (Jevrejeva 2001,
Leppéranta and Myrberg 2009, Section 7.2).

Sea ice and its extent are highly susceptible
to rising temperature. An increase in winter air
temperature by 1°C over the Baltic Sea reduces
the ice season's length by 1-2 weeks and the
ice-covered area by 2.5% of the basin area (Lep-
paranta 2012). The current climate change has
led to a shorter ice season in the Arctic (Overeem
et al. 2011) and milder (ice) winters in the Baltic
Sea (Omstedt ef al. 2004, Haapala et al. 2015).

The ice season duration has decreased by
10-30 days per century in the southern Baltic
proper in the period 18961993 (Sztobryn 1994,
Vihma and Haapala 2009). The ice breakup has
shifted by two days per century in severe win-
ters in the Gulf of Riga in the period 1529-1990
(Jevrejeva 2001). The changes in the ice season
duration (Omstedt et al. 2004, Kayhko et al.
2015) are slower in the northern Baltic proper
or the Gulf of Finland (Haapala and Leppéranta
1997, Jevrejeva et al. 2004). The duration of ice
season in the northern Bay of Bothnia and south-
ern Sea of Bothnia (Fig. 1) has decreased by 18
and 47 days per century, respectively (Haapala et
al. 2015, Section 8.3). This process is even faster
in the Gulf of Finland (Soodér and Jaagus 2007,
Merkouriadi and Leppéaranta 2014).

The combination of a shorter ice season and
more severe wave conditions imply that, the
coastlines of the Baltic Sea are systematically
more exposed to the surges and waves (Omstedt
and Nyberg 1996, Barnhart et al. 2014). This
shift may cause rapid erosion or alteration in
some coastal areas (Orviku ef al. 2003, Overeem
et al. 2011) even though the impact of ice ridges
on the nearshore seabed may decrease. It is thus
important to consider, at least qualitatively, the
consequences of the changes to the properties of
the ice season on the future of the seasonally ice-
covered Baltic Sea.

Tuomi et al. (2011) introduced five
approaches for wave statistics under such con-
ditions. Type M statistics include only meas-
urements (e.g., Broman et al. 2006). Type F
only includes the data during the ice-free season
that is usually normalised due to the different
number of ice-free data points. Type N statistics

reflect the idealised ice-free conditions during
the whole year (e.g., Suursaar and Kullas 2009).
The latter approximation has been used in simu-
lations of wave climate of the Baltic Sea using
the WAM model and geostrophic winds (Radmet
and Soomere 2010).

All these approaches generally introduce a
systematic alteration in the established wave fea-
tures (Tuomi et al. 2019). Type N statistics leads
to an overestimation of the cumulative wave
energy and energy flux. The magnitude and even
the sign of the difference between estimates of
mean wave properties using different approaches
depend on whether the ice season is windier or
calmer than the rest of the year. Bjorkqvist ef
al. (2018) noted that the mean /_in the Bay of
Bothnia was reduced by 30% when the ice time
was included in the statistics, but the impact of
ice was negligible to the south of latitude 59.5°,
that is, to the south of the mid-latitude of the
Gulf of Finland.

Here, we make an attempt to evaluate the
potential impact of changes in the sea ice season
duration on the wave statistics based on a com-
parison of the WAM model data during the
ice-free time (Type F) and over the whole year
in idealised ice-free conditions (Type N). The
difference between the two estimates is used to
characterise to a first approximation the impact
of ice using only idealised ice-free simulations.
The focus is on the potential changes in the
cumulative wave energy and energy flux over
certain time intervals and seasons in the northern
Baltic Sea.

Specifically, we explore how the presence
of seasonal ice cover impacts some widely used
categories of wave statistics, how much the pres-
ence of ice reduces the wave impact compared to
an idealised ice-free climate, whether this reduc-
tion has changed over the years, and at which
locations the reduced ice cover in the near future
may substantially modify wave-driven hydrody-
namic loads.

We employ the new satellite-derived OSI-
450 (Lavergne et al. 2019) ice concentration
measurements to identify the ice season. The
time series of wave height, wave energy, and
wave energy flux are hindcast by the WAM
model. The results are validated using available
in-situ wave data. We start from a short descrip-
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tion of data used in this study and the method of
calculating wave energy flux. We then provide
wave statistics and their changes introduced by
the variations in the length of the ice season, and
discuss which parameters influence the differ-
ence between Type F and N statistics for model
and in-situ data, respectively. Finally, we discuss
the outcome and formulate the conclusions.

Data and methods

The analysis is based on the concentration of
ice cover in the Baltic Sea retrieved from satel-
lite microwave radiometry, validated using the
classic ice charts and represented in terms of the
start, end and duration of the ice season for each
winter at selected locations. This data set is com-
plemented by in situ measured and numerically
modelled time series of wave properties. The
mean and cumulative (total) wave energy and
wave energy flux for each year and ice season
are used to characterise the potential impact of
climatic changes to the ice properties on wave
loads in the nearshore.

A typical ice season in the Baltic Sea starts in
early winter and continues until the spring of the
following year. Most of the extreme wave events
and thus conditions that provide large portions
of wave energy flux occur from September to
February (e.g., Bjorkqvist et al. 2018). There-
fore, the windiest months often overlap with the
ice season in the northern Baltic Sea. For this
reason, even small changes in the start or dura-
tion of the ice season may lead to considerable
changes in the wave impact at some locations.

Sea ice

The sea ice concentration data used for this study
are OSI-450 (Lavergne et al. 2019), which is
the second major version of the EUMETSAT
Ocean and Sea Ice Satellite Application Facility
(OSI SAF) global Sea-Ice Concentration (SIC)
Climate Data Record (v2.0 2017). The data pro-
vided by Norwegian and Danish Meteorological
Institutes are accessible at http://osisaf.met.no
[accessed in February 2021]. The first version of
the OSI SAF SIC (OSI-409, the predecessor of
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0SI-450) started in 2006. The main difference
between these two datasets is a new Open Water
(Weather) Filter (Gloersen and Cavalieri 1986,
Buehner et al. 2016) which is applied on OSI-
450. It removes the false sea ice over open water
regions that exhibited weather-induced noise
while protecting the records of low ice concen-
tration values. Moreover, the implemented algo-
rithms for OSI-450 are more precise (Lavergne
et al. 2019) and new sources of satellite input
data (from the EUMETSAT Climate Monitor-
ing Satellite Application Facility) are used. A
thorough description of the processes is pre-
sented in Tonboe et al. (2016). The detailed list
of similarities and differences between the two
versions is described in the product user manual
(available on http://osisaf.met.no) [accessed in
February 2021].

The global collection of sea ice concentra-
tions, OSI-450, has daily records from 1979 to
2015 with a spatial resolution of 25%25 km. The
dataset provides the ice concentration, flags,
and uncertainty estimations. Ice concentration
is the share of the grid area covered by ice (%).
Each ice concentration value is associated with
a flag and a measure of uncertainty. The flags
present information about the processing steps
and levels that may have an effect on the ice con-
centration value. The uncertainty estimation for
each sea ice concentration is given as standard
deviation (%). The entries with this flag equal
to 0 present a nominal ice concentration value
(%) which is modified for sea ice concentration
and uncertainties (%). The values in the data-
base were thoroughly checked for outliers and
possibly erroneous data. To remove unreliable
measurements, we only use the data with flag 0.
Selecting only the data with the flag values equal
to 0 drastically improved the quality of OSI-450
ice maps in the Baltic Sea region.

Following the classic notion of the duration
of ice cover (e.g., Jevrejeva 2001), we use only
two dates for each year: the beginning and end
of the ice season. The entire time period between
these dates is interpreted as the ice season. This
interpretation may overlook a few days when
open-sea ice has drifted to another location.
However, coastal regions of the north-eastern
Baltic Sea have numerous small islands, penin-
sulas and bays cut into the mainland. This region
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Fig 2. Satellite-derived ice season duration from
OSI-450 (¢ = 50%) versus in-situ ice season duration
observed at SMHI Nordvalen station. The red line rep-
resents the linear regression line.

usually has non-moving (fast) ice during the
entire time period when ice is observed in the
offshore. Therefore, even though this approxima-
tion may be not be exact for offshore sea areas,
it apparently is adequate in terms of waves and
wave energy that reaches the nearshore.

The beginning of the ice season at a particu-
lar location was estimated as the time of the first
reliable measurement with the ice concentration
exceeding a certain threshold, ¢, after the 1% of
July. The end of the ice season is considered as
the time of the last measurement with the ice
concentration > ¢ before the 1% of July the fol-
lowing year. The algorithm was implemented in
the R (ver. 4.0.3) programming language (Kaba-
coff 2011).

To find the most suitable ice concentration
cutoff ¢, the ice season duration retrieved from
OSI-450 at an observation location near Stor-
skéret in the Quark area in the waters of Maa-
lahti municipality (referred to as Maalahti below,
Fig. 1) is compared with the one derived from
the Swedish Meteorological and Hydrological
Institute (SMHI) ice charts for a range of cutoff
values. The satellite-derived duration of the ice
season is sensitive to the selected values of ¢.
The best match was achieved using ¢ = 50%,
resulting in a correlation coefficient of 0.91
between the two estimates. The bias and root-
mean-square of the two estimates are 10.53%
and 21.35 days, respectively. Therefore, the ice

concentration cutoff of 50% was used in the
analysis.

The satellite-derived estimates of the ice
season duration obtained from OSI-450 ice data
were compared with similar estimates retrieved
from the SMHI ice charts. The ice season's sum-
mary observed by the SMHI since 1970, charts
and reports are available at http://www.smhi.se/
oceanografi/istjanst/havsis_en.php [accessed in
February 2021]. This data set reflects informa-
tion from SMHI ice observers, pilot stations, ice-
breakers, coastguard observations, and satellite
images. The ice season duration is defined as the
total number of days with ice. To compare the
satellite-derived ice season data with the direct
ice observations, we used the data from the
SMHI south-west Nordvalen (63.54°N, 20.73°E)
ice observation location and its nearest OSI-450
satellite ice measurement location at 63.54°N,
20.76°E.

The estimates of the ice season duration
based on SMHI observations and OSI-450 at
Nordvalen showed good correspondence (Fig. 2;
correlation coefficient 0.94) and almost no bias
(intercept of the linear regression line at 4.7 days;
slope 0.88). Three ice-free winters from OSI-450
correspond to less than 20 locally observed ice
days per year. This mismatch suggests that satel-
lite information tends to overlook small ice con-
centrations that are spotted by other means. This
feature may also reflect relatively large intervals
and gaps in the satellite data.

The further analysis uses only the properties
of ice seasons retrieved using satellite informa-
tion. The longest average ice season lasts about
107 days in the Bay of Bothnia (Fig. 3). This is
up to two months longer than in the lower-lati-
tude sub-basins, such the Sea of Bothnia (Maal-
ahti, also Storskéret, mean duration 86 days), the
Gulf of Finland (GoF1, 53 days), and Kemion-
saari (Kalvoren) in the Baltic proper (53 days).

Many areas in the western part of the Baltic
Sea, including SMHI wave buoys and observa-
tion locations, experience ice only during aver-
age and severe winters. The satellite OSI-450
ice data rarely indicate ice in these areas and
the satellite-derived ice season duration is zero
in most of the years. Therefore, the effect of sea
ice on wave properties and wave loads in the
nearshore are generally small at such locations
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and apparently cannot be reliably identified from
the data set used for this study.

Wave data

To select the areas where our analysis is mean-
ingful, we calculate the percentage of years
with nonzero ice season from the total number
of years (27). Considering seven measurements
per covariate (ice season duration and the wave
statistics), at least 20 years with nonzero-ice
season duration are necessary for an adequate
estimate. For this reason, we only consider loca-
tions where > 52% of the years have nonzero ice
season duration. Such areas are concentrated in
the north-eastern part of the Baltic Sea; mostly in
the Gulf of Finland, Sea of Bothnia and Gulf of
Bothnia, and to lesser extent in the north-eastern
Baltic proper.

We select for the analysis eight Finnish
Meteorological Institute (FMI) buoy stations that
have various purposes near the shores of Finland
(Table 1): Oulu and Kalajoki in the Bay of Both-
nia, Maalahti in the Quark area, Pori in the Sea of
Bothnia, Kemi6nsaari and Hanko in the northern
Baltic proper and at the entrance to the Gulf of
Finland, and Espoo and Kotka in the Gulf of Fin-
land (Fig. 1). In order to reflect the difference in
offshore and nearshore ice and wave properties,
we include the location of the FMI wave buoy in
the central Gulf of Finland (denoted GoF1 below
for brevity), and a buoy in the central part of the
Bay of Bothnia (BB1) (Fig. 1).

Several of the above locations are in very
shallow water or located close to the shore where
the modelled wave data may not necessarily

1970/1980 1984/1985 1989/1990 1994/1995 1999/2000 2004/2005 2009/2010 2014/2015 ferent locations based on OSI-450

satellite data.

adequately reflect the real situation. To comple-
ment the analysis using more offshore locations,
we add into consideration modelled wave data
at another offshore location (BB2) in the Bay of
Bothnia, two offshore locations (SB1 and SB2)
in the Sea of Bothnia, and one location (NBP2)
in the northern Baltic Proper and one (GoF2) in
the Gulf of Finland (Fig. 1, Table 1). In addition,
we employ wave data from two SMHI measure-
ment locations at Almagrundet and Huvudskar,
and from the FMI wave buoy in the northern
Baltic proper (NBP1) for limited time periods.

The analysis in this study relies on the signif-
icant wave height H_and peak period T ) of wave
fields. Estimates of wave energy flux generally
also require wave propagation direction. As this
parameter is less frequently available, we only
address the magnitude of wave energy flux. The
main properties of the measurement locations and
time series of /_and 7 are provided in Table 1.
More detailed information about these locations
and devices is available, e.g., in Bjorkqvist
et al. (2018), Nilsson et al. (2019). Datasets
were retrieved through open data interfaces
(https://opendata-download-ocobs.smhi.se/, https://
en.ilmatieteenlaitos.fi/open-data) [accessed in
August 2021].

The time resolution of the measured wave
time series varies. The most frequent measure-
ments (once in 0.5 h) exist for BB1, GoF1, and
NBP1. The rest of the buoys (Table 1) provide
data once an hour. The buoys have to be taken
out of water for maintenance and also before the
ice season to avoid damage by freezing. There-
fore, the number of measurements and the cover-
age of the measured time series are different at
each station.
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We employ the time series of wave proper-
ties reconstructed for the Baltic Sea for 38 years
(1970-2007) by Rdadmet and Soomere (2010)
using the third-generation wave model WAM
Cycle 4 (Komen ef al. 1996). We use the wave
properties at the nearest WAM model grid point
to the locations in Table 1. The typical mismatch
is 0.02° in both north-south and east-west direc-
tions.

The simulated data set with about 3 nautical
miles spatial and one-hour temporal resolutions
is based on the hypothetical condition of no-ice
and thus represents Type N statistics. This data
set has been produced using SMHI geostrophic
winds with a spatial resolution of 1° and a tem-
poral resolution of 6 h before September 1977
and 3 h after September 1977 that are adjusted
for the surface wind at 10 m level by multiplying
the speed by 0.6 and rotating the direction by 15°
counter-clockwise (cf. Bumke and Hasse 1989).

This low spatio-temporal resolution of wind
data and the simplified scheme for the construc-
tion of surface-level winds leads to a systematic
underestimation of wave heights in some parts of
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the Baltic Sea. The quality of the reconstructed
wave properties varies spatially. They have a rel-
atively good correlation with measured data and
with the output of simulations using COSMO
winds at the latitudes of the Gulf of Finland
(Réd@met and Soomere, 2021), whereas the match
is much worse in the southern Baltic Sea. As
the largest changes to wave conditions due to
changes in the ice conditions have occurred in
the northern Baltic Sea (Jevrejeva 2001) and we
basically look at the currently occurring suppres-
sion of the wave impact caused by the presence
of ice compared to the hypothetical ice-free con-
ditions, this set of wave properties is generally
suitable for our purposes.

Methods

We are interested in how much the presence
of ice reduces the wave impact and how much
this kind of reduction has changed over the
years. Different viewpoints are possible for the
analysis of interrelations between wave prop-

Table 1. Main parameters of locations used in this study. Water depth for the locations was estimated from (Seifert
et al. 2001). All temperature buoys are MetOcean iCVP type.

Location and/or Data Device Lat°N Lon°E  Depth  H (T)

station name Source (m) observations
Almagrundet SMHI Echosounder 59.15 19.13 29 1987-2003
Huvudskar SMHI Directional waverider  58.93 19.17 103 From 2001 (2010)
Bay of Bothnia 1 (BB1) FMI Directional waverider 64.68 23.24 74 From 2012 (2012)
Bay of Bothnia 2 (BB2) WAM WAM model output 65.25 24.20 12

Northern Baltic proper 1 FMI Directional waverider 59.25 21.00 71 From 1996 (1996)
(NBP1)

Northern Baltic proper 2 WAM WAM model output 59.60 22.60 46

(NBP2)

Gulf of Finland 1 (GoF1)  FMI Directional waverider 59.96  25.24 55 From 2000 (2000)
Gulf of Finland 2 (GoF2) WAM WAM model output 60.10  26.40 58

Espoo Kytd FMI Temperature buoy 60.06 24.72 25

Hanko Langden FMI Temperature buoy 59.76 23.22 23

Kalajoki Maakalla FMI Temperature buoy 64.30 23.55 12

Kemibnsaari Kalvéren FMI Temperature buoy 59.90 22.63 6

Kotka Kuusenkari FMI Temperature buoy 60.27 27.11 8

Maalahti Storskéaret FMI Temperature buoy 63.11 20.82 3

Oulu Santapankki FMI Temperature buoy 65.23 24.97 6

Pori Kaijakari FMI Temperature buoy 61.62 21.39 6

Sea of Bothnia 1 (SB1) WAM WAM model output 62.50 20.20 114

Sea of Bothnia 2 (SB2) WAM WAM model output 61.60 21.00 48

South-west Nordvalen SMHI Ice observations 63.54  20.73 25

— OSI-540 Satellite ice data 63.54  20.76 18
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erties and ice conditions, the latter expressed
here in terms of the ice season duration. One
way is to evaluate these ice-driven changes
within a calendar year by comparison, for
example, the cumulative wave energy flux to
the shores in hypothetical ice-free conditions
versus this flux over the ice-free season (Zait-
seva-Pérnaste and Soomere 2013).

However, it is natural to consider the
impact of the presence of ice on the wave
field over whole ice seasons. This approach is
extensively used in the analysis of changes to
average and extreme water levels. Following
Mannikus et al. (2019), we call the time period
from July of a certain year to the end of June
of the subsequent year a stormy season. Such
12-month time periods contain the entire ice
season for each winter and also the entire rela-
tively windy autumn-winter season. As men-
tioned above, we employ the simplest proxy of
the ice season where the wave data during its
whole duration are discarded from the calcula-
tion.

The instantaneous values of the wave
energy E (KJ m?) are calculated as:

2
E:”f : (1)

where p is the density of water (taken here
constant 998 kg m?>), g is acceleration due
to gravity (9.81 m s?), H is the measured
significant wave height of in-situ data and
the hindcast H_ for modelled data. The wave
energy flux P (KW m™) is calculated as (Guil-
lou 2020):

P=Ec, ?)
10} 2kd

O g2y 3

%= e W Sinn 2kd” )

Here, ¢, is the group speed, w is the angular
wave frequency (rad s™), d is the water depth
(m), k = 27/ is the wave number, the wave-
length, /, is calculated from the general disper-
sion relation of water waves w?= gktanh(kd)
that is expressed as:
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As the energy period is often not available, 7'
is interpreted here as the peak period. The wave-
length is estimated for the approximate water
depth d at each station.

The mean significant wave height H , wave
energy £ and wave energy flux P, during a
particular stormy season are calculated in a clas-
sic (Type F) manner; for example, the mean
wave energy £, in a particular stormy season is

— 1
Ey :szear Ei’ (5)

y

where £ is the instantaneous wave energy and
N, is the number of available measurements or
modelled values of wave energy in this stormy
season. Note that these estimates do not contain
any information about the ice season duration.
This information is reflected by the ratio of N,
and the total number of measurement instants
or modelled data points during the entire stormy
season.

The total (or cumulative) wave energy and
especially energy flux are richer in content meas-
ures of the impact of ice cover on hydrodynamic
loads in the nearshore. The wave energy goes as
squared wave height and the wave energy flux
in shallow water as wave energy to the power
of 2.5. For example, the total stormy season
wave energy flux P was calculated as a sum of
instantaneous values of energy flux P, calculated
once an hour during the two subsequent half-
years (stormy season):

Ptot = z:year})i' (6)

The cumulative wave energy P _ is calculated
similarly to Eq. (6). As the time series of mod-
elled wave data (1970-2007) and ice informa-
tion in OSI-450 (from 1979) cover different time
periods, we use in comparisons mostly the over-
lapping part of these data sets, that is, 27 stormy
seasons from 1979/1980 to 2006/2007.
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Results

Wave statistics during ice-free time
(Type F)

We start from the analysis of temporal and
spatial variability of the main wave properties
in the selected locations over 27 stormy sea-
sons (1979/1980-2006/2007). The annual mean
H_ during the ice-free time of single stormy
seasons (Type F statistics) for the selected sta-
tions (Fig. 4) varies by a factor of two at the
study sites. The Bay of Bothnia, Oulu, with
the longest ice season, is characterised by the
lowest range of the mean I/ in single stormy
seasons (0.38-0.55 m). This “feature apparently
reflects the combination of a relatively sheltered
location of the particular site and well-known
seasonality of wind patterns in the Baltic Sea
region. Namely, the ice-free time in this part
of the Baltic Sea usually matches the spring
and summer seasons that have the lowest wind
speed. The mean H_ in single stormy seasons
at three other statlons in this subbasin (BBI,
BB2, and Kalajoki) varied between 0.50 m and
0.77 m. Both these locations (BB1, Kalajoki) are
open to the predominant moderate and strong
south-western winds in this region. The some-
what larger mean H_at BB1 (0.72 m) evidently
reflects its more open position compared to
Kalajoki.

Stations in the Sea of Bothnia have a higher
mean A (0.51-1.01 m) and shorter ice season
duration than in the Bay of Bothnia. It is natu-
ral that the mean H_ is higher at the offshore
locations SB1 and SB2 than in more sheltered
nearshore locations at Maalahti and Pori.

Kemidnsaari, on the north-eastern shore of
the Baltic proper, has the second-lowest mean
(0.46—0.62 m). This feature might also be due to
the station's location, which is sheltered against
westerly winds by islands in the Archipelago
Sea (Fig. 1). The Hanko station is located to
the south of Kemionsaari. It is open to the pre-
dominant moderate and strong westerly winds
over the Baltic proper and has higher mean H
values (0.54-0.77 m). As expected, the much
more open location in the northern Baltic proper
(NBP2) has clearly higher mean /_ values than
those hindcast for Kemionsaari or Hanko

In the Gulf of Finland, the GoF1 wave buoy
in the central Gulf of Finland has a higher mean
H_(0.55-0.87 m) compared to similar estimates
for Espoo, GoF2, and Kotka (0.44-0.73 m).
Generally, the farther the station is located from
the coast, the higher is the mean /H at this sta-
tion. This feature becomes evident in each sub-
basin, except for the GoF2 location. The calcu-
lated values of mean f_ are consistent with the
results provided by B_]OI'qulS'[ et al. (2018), who
estimate the ice-free (Type F) mean H_ for the
Baltic Sea from a 41-year SWAN model hind-
cast. It can be therefore concluded that variations
in the ice season duration have a clearly smaller
impact on Type F statistics of mean wave proper-
ties than the location of the particular site.

The boxplots of magnitude and scatter of
other mean Type F properties of wave fields
(not shown) evaluated using the WAM model
are similar to those presented in Fig. 4. As
expected, the stormy season mean of wave
energy during ice-free time (Fig. 5) calculated
using Eq. (5) has much larger interannual and
spatial variation than the mean /7. Its magnitude
varies by a factor of up to 3 at all locations in
1979/1980-2006/2007. The mean wave energy
over all the years also varies by a factor of 3
at different stations. It reaches a maximum of
0.79 KJ m2 at GoF1, is less than ~0.71 KJ m~ at
BB1 and mostly between 0.2 and 0.3 KJ m™ at
Kemidnsaari.

Both interannual and spatial variations in the
ice-free (Type F) mean wave energy flux (Fig.
6) are, as expected, even larger than similar
variations in the wave energy (Fig. 5). The long-
term mean of this quantity varies from about
1 KW m™ at Kemionsaari up to 2.5 KW m™ at
Maalahti, BB1 and GoF1. This level is almost
the same as the relevant Type N values for
nearshore areas of the western Baltic proper
(Soomere and Eelsalu 2014). A natural reason
for relatively large wave energy flux at the sites
in question is that they are located at a larger dis-
tance from the shore and in deeper areas than the
"converter line" locations addressed by Soomere
and Eelsalu (2014). The patterns of interannual
variations in the mean energy and energy flux
(Figs. 5 and 6) are almost identical at all loca-
tions. This feature indicates that wave periods in
the storms that provide the largest contribution
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Fig 5. Mean ice-free wave energy
(Type F statistics) evaluated from the
WAM model output during stormy
seasons 1979/1980-2006/2007.

Fig 6. Mean ice-free wave energy
flux (Type F) evaluated from the
WAM model output during stormy
seasons 1979/1980-2006/2007.
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to the wave energy flux vary insignificantly. This
conjecture is consistent with the perception that
severe wave fields in the study area are generally
fetch-limited.

Spatio-temporal variations in the cumulative
Type F properties of wave fields at the locations
in question are even larger. For example, the
cumulative wave energy flux P_ at GoF1 varies
almost by a factor of 6 in individual stormy
seasons (Fig. 7). This feature indicates that inter-
mittency of wave properties is evident not only
between single storms and seasons (Soomere
and Eelsalu 2014) but also in terms of different
years.

Interestingly, spatial differences in this quan-
tity at separate locations are smaller than similar
differences for wave energy or energy flux. The
mean P _ varies only by a factor of 2 at loca-
tions represented in Fig. 7. In the light of the
normally fetch-limited nature of the Baltic Sea
wave fields (that suppresses differences in wave
periods under severe wave conditions), this fea-
ture may indicate that the strongest wave storms
that provide a very large contribution to the total
wave energy flux (Soomere and Eelsalu 2014)
impact simultaneously all considered locations
and occur before the ice season starts even at the
northernmost locations.

To validate the described ice-free wave sta-
tistics to some extent, we compared wave sta-
tistics derived from in-situ measurements (Type
M; Tuomi et al. 2011) with similar statistics
obtained from wave simulations. The beginning
and the end of the ice season were estimated
from the satellite observations as described

output during stormy seasons
1979/1980-2006/2007.

above. Wave buoys are removed before the ice
season starts. Thus, in the northern part of the
Baltic Sea, the measurement period is typically
from May/early June until December/early Janu-
ary (Tuomi et al. 2019), and only a few locations
and years are suitable for such a comparison.
Some buoy measurements have been made with
ice concentration up to 40%, according to satel-
lite data, which possibly indicates an invalid
interpretation of satellite information. The only
station in the study area that experiences fre-
quent and long ice cover with an overlap of more
than 5 years of our model data and the measure-
ments is at GoFl. Simultaneous observations
and model data are available during the period
2001/2002-2006/2007. Based on OSI-450 ice
data, the ice season duration varied in the range
of 0-120 days during these years (Fig. 3). The
wave properties during the ice-free time, based
on simulations (Type F) and in-situ (Type M)
data, considerably varied during these years,
showing the difference in wave energy flux in the
range of 3% to 48% (in 2002/2003, which has
the longest ice season, 120 days).

The difference is even larger for single
stormy seasons at locations in BB1 that allow a
comparison of this kind. At Almagrundet the dif-
ference in the wave energy flux P _ is 62% with
22 days of ice for 1994/1995. Huvudskér and the
FMI buoy (NBP1) location in the northern Baltic
proper have wave measurements in 2002/2003
with 12 and 34 day ice season duration, respec-
tively. The difference between Type F and M
wave energy flux is 47% and 34%, respectively,
at these locations. This estimate of the difference
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between the ice-free (Type F) and the meas-
urement statistics (Type M) matches a similar
estimate by Bjorkqvist et al. (2018) for the Bay
of Bothnia and apparently characterises years
with long and extensive ice cover in the northern
Baltic Proper.

Impact of the presence of ice on mean
wave properties

A first-order perception of the impact of the
presence of ice cover on wave properties can
be inferred from a comparison of the box and
scatter plots of the difference in modelled wave
properties that reflect statistics Type F and N.
The relevant quantities characterise to some
extent the impact of the presence of ice in the
current climate against a hypothetical ice-free
climate that has the same wind regime as the
climate today. The magnitude of this difference
exemplifies, to a first approximation, changes to
hydrodynamic loads that could be expected in a
much warmer climate. The addressed properties
(mean /1, mean and cumulative wave energy and
energy flux) for stormy seasons from 1979/1980
to 2006/2007 show the impact of ice from differ-
ent viewpoints.

The difference in H_ calculated for the
selected stations in each subbasin (Fig. 8) first of
all indicates that the mean /_ in totally ice-free
conditions would generally exceed that in the
current climate. The only exception is Pori, where
the evaluated difference is —0.25%. Virtually no
changes are projected at SB1, SB2, Kemionsaari,
Hanko, Espoo, GoF1 and GoF2. The ice season is
relatively short at these locations and the sites are
open to the predominant strong wind directions
(Fig. 1). At locations with longer ice season dura-
tion, the completely ice-free wave regime would
lead to an increase by 3—5% in the mean /7. The
largest increase (> 10%) is projected to the loca-
tions at higher latitudes, such as Oulu in the Bay
of Bothnia. The rate of increase in the mean /7 in
single stormy seasons could be much larger, up to
28% at Oulu. Kalajoki and BB1, with the long-
est ice season duration after Oulu, also host very
large rates of increase in the stormy season mean
H, 24% and 23%, respectively. Interestingly, on
many occasions, the mean single stormy season
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H_ may decrease in the completely ice-free statis-
tics. As mentioned above, this feature apparently
reflects the (mis)match of the relatively windy
season with the ice season.

The situation is generally the same with the
stormy season mean wave energy and energy
flux (Figs. 9 and 10). The impact of the presence
of ice on these quantities is negligible at Pori,
somewhat unexpectedly in the offshore of the Sea
of Bothnia (at SB1 and SB2) and generally at all
locations where the ice season is relatively short.
The magnitude of this impact increases towards
the North and East. This gradient matches the
increase in the ice season duration. The impact of
ice is, as expected, the largest in the Bay of Both-
nia, especially in the coastal area (Oulu), where
the mean wave energy in the ice-free climate may
be 20% larger than now.

The difference between the increase rates
for mean wave energy (Fig. 9) and energy flux
(Fig. 10) is just a few per cent. Therefore, the
existing Type F estimates of annual mean wave
energy and energy flux adequately (within a few
per cent) represent also the hypothetical ice-free
situation in the northern Baltic Sea, except in the
Bay of Bothnia and the eastern Gulf of Finland,
where the difference may reach 20% for wave
energy and almost 30% for the wave energy flux.
Interestingly, the pattern of differences is asym-
metric: large positive differences (equivalently,
underestimation of mean wave energy in Type
N statistics) are more likely than large negative
differences.

The difference between Type F and N statis-
tics for energy in single stormy seasons is much
larger, up to 54% (Fig. 9) at Oulu. This feature
suggests that the shift to completely ice-free
conditions in a future climate will probably lead
to large changes in the wave energy and energy
flux in single stormy seasons, but the mean wave
properties are represented adequately by Type F
statistics in most of the Baltic Sea as indicated
also by Bjorkqvist et al. (2018).

Impact of the presence of ice on
cumulative wave statistics

The impact of sea ice on cumulative properties
of the wave climate is much larger compared to
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the above. Its magnitude at a particular site obvi-
ously depends on the ice season duration and
the least (zero) difference characterises the years
with no ice.

The largest mean difference of cumulative
wave energy £ (Fig. 11) between Type F and
Type N estimates is 57% at Oulu where and it
can reach up to 82% in a single stormy season.

50 60 70

flux in single stormy seasons.

For other locations in the Bay of Bothnia it
reaches about 47% for BB2 and 37% for BB1
and Kalajoki, which are the largest values for dif-
ferences in £ among the considered subbasins.

Although the ice season is shorter in the
northern Baltic proper and Gulf of Finland than
in the Sea of Bothnia, the existence of ice
leads to a decrease in the £ by up to 59% in
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single stormy seasons (Fig. 11). Interestingly,
the decrease in this quantity is relatively small,
below 15% on average, at several locations of
the Sea of Bothnia and the Gulf of Finland. The
ice-driven decrease in £ is smallest (8.5%) at
SB1 in the Sea of Bothnia.

The patterns of differences between Type F
and Type N statistics for cumulative wave energy
flux P (Fig. 12) insignificantly (usually no
more than by a few per cent) differ from those
evaluated for cumulative wave energy £, . This
small difference in the estimates in Figs. 11 and
12 again indicates that wave periods (and thus
group velocities) in strong storms mostly depend
on the fetch length and less on the wind speed.

The above has shown that Type F statistics
gives on most occasions an adequate estimate of
mean wave properties in the idealised ice-free
climate. However, quantities based on cumula-
tive wave properties substantially underestimate

sons.

the total wave energy and especially energy flux
to the coastal areas. It is thus essential to con-
sider the ice season's duration when using wave
statistics in coastal or other applications where
cumulative properties of waves are decisive.

Wave statistics and ice season duration

The natural dependence of cumulative proper-
ties of wave fields on the presence of sea ice
obviously reflects the different number of mod-
elled (or measured) snapshots of wave properties
during the ice-free time and during the entire
year or stormy season. The longer the ice season,
the fewer wave measurements are included in
the Type F statistics. However, the interrelations
between the number of wave data entries and the
mean /{, wave energy and energy flux are not
straightforward.
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The mean ice season duration at the consid-
ered locations (Table 1) varies from 25 (SB2) to
167 (Oulu) days. A scatter diagram of ice season
duration and mean wave height at four locations
(Fig. 13) shows that a longer ice season duration
generally corresponds to a lower value of stormy
season /1. In other words, interannual variations
in the wave energy are in counter-phase with
the ice season duration. The mean / decreases
when the ice season becomes longer at all con-
sidered locations (Table 2) even though at some
locations (e.g., BB1, Fig. 13) the slope of the
relevant trend is very small. This decrease is sta-
tistically significant at a 99% level at five loca-
tions in or at the entrance of the Gulf of Finland:
Espoo, Hanko, Kemionsaari, Kotka and central
Gulf of Finland (GoF1).

Compared with Kemidnsaari, the corre-
lation between these two parameters is much
weaker at Maalahti (the mean ice season dura-
tion 1979-2007 is 90 days), Oulu and Pori. No
correlation exists at BB1 (where the mean ice
season duration is 110 days) and Kalajoki. The
spatial pattern of similar correlation coefficients
between the ice season duration, wave energy
and energy flux for ice-free time is almost the
same (Table 2). The values of correlation coef-
ficients are also almost the same for /, wave

energy and energy flux. The correlation coef-
ficient between the ice season duration and the
wave energy at Espoo, Hanko, Kemibnsaari,
Kotka, and GoF1 reveal a statistically significant
negative correlation at a > 99% confidence level
(Table 2). Only at Oulu are these correlations for
energy and energy flux clearly stronger than the
correlation for /7. A similar pattern of interrela-
tions becomes evident for the ice season duration
and mean wave energy flux (Fig. 14).

The presence of ice at these five locations in
and near the Gulf of Finland, therefore, impacts
not only the cumulative quantities but also the
addressed mean properties of wave fields. The
above has shown that, somewhat unexpectedly,
the existing Type F statistics would remain cor-
rect also in some future ice-free climates. How-
ever, not unexpectedly, at the latitudes of the
Gulf of Finland some properties of Type F statis-
tics of the idealised ice-free wave climate appar-
ently will differ from the similar properties of the
current wave climate.

As spring is relatively calm in the study area,
the presented material indicates that the time
instant of ice formation at the latitudes of the
Gulf of Finland often falls into the middle of a
relatively windy winter. Derived from satellite
data, the ice season at these latitudes typically

Table 2. Pearson correlation coefficients and relevant p-values between ice season duration and mean H_, wave
energy (E) and wave energy flux (P) for the ice-free season. Locations with p-values indicating statistical signifi-

cance of the correlation at a > 99% level are shown with bold font. Note that adjusted R? may take small negative

values.
Location Ice season duration vs. H, Ice season duration vs. E Ice season duration vs. P
Correlation  Adj. R? p Correlation  Adj. R? p Correlation  Adj. R* p
Espoo -0.63+0.12 0.37 0.00 -0.62+0.12 0.36 0.00 -0.60+0.13 0.33 0.00
Hanko -0.66+0.11 0.42 0.00 -0.64+0.12 0.39 0.00 -0.61x0.12 0.34 0.00
Kalajoki -0.19+£0.18 -0.00 0.33 -0.16+£0.18 -0.01 0.42 -0.16+0.18 -0.01  0.41
Kemionsaari —0.59+0.13 0.32 0.00 -0.55+0.14 0.27 0.00 -0.54+0.14 0.27 0.00
Kotka -0.54+0.14 0.27 0.00 -0.55+0.13 0.28 0.00 -0.55+0.14 0.27 0.00
Maalahti -0.43£0.16  0.16  0.02 -0.44+0.16  0.16  0.02 -0.43+0.16 0.16  0.02
Oulu -0.37+0.16  0.10 0.05 -0.43+0.16  0.16  0.02 -0.46+0.15 0.18 0.01
BB1 -0.08+0.19 -0.03 0.69 -0.09+0.18 -0.03 0.65 -0.11£0.18 -0.03 0.58
BB2 -0.35+0.17 0.09 0.07 -0.29+0.17 0.05 0.13 -0.26+0.18 0.03 0.17
Pori -0.31+0.17 0.07 0.09 -0.28+0.17 0.04 0.15 -0.27+0.17 0.04 0.16
GoF1 -0.62+0.12 0.36 0.00 -0.61x0.12 0.34 0.00 -0.59+0.13 0.32 0.00
GoF2 -0.53+0.14 0.25 0.00 -0.50+0.15 0.22 0.00 -0.44+0.15 0.16 0.02
NBP2 —-0.53+0.14 0.26 0.00 -0.51+0.14 0.23 0.00 -0.48+0.15 0.20 0.00
SB1 -0.32+0.17  0.07 0.09 -0.35+0.17 0.09 0.07 -0.34+0.17 0.08 0.07
SB2 -0.36x0.16 0.10 0.06 -0.33x0.17 0.07 0.09 -0.30+0.17 0.06 0.12
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Fig 13. Scatter diagram of ice season duration and
mean H_ during ice-free times at four locations of Fig. 1.
The slopes of the relevant regression lines are pre-
sented in the legend.

starts at the beginning of February. The forma-
tion of ice in the Sea of Bothnia and Bay of
Bothnia occurs one or two months earlier, at the
beginning of January and December, respec-
tively. Therefore a large proportion of strong
winds that are frequent in winter overlap with
the ice season. These features together suggest
that the regions of the Baltic Sea that have a rela-
tively short ice season (especially those on the
northern shore of the Gulf of Finland) may be
even more sensitive with respect to changes in
ice conditions under current climate change than
locations in the far North where ice season lasts
3—4 months. With a longer perspective, however,
a similar sensitivity will appear for the locations
in the Sea of Bothnia and Bay of Bothnia.

Discussion

The main purpose of this research was to esti-
mate how the presence of seasonal ice cover
impacts the widely used categories of wave
statistics, such as mean significant wave height,
mean and cumulative wave energy and energy
flux in the northern Baltic Sea. Specifically, we
are interested in how much the presence of ice
reduces the wave impact compared to an ideal-
ised ice-free climate and whether this reduction
has changed over the years. An associated task
was to understand whether and/or in which loca-
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Fig 14. Scatter diagram of ice season duration and
mean wave energy flux during ice-free times at four
locations of Fig. 1. The slopes of the relevant regres-
sion lines are presented in the legend.

tions the reduced ice cover in the near future may
substantially modify wave-driven hydrodynamic
loads in the coastal zone. The research has been
mostly performed using simulated wave data for
1970-2007 and satellite information about ice
conditions since 1979. The analysis is focused
on nearshore areas of the north-eastern Baltic
Sea that are commonly ice-covered in winter.

The extensive variation in ice conditions and
in the length of ice season in both time and
space, as well as the overall shortening of the
ice season in the Baltic Sea (Fig. 3), are exten-
sively described in detail in the literature (e.g.,
Granskog et al. 2006, Omstedt et al. 2014,
Kayhko et al. 2015). Our analysis replicates
this spatio-temporal variability in both mean
and cumulative wave properties. It is some-
what counter-intuitive that the common statisti-
cal properties derived from idealised completely
ice-free conditions (Type N) match well with
similar properties evaluated for actual ice-free
time (Type F) in the north of the study area. The
difference in the listed mean properties of wave
fields is negligible (< 1%) at half the locations. It
reaches the level of 2-4% in the northern Gulf of
Bothnia and in the eastern Gulf of Finland, and
up to 10% for energy and 20% for energy flux in
the far North.

This invariance of these statistical properties
of wave fields on the presence of sea ice appar-
ently reflects a specific match of the windy and
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ice seasons in the study area. The ice season
starts in the relatively windy late autumn and
early winter and ends in a relatively calm spring
season. The described feature may be explained
as a balance between statistical properties of
waves during ice-free times and properties of
hypothetical waves during the ice season.

It is natural that the cumulative energy and
energy flux greatly depend on the presence of
sea ice. These quantities grow rapidly when the
ice season becomes shorter. The potential cli-
mate change driven variations in ice conditions
alone may thus lead to an increase by 30-50%
of the wave energy and energy flux and thus to a
substantial escalation of the hydrodynamic loads
in the nearshore of the study area in a long-term.
An almost trivial conjecture is that the longer
the ice season is today, the larger is the potential
impact of sea waves in a hypothetical ice-free
future climate.

A different picture becomes evident for a
part of the study areca. The mean wave proper-
ties are almost uncorrelated with the ice season
duration in the northern part of the study area,
in the Sea of Bothnia and the Bay of Bothnia.
There is, however, a statistically significant cor-
relation (at a > 99% level) of these quantities at
the latitudes of the Gulf of Finland. A decrease in
the ice season duration is associated with a rapid
increase in the mean wave properties in this
region. The rate of this rise is almost the same
for mean wave height, energy and energy flux.

This established correlation reiterates the
results of Zaitseva-Pérnaste and Soomere (2013),
where the modelled data at three locations in the
eastern Baltic Sea showed a similar negative cor-
relation. Our analysis shed further light on this
property and revealed large spatial variations of
this feature in different parts of the Baltic Sea.

This spatial variability suggests that recent
changes in ice conditions may lead to a radi-
cally distinct reaction of wave properties and
impacted coastal areas in different regions. The
invariance of mean wave parameters on the
ice season duration in the northern part of the
study area suggests that climate warming and
the associated loss of sea ice will have a limited
impact on the mean wave properties and even on
wave-driven loads in the near future at the scale
of a few years to a few decades. This seems to

be the situation in the middle and northern part
of the Sea of Bothnia and in the Bay of Bothnia.
We note that this conjecture only applies to the
changes in wave conditions in a hypothetical
future climate that has the wind climate of today.

On the contrary, locations at the latitudes
of the Gulf of Finland may be greatly affected
also at time scales of a few years, should the ice
season continue to shorten at the existing pace.
A simple explanation is that at these locations
the ice is formed somewhere in the middle of
the relatively windy season. Any delay in the
ice formation time would thus open the likeli-
hood of more wave energy impacting the coastal
area. This shift will eventually be associated
with increased water levels compared to the
circumstances with ice cover. If such situations
are frequent, high waves will attack unprotected
and unfrozen sediment on the upper parts of the
beaches for much longer times and eventually
cause massive coastal erosion and fine sediment
relocation (Orviku et al. 2003, Overeem et al.
2011, Ryabchuk ez al. 2011).

Conclusions

Mean properties of wave fields (significant wave
height, wave energy, energy flux) in the season-
ally ice-covered northern Baltic Sea can be pass-
ably estimated using hypothetical completely
ice-free models while similar cumulative prop-
erties of the wave climate are overestimated by
up to 82% for wave energy and 87% for wave
energy flux.

The mean wave properties are almost uncor-
related with the ice season duration in the Sea of
Bothnia and the Bay of Bothnia but have a sta-
tistically significant (at a > 99% level) negative
correlation with the ice season duration at the
latitudes of the Gulf of Finland. In other words,
the longer the ice season, the lower is the mean
wave height in the Gulf of Finland and adjacent
areas. Another reflection of this feature is that
the interannual variations in wave energy are in
counter-phase with the ice season duration.

Recent climate change driven variations
in the ice cover duration are unlikely to sig-
nificantly impact hydrodynamic loads on the
nearshore in the Sea of Bothnia and the Gulf



114

of Bothnia in the near future. However, these
changes may considerably add energy to coastal
processes at the latitudes of the Gulf of Finland.
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