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Abstract
In this Report, we discuss co-occurring high waves and high sea levels in the Olkiluoto region on the eastern coastof the Bothnian Sea using uniform wind fields as atmospheric forcing for the wave simulations. Our simulationsrepresent estimates of the sea surface wave fields that may be reached under different wind conditions and undertypical sea level in the area, as well as during an extreme sea level of 2 m above the mean sea level. Wave fieldswere calculated using the wave model WAVEWATCH III® with high (0.1 nautical mile) resolution around the Olkilu-oto nuclear power plant (NPP) site. Our results show that westerly winds grow the highest waves at the westernshoreline of the Olkiluoto study site, whereas the southern shoreline is open to high waves both for southeasternand southwestern winds. As the southern sea area is deeper, waves in this area do not grow significantly higherwith higher sea levels. In the shallower western sea area an sea level of 2 m can allow for even 0.5 m higher sig-nificant wave heights with extreme wind speeds of 32 m s-1. With lower wind speeds, significant wave heights areunder 1.0 m near the Olkiluoto NPP site both for mean sea level and extreme sea level.

1 Introduction
Coastal flooding is affectedby both sea level andwaves on the coast. The effect ofwaves depends on thebathymetrynear the shoreline and the structures (such as piers and walls) at the shoreline. To study the risks of coastal flood-ing, it is important to study the simultaneous occurrence of high sea level and high waves near the coast, even ifa more detailed analysis is needed to have estimates of the height of the combined effect of sea level and waves(Leijala et al. (2018)). The probability of a simultaneous high sea level with high waves in the Baltic Sea is shownto be highest on the eastern coast of the Bothnian Sea by Kudryavtseva et al. (2020), where the Olkiluoto nuclearpower plant (NPP) is located. However, on the Finnish coast, the complex coastline and numerous islands togetherwith shoals limit wave growth in varying ways with winds of different speeds and directions. Therefore, the highestwaves might not occur simultaneously with the most extreme sea levels. Wave growth is affected by the fetch,i.e., the distance the wind affects the sea surface from the shore/island, as well as the duration and strength ofthe wind (Kahma (1981), Tuomi et al. (2012)). These conditions for the fetch can vary greatly locally, and the lengthof the fetch can have an effect if the waves grow long enough to start to interact with the seafloor (see Younget al. (1996)).Modern wave models account for depth variation and wave interaction with the sea floor when waves arelong enough in relation to the depth of the water. Nowadays, water level variation is routinely used as a forcing formany wave model setups. For example, the wave forecasts of the Copernicus Marine Service and therefore alsothe Baltic Sea Analysis and Forecast Product (BALTICSEA ANALYSISFORECAST WAV 003 010, https://doi.org/
10.48670/moi-00011) include sea level variation in their wave forecasts. In the Baltic Sea, the influence of sealevel variation on wave fields is mainly limited to coastal areas, and sea level effects that change significant waveheight more than 10 cm are rather rare (Tuomi et al. (2023)).Waves in connection with an extreme sea level in the Baltic Sea have been evaluated by Apukhtin et al. (2017)and Gordeeva et al. (2020). In Apukhtin et al. (2017), wave simulations have been performed in high resolutionnear Sosnovyi Bor NPP, estimating significant wave heights near the shoreline. In Gordeeva et al. (2020), waveshave been simulated in lower resolution in the Bothnian Bay, without applying higher resolution near the plannedHanhikivi NPP site in Pyhäjoki.Extreme sea levels in the future are affected both by natural climate variability and by changes in mean sealevels and short-term sea level variations due to climate change. On the Finnish coast of the Baltic Sea, the post-glacial rebound of the Earth’s crust leads to a decline of mean sea level that counteracts the effect of global meansea level rise. Estimates of extreme sea level are useful for the protection of the population and infrastructure inthe vicinity of the coast, especially for NPPs. A comprehensive investigation of the present-day sea level variabilityand the scenarios for mean sea level in the future is needed for the determination of coastal flooding risks on the
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Finnish coast (Leijala et al. (2018); Pellikka et al. (2018); Pellikka et al. (2023)). In the MAWECLI project, the effectof clustered cyclones on sea level has been studied by Rantanen et al. (2024) based on historical atmospheric andsea level data. Also, a more theoretical approach has been used, where the effect of local and deep syntheticcyclones on sea level was investigated (Särkkä et al. (2024b)).In this study, we investigate how high sea level affects surface waves in the vicinity of Olkiluoto NPP, continuingthe work started in Särkkä et al. (2024a). According to the original research plan, the wind fields from syntheticcyclones should have been used as input both for the sea level and wave models. It turned out that for the wavemodel, the quickly moving low pressure systems with high wind speeds (over 40 m/s) combined with the specialfeatures of the Baltic Sea, produced unrealistic wave heights in the simulations. In the end, we changed the plan sothat waves are simulated using all together 90 different uniform wind fields that were combined with 18 differentwind directions and 5 different wind magnitudes. This study examines plausible wave fields around Olkiluoto NPPsite, when wave growth is not limited by the duration of the wind. Since the shallowness of the area occasionallyaffectswaves and the purpose of the analysis is to look for theworst possible flood situations (which are not causedsolely by waves), the same analysis is carried out with a situation where the static water level in the area is 2 mhigher than usual, corresponding to an extreme sea level estimate at Olkiluoto (Särkkä et al. (2024a)).

2 Data and methods
2.1 WAVEWATCH III® model setup for the Baltic Sea
We used the third-generation spectral wave model WAVEWATCH III® (Tolman et al. (2002)) to perform wave sim-ulations. The spectral wave models are built to represent the chaotic nature of sea surface waves by not solvingindividual waves on the sea surface but rather using a statistic approach in which the wave field, consisting ofwaves with different directions and frequencies, is described with power spectrum. The WAVEWATCH III® modelsolves the spectral action density balance equation for wavenumber-direction spectra in time and space. Thewavespectrum used in our simulations has 35 frequencies (0.05–1.2774 Hz) and 36 directions. We used source terms forwind input and dissipation by Ardhuin et al. (2010), bottom friction by Komen et al. (1994), depth-induced wavebreaking by Battjes et al. (1978), and weak non-linear wave-wave interactions by Hasselmann et al. (1985).To account for the effects of smaller scale depth variations and coastline, we created a 0.1 nmi (around 200m)model grid around Olkiluoto island with obstruction fields as proposed in Tuomi et al. (2014), using an open-accessEMODnet Bathymetry (EMODnet Bathymetry Consortium (2020)). With obstruction grids, we account for someof the islands smaller than the model grid by dampening the wave energy in the model grid. The two-way nestedsetup was run with gradually increasing model resolution from the initial 1 nmi Baltic Sea grid to 0.5 nmi and 0.25nmi surrounding the Olkiluoto area (Fig. 1). The minimum depth in the wave model was set up as 1 m.The model setup was validated against operational wave buoys in the open sea and two research wave buoysin the higher resolution grid areas as part of a separate master’s thesis work using the same model configuration.The model setup was run for 11 years with a high resolution setup using weather forcing from CERRA reanalysis(Ridal et al. (2024)). Validation against wave buoy observations in the area (shown in Fig. 1) showed that themodelsetup had the same order of accuracy as the other wave model setups in the Baltic Sea.The high-resolution model setup was only created around the Olkiluoto NPP site as there were no availablewave buoy measurements near the Loviisa NPP site that could have been used to validate the high-resolutionsetup in this area.
2.2 Model forcing with uniform wind fields
To study the effect of different wind conditions on high waves in the Olkiluoto area, we generated a set of uniformhomogeneous wind fields from all wind directions with 20◦ intervals between 0◦ and 340◦ (all together 18 direc-tions). The model was run with 5 different wind magnitudes for each direction: 14 m s-1, 18 m s-1, 21 m s-1, 24 m s-1
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Figure 1: Two-way nested model grid setup. Pink diamonds highlight research wave buoys (WR) in the area wherewaves were measured during year 2020, yellow highlights Olkiluoto site. Colorbar represents model bathymetryand the size of the coloured squares represents the size of themodel grid in latitude/longitude direction. Thewavemodel bathymerty is calculated from the EMODnet Bathymetry (EMODnet Bathymetry Consortium (2020)). Darkred areas mark the land mask from the EMODnet Bathymetry.
and 32m s-1. The first four wind speeds represent higher wind speeds that can be expected in the region, althoughwinds of more than 20 m s-1 in this region are rare (see e.g. Laurila et al. (2025)). The 32 m s-1 winds were chosenas an extreme worst case scenario.The presented results are from the timewhen the wave fields reached a stationary state from each run, mean-ing that the wave growth was limited by the wind speed and fetch from the set direction, but not by the duration.By the shallow coast, waves can also be restricted by bottom friction and wave breaking due to interactions withthe sea floor. Also, the refraction of waves toward shallow regions affects the propagation direction of the waves.However, these interactions are present only when the waves are long enough so that they interact with the seafloor. Based on linear wave theory, at 5 m depth waves need to be at least 10 m long to not interact with the seafloor, which corresponds to wave period of 2.5 s.To account for the effect of higher sea level, wemade identical runs with 2.00m increase in sea level comparedto the original depths of the model grid throughout the model domain. The depths of the original wave modelgrid are presented in Figures 1 and 2.
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Figure 2: Zoomed bathymetry of the study area in the 0.1 nmi model grid. Colorbar shows the used modelbathymetry and values below 0 m have been marked as land in the wave model setup. Lighter gray colours showthe land mask in the EMODnet Bathymetry (EMODnet Bathymetry Consortium (2020)) used to generate modelgrid. Olkiluoto area as well as the two coastal sites (Iso Kaalonperä and Olkiluodonvesi) have been marked with adiamond.
2.3 Estimate for the extreme sea level at Olkiluoto
The estimates of high sea level at Olkiluoto have been calculated based on synthetic cyclone methods, presentedin detail in Särkkä et al. (2024b). With this method, having winds and air pressures from synthetic cyclones atatmospheric input, we obtained an estimate of 144 cm for extreme sea level at Olkiluoto (Särkkä et al. (2024a)).This high sea level was due to synthetic cyclone propagating from Sweden and heading in a northeastern direction,when westerly winds push water towards the coast. Sea level at Olkiluoto is over 100 cm for 10 hours before itrecedes rapidly to the mean sea level. The variations in the water volume of the Baltic Sea are mainly caused bythe flow of the water in and out of the Baltic Sea through the Danish Straits. The contribution of the water volumeto the local sea level (also called preconditioning) is termed the water balance component. This component can beestimated with a statistical model, based on wind speeds at a single coordinate point at (55◦ N, 15◦ E) (Johanssonet al. (2014); Särkkä et al. (2017)). The extreme value of the water balance component can be estimated to be 100cm. We estimate the extreme total sea level at Olkiluoto by adding water balance value 100 cm and the 100 cmsea level from the short-term sea level (that is exceeded during 10 hours) leading to static extreme sea level of200 cm above mean sea level in the Olkiluoto region. In general, the high sea levels at Olkiluoto are related tocyclones arriving from the south or the west, whereas cyclones arriving from north or the east lead to lower sealevels. Therefore, the high sea levels at Olkiluoto are usually connected to simultaneous local southern or westernwinds.
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Figure 3: Maximum significant wave height (Hs, upper panels) and corresponding dominant wave period (Tp lowerpanels) with different wind speeds (colors) against different directions of the winds. Square markers show thewave simulations with the standard model bathymetry (shown in Fig. 1) and triangles show the correspondingvalue when sea level in the overall area was set 2.00 m higher. Wind directions, where high sea levels are mostlikely in this region (200◦ to 340◦) are highlighted with light orange.
3 Results
Significant wave height (Hs) and dominant wave period (Tp) are presented at the two coastal sites surroundingOlkiluoto NPP: 1) western Iso Kaalonperä which is more separated from the open sea with shoals and islandsaround it and 2) Olkiluodonvesi which is connected to the open sea through some narrow passages through theislands in the west (Fig. 2) but has a rather long fetch from the south-east.Western Iso Kaalonperä site is most open to high waves for wind directions from 230◦ (SW) to 320◦ (NW)(Figures 3, left panels, square markers). Winds of 14 m s-1 resulted in significant wave height (Hs) up to 0.4 m s-1with peak periods (Ts) up to 2.3 s. Higher 24m s-1 winds were able to growHs to 0.8mwith Tp varying between 3.2s and 3.5 s with longest waves arriving from 240◦–260◦ (WSW). Extreme wind speeds of 32 m s-1 generate around0.1 m higher Hs values than 24 m s-1 winds, but Tp is even 0.6 s longer with western winds (280◦).The waves by the Iso Kaalonperä site were increasingly limited by the depth of the area with increased windspeeds, when the wind was blowing from the direction of the longer fetch that allowed waves to grow longer (i.e.higher Tp values). This is visible when comparing the run with an additional 2 m water level (triangle markers)against the wave height Hs during typical depth fields (square markers) in Figures 3 (left panels). A higher sea levelof 2 m allowed Hs to grow up to 0.20 m higher with 24 m s-1 winds resulting in Hs values up to 1 m, while themost extreme 32 m s-1 winds together with increased sea level resulted up to 0.5 m higherHs values resulting toHs of 1.4 m. The wind directions with the most notable increase ofHs by higher sea level are also the same winddirections known to induce high sea level in the Olkiluoto region (Figures 3, highlighted areas).The analysis of the wave fields surrounding the Iso Kaalonperä site (Figure 4) show that the western sideof Olkiluoto NPP is well sheltered not only by the surrounding archipelago but also by the shoals between theislands that attenuate the waves quickly between longitudes 21.36◦ E and 21.39◦ E. Higher sea level outside ofthe archipelago allowed much higher (and longer, not shown: Tp of 9 s with increased sea level, compared to 3s in reference run) waves to form already outside of the surrounding archipelago resulting in different refractionpatterns in the sheltered western coast. The growth of waves in Iso Kaalonperä with 280◦ western winds is limitedby the fetch from the western islands (around 1.8 to 2.5 km from the study site).
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Figure 4: Significantwave height (Hs, colorbar) and the dominantwave direction (arrows) generated by the uniformwinds of 14 m s-1 (left panels), 21 m s-1 (middle panels) and 32 m s-1 (right panels) from 280◦ (W). Upper panelsshow the wave fields in the reference run of the original model depths (Figure 2) and lower panels show the runwith 2 m higher sea level. Presented wind direction generated the highest waves in Iso Kaalonperä site (orangemarker).
The second site, southern Olkiluodonvesi, is more open to high waves from a wider range of wind directionscompared to the Iso Kaalonperä site (Figures 3, right panels). The maximum Hs is reached with winds from 120◦(SE), which corresponds to the orientation of the open water in the area (Fig. 2). However, high and long waveswere also simulated from 220◦ (SW), where the study site again has a longer fetch and deeper bathymetry. Likein Iso Kaalonperä, winds of 14 m s-1 increased the significant wave height (Hs) up to 0.4 m with peak periods upto 2.3 s and 18 m s-1 wind resulted up to 0.6 m Hs and 2.6 s Tp. With 24 m s-1 winds, Hs reached to 0.9 m and Tpto 3 s, which corresponded more to the wave conditions during the higher sea level in Iso Kaalonperä site. With24 m s-1 winds, an increase in sea level of 2 m (triangle markers) increased the Hs less than 0.1 m but with 32 m s-1winds Hs increased up to 0.2 m.The Olkiluodonvesi site was deeper (5 m, see Fig. 2) than Iso Kaalonperä site (2 m). The wave growth in theOlkiluodonvesi was only slightly limited by the depth of the region with the highest winds speeds that grew thelongest waves. Based on linear wave theory, waves with periods up to 2.5 s are considered deep sea waves at adepth of 5 m, and they do not interact with the sea floor. At the 2 m deep Iso Kaalonperä site, waves with periodsbelow 1.6 s are deep sea waves. The largest increase in Hs, caused by the increase in sea level, was seen with windsfrom 120◦ (SE); however, this direction of wind is not likely to occur with simultaneous high sea levels in Olkiluotoregion. Wave fields during the 120◦ (SE) winds (Fig. 5) show how the waves would grow higher already earlier inthe long channel with higher sea level.

3.1 Wind directions at the study site
We checked the distribution of the 10 m wind directions and magnitude distribution by the Iso Kaalonperä siteusing CERRA reanalysis data (Ridal et al. (2024)) with 5.5 km spatial resolution over 11 years (2010–2020, Fig. 6).The wind rose shows that in this region,the winds blow most commonly between S and SW (170◦–240◦) and aremost of the time below 15 m s-1. However, the highest winds are from the WNW (275◦).
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Figure 5: Significantwave height (Hs, colorbar) and the dominantwave direction (arrows) generated by the uniformwinds of 14 ms-1 (left panels), 21 ms-1 (middle panels) and 32 ms-1 (right panels) from 120◦ (W). Upper panels showthe wave fields in the reference run of the original model depths (Figure 2) and lower panels show the run with 2m higher sea level. Presented wind direction generated the highest waves in Olkiluodonvesi site (blue marker).
4 Discussion
The presented analysis in this fetch-limited finite depth area is very sensitive to correct representation of the depthand the coastline of the area. Our analysis is based on open access EMODnet Bathymetry (EMODnet BathymetryConsortium (2020)) that was used to calculate model bathymetry. The input depth information used had an ap-parent horizontal resolution of around 200 m, but the original information that was interpolated to the EMODnetgrid can bemuch coarser than the one given through the database, and thus it might not represent all of the shoalsthat this model resolution could otherwise account for. The coastline was in some regions hand-tuned to betterfit the actual coastline; however, even more detailed edits could be considered if the model grid would be usedagain in future. The complexity of the coastline and bathymetry of the area is still rather far from being completelyrepresented with 0.1 nmi model grid. In this study, we did not aim to find the optimummodel resolution to modelthe Olkiluoto area, but the 0.1 nmi resolution was chosen based on previous research on modelling waves in theFinnish archipelago (e.g. Tuomi et al. (2012),Tuomi et al. (2014)). Comparing the model coastline to the EMODnetcoastline in areas with coarser resolutions to the 0.1 nmi resolutions in Fig.1) clearly shows how much more detailcan be attained with higher resolution to model the true fetch felt by the waves. It is notable that typical BalticSea wave models that use 1 nmi grid resolution are too coarse to have any information on the Olkiluodonvesi area.Simulations could have, however, been made computationally lighter by lowering the model resolution outside ofthe Gulf of Bothnia.The chosen approach of using static uniform wind fields over the whole area still represents quite unrealisticwind conditions, as winds blowing over the land would be affected by landmasses, and thus would be weakerthan the ones blowing from open sea directions. Also, realistic wind fields would have variation in wind speed anddirection. However, this approach gives an estimate of the limits the wave growth has due to the fetch of the areawith given wind speed while taking into account many other interactions of the waves like the interaction with thesea floor and refractions over shoals.Increasing the sea level by 2 m also reveals some of the areas where waves have a strong interaction with seafloor by showing the changes in wave fields. However, a bulk increase of sea level by 2 m throughout the wholemodel area is not very realistic as sea level is typically tilted so that the largest increases or decreases occur by
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Figure 6: Wind rose of 10 m winds 2010-2020 by the Iso Kaalonperä site from CERRA reanalysis.
the coast. Used approach might have allowed too long waves to travel from open sea to the presented Olkiluotoregion. However, the shallows around the Olkiluoto region blocked most of the open sea waves in the study area(seewave fields around 21.36◦ E in Figs. 4 and 5)whichmade this approach still usable in this region. However, evenif the uniform 2 m increase of sea level in the entire model domain is not entirely realistic, it gives a conservativeupper limit estimate for the maximum sea level in the domain.The combined occurrence of both high sea levels and high waves at Olkiluoto can be related to the local winddirection. The extreme sea levels at Olkiluoto are caused by southerly and westerly winds. They push the waterfrom the Baltic Sea to the Gulf of Bothnia and consecutively push the water towards the eastern coast of theBothnian Sea. Northerly winds have an opposite effect, pushing water out of the Gulf of Bothnia and away fromthe coast, and are less likely to lead to extreme sea levels in the Olkiluoto region. Thus, it is expected that thesoutherly and westerly winds are related to the high sea levels near the Olkiluoto NPP. As westerly winds grow thehighest waves in the Iso Kaalonperä site, the highest waves can occur simultaneously with high sea levels in thearea. Although the wind rose shows that the westerly winds are not the most common in the area, the highestwinds have blown from that direction. In the Olkiluodonvesi site, highest waves are generated both by westernand southern winds (leading to high sea levels) and eastern winds (leading to low sea levels). Therefore, highwaves are not always connected to high local sea levels.

5 Conclusions
The significant wave height (Hs) can grow highest in the shallower (2 m) sea area west of the Olkiluoto NPP site(Iso Kaalonperä) with the western winds, but the wave heights are nearly as high with the wind directions fromSWS through west to north. In this region, even extreme 32 m s-1 winds are not shown to be able to grow Hs to
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more than 0.9 m with the typical sea level in the area, but that wave heights could grow up to 1.4 m if extremelyhigh westerly winds occurred with simultaneous 2 m high sea level.In the deeper (5 m) sea area south of the NPP site (Olkiluodonvesi), waves can grow to higher magnitudes withwinds from SW and SE, but only waves generated by the SW winds grow slightly higher with increased sea level.The Hs can grow up to 1.4 m with SE winds and 2 m higher sea level, but also up to 1.2 m both with SE and SWwinds if they blow up to 32 m s-1.In Iso Kaalonperä, thewinds between the south and thewest lead to a simultanous high sea level and highwaveheights, making this combination realistic. In Olkiluodonvesi, high waves are generated by both winds betweenthe south and the west (leading to high sea level) and winds between the south and the east (leading to lowerlocal sea level). Therefore, the co-occurrence of high sea level and waves is more likely in Iso Kaalonperä than inOlkiluodonvesi.Summarizing the results of this study, it was shown that the extreme sea level of 2m has a small effect on waveheights near the Olkiluoto NPP site for wind speeds up to 24m s-1. Therefore, the estimates for wave heights usingwater depths in mean sea level are valid also for higher sea levels. The combined effect of high sea level and highwaves can be estimated by combining independent high sea level estimates and high wave estimates.In the MAWECLI project plan, the original objective of this task was to study sea level and waves generated bysynthetic cyclones. As the extreme sea level from the synthetic cyclone has a short duration (less than 12 hoursover 100 cm), the effect of high sea level on waves would likely have been smaller than in the used method withstatic uniform wind fields. Consequently, it is evident that the extreme sea level events are unlikely to lead to highwaves near Olkiluoto NPP site.Our report studied only Olkiluoto NPP site, but a similar analysis could possibly be extended to the LoviisaNPP site now that there is an operational wave buoy by the Orrengrund piloting site in the eastern Gulf of Finlandsince summer 2025. Wave buoy measurements allow us to validate the created model grid before using it in thesensitivity study.
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