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1 Introduction

1.1

This internal scientific report is a part of the Vinnova-project ‘Nature-based protective
dikes to flooding — planning, construction, and maintenance’. The overall goal with the
project is to determine the wave resistance of the nature-enhanced revetment of the flood
protection system planned at the Falsterbo peninsula.

The primary objective of this report is to assess the anticipated maximum wave loads
impacting the planned Falsterbo flood protection system. Additionally, it outlines the
methodology employed to estimate these wave loads, with an exclusion of the beach
dune components within the protection system. The erosion resistance of beach dunes in
the Falsterbo protection system is the central focus of the master thesis titled 'Storm
Impact on Dunes in the Falsterbo Peninsula' by Sukchaiwan (2023b).

In this study, we calculate wave loads on the dikes and seawalls by employing a
nearshore wave model, which is supplemented with data from a regional wave model
specific to the South Baltic Sea. The primary purpose of the nearshore model is to
characterize the transformation of waves as they traverse from the open sea, crossing
inundated areas, and reaching the flood protection structures.

The structure of this report entails an initial section describing the meteooceanographic
conditions prevalent at the Falsterbo peninsula. Subsequently, we present the
methodology, providing a comprehensive overview of the nearshore wave model and the
input data utilized in this study. Finally, results are presented and analyzed while also
limitations of this study are discussed.

Description of study site

The Falsterbo peninsula is situated in the southern Baltic Sea, an area characterized by
prevailing short-period wind-generated waves primarily originating from the Arkona
basin in the southwestern part of the Baltic Sea. Notably, this portion of the Baltic Sea is
one of the shallowest regions, with an average depth of 23 meters and a maximum depth
of 53 meters (Rosentau et al., 2017). High water events, in this area, are typically a
consequence of seiching within the Baltic Sea. Seiches, or oscillations of water, manifest
in the Baltic Sea due to storms pushing water toward the eastern or northern sections of
the basin. When the wind subsides, this accumulated water is gradually released, giving
rise to a seiche wave with a periodicity spanning 23 to 27 hours (Hanson & Larson,
2008). Consequently, it is noteworthy that high water events in the southern Baltic basin
are not commonly associated with the immediate storm events but instead occur
approximately 23 to 27 hours later.

Previous research has investigated the interplay between high water levels, wind patterns,
and wave dynamics. In the study conducted by Hanson and Larson (2008), an extensive
dataset covering the years 1982 to 2004 encompassing wind data from Falsterbo and
water level measurements derived from Ystad and Simrishamn was analysed. This
analysis incorporated wave hindcasting employing the simplified SMB formulation and
various statistical methodologies. The findings of this study revealed that high water
levels were associated to winds originating from the west-north-east sector. However, it
was concluded that the strongest winds did not necessarily coincide with the high water
levels.

For gale-force winds, characterized by speeds ranging from 14 to 24.4 meters per second,
water levels exhibited fluctuations spanning from -1.10 meters to +0.8 meters. In cases of



storm winds, with velocities ranging from 24.5 to 32.6 meters per second, the water
levels ranged between -0.4 meters and +0.4 meters. Additionally, Hanson and Larson
(2008) demonstrated that when water levels reached +1.0 meter, the highest computed
waves typically reached around 0.8 meters. This observation underscores the fact that
high water levels and exceptionally large waves rarely coincide in this geographic region.
Instead, the calculations suggest that the highest runup levels are predominantly the
outcome of sizable waves coupled with relatively moderate water levels. Nonetheless, it
remains imperative to account for wave dynamics during high water events, even if there
is not a direct correlation between high water levels and substantial waves.

In an ocean-meteorological analysis of the Falsterbo peninsula conducted by Sweco
(2018b), an investigation was carried out comparing the wind data series from Falsterbo
to the water level records from the Skanors hamn station. This analysis spanned the
timeframe from 1992 to 2015. The findings indicated that northerly winds were the
prevailing conditions during high water level events, and wind speeds of up to 15 meters
per second were considered feasible. It's essential to note that this analysis encompassed
a relatively brief period, which predominantly covered a period of relatively calm wind
conditions. During this period, specific attention was given to wind speed and direction
when water levels exceeded +1.0 meter (Figure 1). Among the observations, it was
established that 35% of the recorded events featuring water levels surpassing +1.3 meters
experienced wind speeds greater than 10 meters per second, while 6% of these events
exhibited wind speeds exceeding 15 meters per second. This shows that moderate winds
can appear during high-water events.
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Figure 1. The scatter plot illustrates wind speeds associated with water levels exceeding
+1.0 meter. Each data point is color-coded to represent the corresponding wind
direction. This figure is sourced from Sweco (2018b).

Since the studies conducted by Hanson and Larson (2008) and Sweco (2018b),
advancements have been made in the assessment of the long-term wave climate within
the region. Particularly, this includes the development of a regional wave model specific
to the southern Baltic Sea, as described in SGU (2021) and Adell et al. (2023). This
regional wave model, validated through wave measurements conducted outside the
Falsterbo peninsula, provides a comprehensive depiction of the wave climate spanning



from 1959 to 2021. The temporal resolution of this model was increased from 3 hours to
1 hour in Sukchaiwan (2023b) yielding better performance in describing waves heights
during storm events.

Wave data was extracted from the regional wave model at three points north, south, and
west of the Falsterbo Peninsula (Figure 2). At these points, maximum wave conditions
for four different wind direction sectors and six wind speed intervals was collected and is
presented Table 1. Largest waves are anticipated from the south where significant wave
heights exceeding 4 m are simulated when southern or westerly winds are above 20 m/s.

Figure 2. Bathymetry and topography in the study area. Darker colors represent greater
depths, while brighter colors indicate higher elevations. The red frame outlines the
nearshore model domain, and blue dots mark positions for wave data extraction from the
regional model.



Table 1. Wave conditions extracted from the regional model at the three boundaries
(N,W,S) in the nearshore model

Wind speed intervall

Wind { 0-5m/s | 5-10m/s | 10-15m/s |  15-20m/s |  20-25m/s | >25m/s
Direction Boundaryi He T Diri H, T Dir H; T, Dir H; T Dir Hs T, Dir Hs T, Dir
iIml @] [T iml (s [ iIml sl [ i Iml (s [ i Im [s] [ iIm [s] [
N 1066 61 215/093 81 215 159 48 265 | 155 46 265 - - - - -
(315'\f450) w ;0.93 7.8 175 125 93 175 197 54 285 212 55 285 - - - - - -
S 1225 76 125:191 8 125|222 88 115 209 61 265 @ - - -0 - -
N (071 75 205:1.06 8 215 | 123 7.8 215 | - - = | = - - - - -
(45>§350) w 11,15 81 175 146 8 185 202 88 185 206 87 185 - - - - - -
S 1188 79 125;266 7.2 125 ;354 87 125 38 85 125 - - = | - - =
N 1082 65 215:134 66 215 1.8 7 225 @ 224 68 225 - - -0 - -
(135_52250) W {105 77 175{176 77 195 | 255 73 205 | 313 74 205|299 72 205 - - -
S {19 75 125(242 79 125} 35 8 135 /369 8 18 | 412 73 185 | - - -
N {081 64 215! 15 6.2 225 192 71 225|234 66 235! 24 72 225 - - =
w W 114 68 195:1.81 67 205 247 68 205 ;301 73 205332 77 215 - = >

(225-315°) s : ‘ ‘ !

51.69 7.8 125:224 7.5 185 ! 3.09 8 185 | 3.78 81 185 443 7.7 185 -

Waves extracted from the regional wave model are compared with observed still water
levels at SMHI:s station Klagshamn (Figure 3). The largest waves are seen at the south
boundary, with significant wave heights up to 4 m, while the smallest waves are found at
the north boundary, where significant wave heights reach up to 2.5 m. Large waves
coincide with still water levels up to +1.0 m. However, when the still water levels exceed
+1.0 m there is a sharp decline in wave heights (Figure 3). For the North boundary the
significant wave heights barely exceeds 1.0 m for such still water levels, whereas at the
south boundary, waves reach nearly a height of 2 m, and at the west boundary waves
reaches heights up to 1.5 m. These findings confirm the results from Hanson and Larson
(2008), emphasizing that extreme still water levels and extreme waves do not coincide.
Nonetheless, it is noteworthy that the regional wave model and the study of Hanson and
Larson (2008) shows that notable wave heights are present during extreme still water
levels.
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Figure 3. Waves extracted at the boundaries (North, South, and West) versus observed
water level at SMHI:s station Klagshamn. The lower subplots show waves for still water
levels exceeding +1.0 m.

An extraordinary occurrence where waves correlated with a storm surge occurred during
the 'Backafloden' storm in 1872. This severe storm wrought extensive destruction along
the southwestern Baltic Sea coast, affecting Denmark, Germany, and Sweden. The
uniqueness of this event was attributed to an unusual interplay of pressure systems, as
described by Feuchter et al. (2013). In the days leading up to the storm, westerly winds
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pushed water into the Baltic Sea. A high-pressure system was established over
Scandinavia while a low-pressure system moved in over central Europe. This generated
north-easterly to easterly winds reaching hurricane strength. The winds pushed water to
the southwestern basin of the Baltic Sea and extreme waves were generated by strong
wind. Resulting in the extreme water levels coinciding with the extreme waves for the
1872-storm.

Unfortunately, at the time of the storm, there were no stations recording the water levels
along the Swedish south coast. The still water level along the Swedish coast during the
storm is therefore unknown. However, Germany and Denmark did have stations
measuring the still water levels at the time of the storm. In Travemiinde, Germany, the
still water level was observed to +3.4 m above mean sea level, while in Kdge, Denmark,
the sea level reached +2.8 m above mean sea level. Considering the wind direction and
the geographical shape of the southern Baltic Sea basin, it is presumed that the still water
level along the Swedish coast during the storm would have been lower.

In an attempt to estimate the storm surge level at the Falsterbo peninsula during the
1872-storm, Fredriksson, Tajvidi, et al. (2016) reconstructed the water level by going
through historical records and surveying the waterline of the memory stone for the 1872-
storm. They estimated the still water level to be +2.4 m above mean sea level,
corresponding to +2.6 m in the Swedish national height system (RH2000). This
estimation was based on measurements of a memorial stone over the 1872-storm located
in the Falsterbo peninsula and on previous studies of the water level during the storm.

Waves during the 1872-storm were simulated in a study conducted by Sukchaiwan
(2023a) using the regional wave model from Adell et al. (2023) and winds reconstructed
by Rosenhagen and Bork (2009). From the model of Sukchaiwan (2023a) waves were
extracted at the North, South, and West boundary (Figure 2) and the maximum wave
condition are presented in Table 2:

Table 2. Simulated Maximum waves under 1872-storm (Sukchaiwan, 2023a) at the
boundaries North, South, and West (Figure 2).

Boundary Depth [m] Hs [m] Tp [s] Dir [deg. N]

North 8.3 2.69 6.0 26
South 17.6 4.89 10.7 111
West 9.9 3.07 6.2 14

The 1872 storm represented a highly unusual event within the Baltic Basin, primarily due
to the unprecedented water levels it generated. Equally unique was the synchronization
of extreme waves with these exceptional water levels. This storm serves as a potent
reminder that scenarios beyond the scope of our brief observational records can occur.
Relying on observed events alone might inadvertently exclude scenarios that could
happen, even if they have not been witnessed.

Therefore, when developing a methodology for estimating wave loads on the flood
protection system at the Falsterbo peninsula, it is imperative not to solely depend on
methods simulating statistically probable events. A comprehensive approach should
encompass the potential for rare and extreme scenarios, as demonstrated by the historical
1872 storm, to ensure the robustness and resilience of the flood protection system.



2 Methodology

2.1

Previous studies of wave conditions along the Falsterbo peninsula have mainly focused
on the correlation, or the lack thereof, between high water levels and large waves.
Nevertheless, it's essential not to misinterpret this absence of correlation as an indication
that waves are entirely absent during high-water events. For example, Sweco (2018b)
stated that winds of 15 m/s are plausible during a high-water event, which would
generate local waves. Moreover, as indicated in Table 1, waves are present even under
calm wind conditions. Therefore, waves could theoretically coincide with high-water
level event. Additionally, given the limited historical records of winds and water levels
along the south of coast of Sweden, it is probable that combinations of wind watter levels
have occurred but without being observed. Consequently, this study aims to investigate
wave loads along the flood protection system for high-water events under various wind
conditions.

The overarching methodology for this study involves employing a nearshore model of
the Falsterbo peninsula, which encompasses dry land expected to be flooded, to simulate
the incipient waves on the flood protection structure across multiple scenarios. These
scenarios combine offshore wave input data extracted from the regional model with
varying wind directions and wind speed. The outcome of these simulation will yield a
database comprising anticipated wave condintions at specified output points along the
dikes and seawalls.

Nearshore wave model

The nearshore waves were simulated using the open-source software SWAN (Booij et
al., 1999), version 41.45. SWAN is a state-of-the-art wave model widely employed
globally in both research and practical applications. The model is a third-generation
spectral wave model capable of resolving:

= wave propagation and generation for deep and shallow water in time and space due
to shoaling,

= refraction,

= wave interaction with currents and bottom, and

» frequency shifting due to currents and non-stationary depths.

In the model, waves are generated by transferring energy from the wind to the waves.
The dissipation of wave energy in the model is attributed to white-capping, bottom
friction, and depth-induced breaking. Additionally, the model has the capability to
include dissipation effects from aquatic vegetation and, to some extent, resolve
diffraction processes.

Computations in SWAN can be conducted on either a regular, curvilinear, or a triangular
mesh. For this study, a triangular mesh was selected to achieve finer resolution in
shallow areas, allowing for the accurate representation of wave propagation processes.
The mesh for the nearshore model was generated using open-source scripts from
OceanMesh 2D (Roberts et al., 2019). The mesh resolution ranged up to 250 m in
offshore areas, up to 100 m in areas with an elevation between -2 m and +1 m, and up to
50 m in areas with an elevation exceeding +1 m

The nearshore model was run with 36 directional bins and 38 frequency bins, equally
spaced within the range of 0.05-1 Hz. The model employed default parameters with the
additional activation of depth induced wave breaking in shallow water using the BKD-



scheme, which allows the breaker index to be scaled based on bottom slope and the
dimensionless depth. Furthermore, bottom friction was included in the model as a
JONSWAP with a constant bottom friction coefficient of 0.038 m?/s®, typical of sandy
bottoms. Additionally, the model accounted for the triad wave-wave interaction and an
approximation for accounting for diffraction processes. Wave dissipation from
vegetation was not considered in the current model due to absence of vegetation data.

2.1.1 Input data
The SWAN model requires information concerning bathymetry, boundary conditions
(e.g. incoming waves at offshore boundaries), and wind forcing. Details regarding the
input data utilized in this study are provided in Section 2.1.1 ‘Input data’.

Depth and elevation within the model were compiled using three different data sources.
The most recent LiDAR-survey conducted by Lantméteriet (eng. The Land Survey) in
2018, with a resolution 1x1 m, was combined with SGU’s (eng. the Swedish Geological
Survey) multibeam scanning, with a resolution of 2x2 m, for nearshore bathymetry
within the depth range of 0-6 m, and the European Marine Observations and Data
Network (EMODnet) bathymetry portal, with a resolution of 115x115 m, for depths
exceeding 6 m. The combined data was then interpolated to create a digital elevation
model (DEM) with a 2x2 m resolution. The SWAN-model extract depth data from this
DEM at the computational nodes within the mesh, resulting in varying depth resolutions
throughout the model domain.

Boundary conditions encompass both offshore boundaries, where waves enter the
nearshore model, and shoreline boundaries where all wave energy is dissipated. The
wave input specification at these boundaries is detailed in Table 1 for the various wind
condition scenarios. The shoreline boundaries are delineating areas not of interest to the
study, i.e., north and south of the Falsterbo peninsula. The shoreline boundary is
determined based on the actual shoreline, with the exception of the Falsterbo peninsula
where the shoreline is defined as the position of the flood protection system. Information
regarding the location the flood protection system sourced from Sweco (2023).

Type of structure
= Dike

— Seawall
-== Seawall/dike

Figure 4. Type of structure for the flood protection system: dike (green line), seawall
(black line), and yet not decided (green/black line).



2.1.2 Output data

2.2

Significant wave heights, period, and direction are extracted from the nearshore wave
model at intervals of 100 m along the dike and at a distance of 25 m from the dike. The
distance from the dike is done to avoid boundary effects in the nearshore wave model.
Furthermore, the flood protection was subdivided into segments according to their
geographical location, facilitating the aggregation of simulation results to the various
segments of the flood protection site (Figure 5).

= 1: Kdmpinge === 4, Ljunghusen North 7: Skanor West
= 2: Ljunghusen South 5: Skandr East 8: Falsterbo West
== 3: Hollviken === §: Skanor North === Q: Falsterbo East

Figure 5. Segment division of the flood protection system and names that is referred to
hereafter.

Scenarios

Multiple scenarios were simulated using the nearshore wave model to generate wave data
for various wind conditions and extreme water levels. In total, 42 scenarios were
simulated, encompassing 21 different wind scenarios for two different still water levels:

o A still water level with a 100-year return period, denoted as HW100. In
Fredriksson, Tajvidi, et al. (2016), the HW 100 was estimated to be +1.81 m (in
RH2000) based on an extreme value analysis (GEV) of a water level series that
combined the Klagshamn, Ystad and Falsterbo time series.

e The estimated still water level during the 1872-storm, referred to as 1872-storm,
which was +2.6 m (RH2000) as taken from Fredriksson, Tajvidi, et al. (2016).

These still water levels refer to present day climate. However, the flood protection
system at Falsterbo has a life expectancy until the year 2065. Consequently, the
expected sea level until the year 2065 must be included in the scenarios. Until the
year 2065 the sea level is expected to rise with 0.5 m. Hence, the still water level of
HW100 and 1872-storm were adjusted upwards by 0.5 m to account for the projected
the sea level rise. This results in the still water level for HW100 and the 1872-storm
being +2.31 m (RH200) and +3.10 m (RH2000), respectively.

For each water level, wind blowing from four different sectors (as outlined in Table
3) - North, East, South, and West - was simulated. Wind speeds of 5, 10, 15, 20, and
25 m/s were included for each wind direction sector. Additionally, the highest
offshore wave conditions from the regional wave model were incorporated for each
wind combination (see Table 1).
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Table 3. Scenarios simulated with the nearshore wave model.

11

Still water level, year 2065

Wind direction

Wind speed [m/s]

HW100
(+2.31 m in RH2000)

1872-storm
(+3.10 m in RH2000)

North (0°)
East (90°)
South (180°)
West (270°)
North (0°)
East (90°)
South (180°)
West (270°)

(OO, RO, R ) I U IO, RO, I O

10
10
10
10
10
10
10
10

15
15
15
15
15
15
15
15

20
20
20
20
20
20
20
20

25
25
25
25
25
25
25
25




3 Results

Results from the nearshore model have been aggregated according to segments of the
flood protection system (Figure 5). In Appendix 1, the maximum wave load at each
segment is tabulated for all the simulated scenarios. The simulations indicate that waves
are consistently present at the flood protection system in every scenario, and the wave
height increases with wind speed and still water level (Figure 6).

Scenarios for a 100-year return period still water level Scenarios for the 1872-storm still water level

16

14

1.2

s
3%,

nificant Wave Height (Hs)

significant Wave Height (Hs)

Sigr

]

0.0

.
. .
-
ol $
10 .. 2
0 o
ol . %
08 . ) Fod s
0.6 .
.
.o
0.4
0.2
5-10

10-15 15-20 20-25 05 5-10 10-15 15-20 20-25
Wind Speed Intervals (m/s) Wind Speed Intervals (m/s)

(@) (b)

Figure 6. Box plots illustrating wave characteristics at the flood protection site within
different wind speed intervals. Each box plot displays the median wave height (second
quantile), along with the 25th and 75th percentiles, while individual data points (dots)
represent observed wave heights. (a) Simulations with a still water level corresponding
to a 100-year return period, factoring in climate change projections for the year 2065.
(b) Results based on a still water level corresponding to the 1872-storm, considering
climate change projections for the year 2065

Furthermore, the water depth (or ground elevation) seaward of the flood protection
system is also a factor that influence wave height (Figure 7). Deeper water (or lower
elevation) seaward of the dike allows larger waves to impact on the flood protection
system.

1.6 4

1.4 1

1.2 1

1.0 1

Wave Height (m)

05 1.0 15 2.0 25 3.0
Water Depth (m)

Figure 7. Simulated maximum wave height along the flood protection system as function
of the water depth considering all scenarios.
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3.1 Maximum expected wave heights

In Figure 8 and Figure 9, the maximum significant wave height are displayed for every
100 m along the flood protection system. In the HW100 scenarios (Figure 8), the
anticipated waves heights are lower than in the 1872-storm scenarios (Figure 9). The
largest maximum wave heights for HW100 (Figure 8) are observed along Hollviken,
eastern section of Ljunghusen North, and Kdmpinge. Along these segments, waves can
reach heights up to 1.3 m at the toe of the flood protection system. Wave heights measure
0.2 m or larger at almost all locations along the flood protection system, except for a few
points where the water depth of the dike is very small due to the topography in relation to
the still water level.

For the 1872-storm scenarios, the waves in front of the flood protection system are
notably larger. The segments of Kdmpinge, Hollviken, parts of Ljunghusen North and
South receives the largest waves in this scenario as well. However, in these scenarios,
Skanor West and Falsterbo West, also have large waves seaward of the flood protection
system. The latter ones can however be a result of the model not fully describing the
topographic of the beach dunes in front of these areas.

Max. Hs [m]
e 0
<0.2
0.2-04
0.4-0.6
06-0.8
08-1
1-1.3
13-1.7

® & & O © @ o

Scenario
SWL: +2.31'm
Wind speed: All
Wind Direction: All

Figure 8. Maximum significant wave heights for scenarios with a still water level
corresponding to the 100-year flood in the year 2065.
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Max. Hs [m]
e 0
<0.2
0.2-04
04-06
0.6-0.8
08-1
1-1.3
13-1.7

® & & © @ @& @

Scenario
SWL: +3.10m
Wind speed: All
Wind Direction: All

Figure 9. Maximum significant wave heights for scenarios with a still water level
corresponding to the 1872-storm adjusted with expected sea level rise until the year
2065.

Maximum expected wave heights during wind less than 15 m/s

In the environmental application for the flood protection system Sweco (2018b) indicated
that while storm winds are unlikely to coincide with a storm surge, it is plausible that
winds of up to 15 m/s may occur simultaneously with a storm surge. Consequently, the
analysis of the flood protection system’s resistance in the environmental application
primarily focused on this particular scenario. It is therefore of show the results from the
nearshore model for this scenario (Figure 10 and Figure 11).

In comparison to the results obtained for all wind speeds, the higher wave heights are
reduced in a scenario with maximum wind speed of 15 m/s. However, for output points
with lower wave heights there is less, or none, reduction. This because of shallow water
depths at these locations limits the wave heights in all scenarios.

Max. Hs [m]
e 0
<0.2
0.2-04
04-0.6
06-0.8
08-1
1-1.3
1.3-1.7

e ¢ @ © o @ o

Scenario
SWL: +231m

Wind speed: 15 m/s
Wind Direction: All

Figure 10. Maximum significant wave heights along the flood protection system for a

still water level corresponding to HW100 (+2.31 m in RH2000) and wind speeds up to
15 m/s.
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3.3

Max. Hs [m]

Scenario

SWL: +3.10 m
Wind speed: 15 m/s
Wind Direction: All

Figure 11. Maximum significant wave heights along the flood protection system for a
still water level corresponding to the 1872-storm (+3.10 m in RH2000) and wind speeds
up to 15 m/s.

Wave run-up and overtopping

The maximum elevation that waves reach will be higher than wave amplitude due to
waves will run up on the dike slope. This is called wave run-up. If the wave run-up is
higher than the crest of the dike, the wave will pass over the dike. Wave run-up and
overtopping can be estimated using empirical formulations in the EurOtop (2018).
EurOtop is considered as an industry standard within Europe for designing coastal
defences in terms of wave run-up and overtopping.

Wave run-up in EurOtop (2018) is defined as the height only exceeded by 2% of the
waves. For grass covered dike slopes gentler than 1:2, the mean value for the wave run-
up is calculated using:

Ruz9

Homo = 1-65Vb)’f}’ﬁ€m—1,o (1

With a maximum of’

Ruzop _ 15
Hmo - 10)/fyﬁ (4 \/Vb_gm—l,o) (2)

Where R..s is the wave runup height above still water level, Hmo is the spectral
significant wave height at the toe of the structure, y; is the influence factor for a berm (no
berm, y,= 1), yr is the influence factor for roughness on the slope (grass on slope, y= 1),
yp1s the influence factor for oblique waves (for conservative assessment assumed to be
1), and &.-1,0 is the surf similarity given by:

Em-10 = (3)
\I Hmo/Lm—Lo

Where fan(o) is the slope and L,.;01s the deep-water wavelength based on the spectral
period.

The overtopping discharge in EurOtop (2018) are given by the mean value approach:

15



13
q _ 0023 < e(_(2'7£m—1,0'Hm}(ijb-Yf'Yﬁ'Yv> ) (4)
'_gH3 ) - ’_tana)/b m-—1,0

m

With a maximum of:

1.3
{m#)
q — 009 e HmO'Vb-Vf'Yﬁ‘V* (5)
GHrno

Where ¢ is the mean discharge per meter, g is the acceleration due the gravity, R. is the
crest freebord, v, is the influence factor for a wall in the end of a slope (y,=1 if no wall),
and y* is the combined influence factor (y*=1 for standard dike design)

Tolerable mean overtopping on a grassed covered slope is indicated by EurOtop (2018),
see Table 4.

Table 4. Tolerable mean discharge of various types grass covered slopes (EurOtop,
2018)

Type Mean overtopping discharge [1/s/m]
Grass covered crest and landward slope, 5

maintained and closed grass cover (Hmo = 1-

3m)

Grass covered crest and landward slope; not 0.1

maintained grass cover, open spots, moss,
bare patches (Hmo = 0.5 —3 m)

Grass covered crest and landward slope (Hmo 5-10
<1m)

Grass covered crest and landward slope No limit
(Hm0 < 0.3 m)

A majority of the output points along the flood protection system have a runup level
exceeding the crest height of the flood protection system (Figure 12). The runup levels
have been calculated assuming a grass covered dike with slope of 1:3 and is therefore only
valid for those locations where a dike is planned to be a part of the flood protection system.
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Figure 12. Histogram of runup levels (left), and mean discharge from overtopping (right)

In Figure 13 the calculated runup levels along the flood protection system is shown and in
Figure 14 the mean discharge due to overtopping is shown. The color gradation in Figure

16



34

14 is based on the tolerable discharge for a grass dike in Table 4. Possibility of breach is
high for discharges above 0.1 1/s/m depending on the resistance of the vegetation cover
and all grass covered dike are likely to breach for discharge over 10 I/s/m.

Runup level
[m in RH2000]

® (0-25

Figure 13. Runup levels (in RH2000) assuming a grass covered dike slope of 1:3 along the
flood protection system

Mean overtopping
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Figure 14. Mean discharge from overtopping assuming a grass covered dike slope of 1:3
along the flood protection system

Wave load

Wave load on the dike have been assessed using the maximum impact pressure from a
plunging breaker. A plunging breaker represents the worst-type of the breaking waves on
the outer slope in terms of breaching. The wave energy asserted onto the slope from a
plunging breaker is dissipated over a short distance and within short time, resulting in a
relatively small surface area exposed for a very short period of time to a high impact
pressure (Stanczak, 2008). The wave load from breaking waves do not act continuously,
but intermittently in time intervals of at least on wave period. Often longer time intervals
than one wave period is expected due to the predominant impact on the water layer due
to the wave up and down rush processes of the proceeding wave. Additionally, entrained
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air results in large variations of the wave breaking process. Parameters describing this
process must therefore be described stochastically.

The maximal impact pressure represents a stochastic variable and is therefore defined in
this study as the pressure not is not exceeded by 99.9% of the waves, noted by puax, 99.9.
In practice, pmay, 99.94 is considered as the highest maximum pressure (Stanczak, 2008).

In accordance with Stanczak (2008) the maximal impact pressure was calculated using
the approach by Zhong (1985):

Pmax,99.9 = KogopPwgH tan (D)

With p,, is the density of water, g acceleration due to gravity, H is the wave height, tan o
is the slope of dike, x99 is an empirical coefficient that depends on the deep water wave

steepness
Kso = —289:75 +11.2 2.1)
Kogo = —2899% +11.2 (2.2)

The maximum impact pressure ranged from 8.7 to 108.1 kPa with most dike locations
within the maximal impact pressure of 30 to 60 kPa (Figure 12).
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Figure 15. Histogram of the calculated maximum wave impact pressure along the flood
protection system.

4 Discussion and conclusion
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The nature-based revetment installed on the dike segments of the flood protection system
at the Falsterbo Peninsula must be able to withstand the anticipated wave loads exerted
upon it. Failure to do so could lead to wave-induced damage, potentially resulting in
breaches of the dikes with possible catastrophic consequences.

The design of the dike segments has not taken into account any specific event, and the
technical description of the environmental permit application does not include
calculations for the erosion resistance of the nature-based revetment (Sweco, 2018a).
Hence, it is essential to assess the erosion resistance of the nature-based revetment. To
accomplish this, it is imperative to have knowledge about the expected wave loads acting
upon the dike segments. The wave loads are strongly influenced by the water depth at the
toe of the dike, as demonstrated in this study (see Figure 7). Therefore, the choice of still
water level in the scenarios will greatly influence the final outcome from the simulations.

In the environmental permit application (Sweco, 2018c) two types of scenarios for the
still water level are mentioned: one still water level corresponding to a 100-year return
period, factoring in the sea level rise projected until the year 2065, and the other with a
still water level corresponding to the conditions during the 1872-storm, also accounting
for the expected sea level rise until 2065. In this study, the still water levels for these two
scenarios are +1.81 m and +2.60 m in RH2000, respectively. These levels are derived
from an extreme value analysis of water level at the Falsterbo Peninsula and historical
assessment of the still water level during the 1872-storm (Fredriksson, Tajvidi, et al.,
2016).

In this part of the Baltic Sea basin, extreme water levels do not typically coincide with
extreme waves; however, they do coincide with waves (Hanson & Larson, 2008). This
was further validated by extracting wave data from the regional wave model and aligning
it with the water levels records from SMHI:s station Klagshamn (Figure 3). Simulations
indicate that waves with a significant wave height up to 2 m have occurred for still water
levels exceeding +1.0 m. Moreover, for still water levels surpassing +1.5 m, waves
heights up to 1 m can be observed. Nevertheless, the very most extreme water levels are
align with extreme water levels. An example of such event is the 1872-storm.
Sukchaiwan (2023a) conducted simulations to assess wave conditions during the 1872-
storm using a reconstructed wind field. The study showed that the storm generated
significant wave heights up to 4.9 m south of the Falsterbo Peninsula.

As these offshore waves propagate towards the flood protection system they will
transform as they interact with the bottom. To account for this transformation, a
nearshore wave model covering the Falsterbo Peninsula was developed using the
numerical wave model SWAN. The wave condition along the protection system were
simulated using two scenarios for the still water level in combination with wind speeds
of 5, 10, 15, 20, 25 m/s from the north, west, south, and east directions. In this approach,
the maximum waves from the regional wave model for each wind scenario were
extracted at the boundaries of the nearshore model. This approach does not provide a
likelihood of a specific wave load, but it does offer a valuable insight into the types of
wave loads that can be expected under various wind conditions.

The results show that in both water level scenarios, the flood protection system is
exposed to waves, even in scenarios with wind speeds of as low as 5 m/s. On average,
significant wave heights in front of the flood protection system are approximately 0.5 m,
but can reach up to 1.3 m for a still water of +2.31 m (HW100). In the 1872-storm
scenarios, the average significant wave height is approximately 0.8 m with a maximum
value of 1.7 m.
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4.1

The results from the simulations cannot be validated due to the absence of available
wave measurements at Falsterbo peninsula during extreme water levels. Instead, the
results can be compared with another study that investigated runup levels at six different
locations along the flood protection system for a still water level of +2.86 m (in RH2000)
and onshore wind of 25 m/s using the numerical model SWASH (Fredriksson, Hanson,
& Larson, 2016). The simulated wave heights at these six different locations are
compared in Table 4 between the two studies. Despite the slight variations in the
scenarios used in the two studies, the magnitude of the wave height is comparable. This
suggest that the results of the present study fall within expected range.

Table 5. Comparing simulated significant wave heights from SWASH Fredriksson,
Hanson and Larson (2016) were SWASH was used and from this study using SWAN.
Overview map of the transect location is excerpted from Fredriksson, Hanson and

Larson (2016).

1 Transect SWASH  SWAN

1 0.97m  1.02-1.05
1.21m  0.95-0.99
1.38 m =

1.04m 0.76-0.81

0.79m 1.1-14m

o b~ WN

For the upcoming field experiments assessing the erosion resistance of the nature-
enhanced revetment, it is recommended to focus primarily on the wave conditions
associated with the HW100-scenarios, as the still water level in the 1872-storm scenario
exceeds the crest level of flood protection system. Additionally, parts of the flood
protection system will consist of seawalls. Therefore, the field experiments should
specifically target wave loads at the segments where a dike is intended to be constructed
(Figure 4). The maximum wave height along these segments, where a dike is planned,
corresponds to a wave with the following characteristics: significant wave height = 1.2
m, peak wave period = 5.0 s, and wave direction =343°

Uncertainties/Limitations and Future work

There are several known uncertainties and limitations associated with the chosen
methodology for this study that should be taken into consideration when interpreting the
results:

1. Lack of probability estimations of the scenarios: The scenarios used in this
study are not linked to specific probabilities of occurrence, making it challenging
to relate wave heights to a specific return period. This limitation arises from the
limited time series available for ocean-meteorological conditions at Falsterbo,
which restricts the types of extreme events that have been recorded. Statistical
analysis of longer time series would likely yield scenarios where high-water
levels, strong winds, and high waves are not combined. However, historical
storm descriptions indicate that events involving the simultaneous occurrence of
high-water levels, large waves, and strong winds have occurred. It is, therefore,
valuable to include such events in an analysis of wave loads on the flood
protection system, even if they have not happened in the recorded data.
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Overcoming this limitation would require significantly longer time series
encompassing multiple high-water level events.

2. Lack of Validation Data: The accuracy of the simulated wave heights is
unknown due to the absence of validation data. Validating the model would
require wave measurements during events where parts of Falsterbo is flooded,
which have not occurred during the course of this project. However, it is worth
noting that the regional wave model used in this study has been validated against
wave measurements outside the southern part of the Falsterbo peninsula (Adell et
al., 2023). Additionally, the SWAN model has been validated in numerous
scientific studies worldwide.

3. Wave Dissipation Due to Vegetation: The present model does not account for
wave dissipation caused by vegetation. As a result, it may overestimate wave
heights in areas with a long and shallow foreshore between the flood protection
system and the shoreline. This limitation is expected to be more pronounced in
areas where the foreshore is densely vegetated with forests or bushes. Future
work on the nearshore wave model should focus on incorporating wave
dissipation due to vegetation.

4. Resolution of Mesh: The model's mesh resolution may be insufficient in areas
with rapid changes in topography, such as dune areas. This can lead to the
exclusion of dune and other topographic features that could significantly reduce
wave heights. The segments Falsterbo West and Skandr West may be
particularly affected by this lack of resolution, potentially resulting in
overestimated wave heights. However, the morphologic evolution of the dunes
up to the year 2065 is highly uncertain, and it is unclear which of the simulated
scenarios the present-day dunes would be able to withstand. The absence of a
finer mesh in relevant areas is due to a limitation with the mesh generator used in
this study. Future improvements to the nearshore model should prioritize
creating a finer mesh in such areas.

These limitations should be taken into account when interpreting the findings of this
study and may serve as areas for further research and model refinement in future
investigations.
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