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a b s t r a c t

This study presents 62 years of hindcast wave climate data for the south coast of Sweden from 1959–
2021. The 100-km-long coast consists mainly of sandy beaches and eroding bluffs interrupted by
headlands and harbours alongshore, making it sensitive to variations in incoming wave direction. A
SWAN wave model of the Baltic Sea, extending from the North Sea to the Åland Sea, was calibrated
and validated against wave observations from 16 locations distributed within the model domain. Wave
data collected from open databases were complemented with new wave buoy observations from two
nearshore locations within the study area at 14 and 15 m depth. The simulated significant wave height
showed good agreement with the local observations, with an average R2 of 0.83. The multi-decadal
hindcast data was used to analyse spatial and temporal wave climate variability. The results show that
the directional distribution of incoming waves varies along the coast, with a gradually increasing wave
energy exposure from the west towards the east. The wave climate is most energetic from October to
March, with the highest wave heights in November, December, and January. In general, waves from
westerly directions dominate the annual wave energy, but within the hindcast time series, a few years
had larger wave energy from easterly directions. The interannual variability of total wave energy and
wave direction is correlated to the North Atlantic Oscillation (NAO) index. In the offshore, the total
annual wave energy had a statistically significant positive correlation with the NAO DJFM station-based
index, with a Spearman rank correlation coefficient of 0.51. In the nearshore, the correlation was even
stronger. Future studies should investigate the possibility of using the NAO index as a proxy for the
wave energy direction and its effect on coastal evolution.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Coastal areas worldwide are threatened by flooding and ero-
ion, problems which are expected to be aggravated due to rising
ea levels (Luijendijk et al., 2018; Nicholls, 2002; Oppenheimer
t al., 2019; Wong et al., 2014). Mitigating these increased risks
equires effective coastal management and planning strategies
Lincke and Hinkel, 2018); these rely on knowledge and under-
tanding of the local wave climate conditions. Wind-generated
aves account for the main energy input to the nearshore and
rive littoral processes (Davidson-Arnott, 2010; Huntley, 2013).
owever, wave observations are generally scarce, and the length
f data records is often limited compared to the design and
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planning lifetimes of coastal infrastructure (Van der Meer et al.,
2018). Instead, numerical models are commonly used to gener-
ate hindcasts and forecasts of wave climate parameters across
multiple temporal and spatial scales.

This study focuses on the south coast of Sweden, which has
a relatively high population density and abundant critical near-
coastal infrastructure but scarce information about the wave cli-
mate conditions. The coast is located in the south Baltic Sea and
is oriented in an east–west direction (Fig. 1). The low-lying land-
scape and predominance of sandy beaches make it subject to the
risk of coastal flooding and erosion (Larson and Hanson, 1993).
The coast mainly consists of sandy beaches and eroding bluffs,
interrupted by headlands, harbours, and hard coastal protection.
The geological setting and man-made structures along the coast
make the coastal evolution sensitive to changes in the prevailing
wave energy direction (Larson et al., 2016).

The wave climate in the Baltic Sea is dominated by short-

period wind-generated waves. The semi-enclosed sea measures
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Fig. 1. Map showing the study area and model domain with the grid structure, including the locations of wave gauges operated by SMHI, BSH/HZG, and LU.
392,978 km2 (Leppäranta and Myrberg, 2009), and the narrow
straits connecting the Baltic Sea to the North Sea eliminate swell
waves from propagating into the basin. The waves reaching the
south coast of Sweden are generated within the Arkona Basin in
the southwest part of the Baltic Sea. The Arkona Basin, bordered
by Sweden in the north and Germany in the south, is one of
the shallowest parts of the Baltic Sea, with a mean depth of 23
m and a maximum depth of 53 m (Rosentau et al., 2017). The
geographical setting enables spatial and temporal variations in
the Baltic Sea wave climate to arise due to even slight changes in
wind direction (Broman et al., 2006; Soomere and Räämet, 2011).

Wind climatic conditions over the Baltic Sea region are gov-
rned by atmospheric teleconnection patterns of the Northern
emisphere and European-Atlantic sectors (Bierstedt et al., 2015;
urrell, 1995; Hurrell et al., 2003; Rutgersson et al., 2014), spe-
ially by the North Atlantic Oscillation (NAO), Arctic Oscillation
AO), and Scandinavian pattern (SCAND). Previous studies have
orrelated water level fluctuations (e.g., Andersson, 2002; Woolf
t al., 2003) and extent of sea-ice coverage (Jevrejeva et al.,
003; Omstedt and Chen, 2001) in the Baltic Sea basin to the
AO and AO. However, the influence of atmospheric circulation
ystems on wave climate has not been studied to the same
xtent (Najafzadeh et al., 2021). A study conducted by Najafzadeh
t al. (2021) found a statistically significant correlation between
altic Sea winter season wave climate and the three mentioned
irculation patterns as represented by their indices.
For the wave climate on the Swedish south coast, NAO has

hown to be the most relevant to investigate. The NAO index
s based on the difference in sea level pressure (SLP) between
isbon, Portugal, and Stykkisholmur, Iceland (Hurrell, 1995). The
ositive phase of the NAO is associated with stronger than normal
esterly winds towards northern Europe during winter time. In
he negative phase, the westerly winds are weaker than normal
ver northern Europe, that facilitates the occurrence of east-

rly winds (Hurrell, 1995). The variability of the distribution of

2

westerly and easterly winds are expected to influence the local
wave climate and the morphological evolution of the east–west
oriented coastline of south Sweden.

The wave climate in the Baltic Sea has previously been hind-
casted and analysed over a range of spatial and temporal scales
(e.g., Björkqvist et al., 2018; Blomgren et al., 2001; Jönsson et al.,
2003; Soomere et al., 2012). Jönsson et al. (2003) simulated one
year of wave data for the entire Baltic Sea basin with the HYPAS
model; Blomgren et al. (2001) presented a 19-year hindcast for
the southern Baltic Sea, simulated with the WAVAD model; and
Björkqvist et al. (2018) computed wave statistics based on wave
hindcast data from 1965–2005 simulated in SWAN for the whole
Baltic Sea with a 6-hour temporal resolution and with a spatial
resolution of 1.85 × 3.7 km. Soomere et al. (2012) analysed
simulated and observed wave climate data specifically for the
Arkona Basin to present typical wave conditions and features of
the wave climate. Additional studies have utilized knowledge of
historical regional wave climate simulations to compile projec-
tions for future wave climate conditions adopting different RCP
scenarios (Bonaduce et al., 2019; Suursaar et al., 2016). Still, a
comprehensive study of the nearshore wave climate does not
exist for the south coast of Sweden.

This study aims to (i) characterize the wave climate conditions
along the south coast of Sweden and (ii) investigate the interan-
nual wave climate variability and how it relates to the NAO. In
this study, the wave climate for the south coast of Sweden is de-
rived through numerical modelling in SWAN (Booij et al., 1999),
and hindcast wave climate conditions are presented from 1959–
2021. The model is validated across offshore and nearshore model
domains represented by observations at 16 locations, available
through public databases and new wave buoy measurements. The
generated hindcast data provides high-resolution wave climate
data over six decades, enabling investigation of decadal, annual
and seasonal wave climate variability. The hindcast data are anal-

ysed to characterize the spatial and temporal variability in wave
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limate conditions along the south coast of Sweden. Interannual
ariations in the wave energy are analysed in relation to the NAO.

. Data and methodology

.1. Wave modelling - SWAN

Numerous wave models of varying levels of complexity are
vailable to simulate wind-generated wave climate. The deep-
ater characteristics of wave height and wave period can be com-
uted based on the relationship between fetch length, wind speed
nd duration according to the Sverdrup-Munch-Bretschneider
SMB) formulations (USACE, 1984). This constitutes a simple
mpirical method widely applied in coastal engineering practices,
lthough of relatively low complexity. More advanced numerical
odels must be used to account for more complex wave trans-

ormation processes like wave refraction and shoaling, energy
issipation, and wave breaking. Models of higher complexity
re typically categorized as phase-averaged or phase-resolving
odels. Phase-averaged models utilize the wave spectrum to
etermine the wave evolution based on statistically derived wave
arameters. In phase-resolving models, the wave phases are
omputed explicitly for individual waves (Cavaleri et al., 2007).
his typically contributes to higher computational demand for
hase-resolving models than phase-averaged models, which con-
equently are more commonly used on a delimited scale for
etailed analysis. Phase-averaged models are suitable for the
nalysis of wave climate on regional scales and annual to decal
emporal scales.

In this study, the wave climate was hindcast using the third-
eneration spectral wave model SWAN (version 41.31), Simulat-
ng WAves Nearshore (Booij et al., 1999). The SWAN model can
esolve wave climate both in deep water and in the nearshore and
s therefore suitable for long-term regional wave climate hindcast
odelling that spans multiple spatial scales.
In SWAN, the propagation of wave energy is governed by the

pectral action balance equation (Eq. (1)) that describes the evo-
ution of the two-dimensional wave action density spectrum, N
(Booij et al., 1999),
∂N
∂t

+
∂cxN
∂x

+
∂cyN
∂y

+
∂cσN
∂σ

+
∂cθN
∂θ

=
Stot
σ

(1)

The terms on the left-hand side of the equation describe the
kinematics, i.e., propagation of action density in time, propa-
gation of action density in the x- and y-directions, shifting of
relative frequencies due to variation in depth and currents, and
depth and current induced refraction. The term on the right-hand
side of Eq. (1) is the source and sink term for energy density,
where Stot represents the processes of generation, dissipation, and
redistribution of wave energy:

Stot = Sin + Swc + Snl4 + Sbot + Sbrk + Snl3 (2)

Deep water processes are represented by Sin, Swc and Snl4., where
Sin is the energy transfer from the wind to the waves, Swc is
the dissipation of wave energy due to white capping, and Snl4 is
the nonlinear transfer of wave energy due to quadruplet interac-
tion. Shallow water processes include Sbot which is the energy
dissipation due to bottom friction, Sbrk is the energy loss due
to depth-induced breaking, and Snl3 relates to nonlinear triad
interaction. A more detailed explanation of the formulations of
the processes is found in, e.g. Booij et al., 1999; Holthuijsen, 2007.

The model domain covers the southern Baltic Sea, the Sound,
Kattegat and Skagerrak with closed boundaries facing the North
Sea and the Åland Sea (Fig. 1) and utilizes an unstructured com-
putational mesh, generated using OceanMesh2D (Roberts et al.,
2019). Finer resolution is applied in the nearshore to accurately
3

resolve the wave dynamics while a coarser resolution is applied in
the offshore to reduce computational time (Zijlema, 2009, 2010).
The maximum grid cell resolution in the offshore regions is 25
km, gradually decreasing to 200 m at the coast. The model was
run with 36 directional bins and 38 frequency bins equally spaced
in the range of 0.03–1 Hz. The timestep of the simulation was
10 min and the temporal resolution of the output was 3 h.

2.2. Input data

The bathymetry interpolated onto the unstructured model
grid in the offshore was obtained from EMODnet with a 115
x 115 m resolution (EMODnet, 2021). In the nearshore, from
approximately 1 to 10 m depth, a more detailed bathymetry with
2 x 2 m resolution was applied (Malmberg-Persson et al., 2016).

Wind field forcing was obtained from the ERA5 global reanal-
ysis dataset provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Hersbach et al., 2020). The reanaly-
sis dataset is derived through data assimilation, i.e., combining
sources of model data and observations with global coverage.
The spatial resolution of the grid cells for atmospheric quantities
is 0.25◦ x 0.25◦ (approximately 30 x 30 km). For this study,
averaged wind data (u- and v-components) at 10 m elevation
were extracted from June 1959 to December 2021, with a 3-hour
temporal resolution. The model wind input had a spatial extent
of [2.5; 53] to [32; 62] ([longitude; latitude]), which covers the
Baltic Sea and part of the North Sea.

Historical values for the NAO index from 1864 to 2022 were
obtained from National Centre for Atmospheric Research (NCAR)
(NCAR, 2023). The DJFM station-based index was used. The value
for year N represents an average for the winter period expand-
ing from December year N-1 to March year N. The correlation
between the simulated wave climate and the large-scale atmo-
spheric circulation, NAO, was assessed through Spearman rank
correlation analysis.

2.3. Wave observations

2.3.1. Available historical records
Historical wave observation data within the model domain

were available open-access from the Swedish Metrological and
Hydrological Institute (SMHI) and the Federal Maritime and Hy-
drographic Agency of Germany (BSH). The distribution of stations
is indicated in Fig. 1. The length of operation periods varies
between the stations and extend from a few months to sev-
eral decades. Only stations with at least one year of data were
considered in the calibration and validation process.

The open-access SMHI data are recorded with either bottom-
mounted echo sonar or surface accelerometer buoys. At stations
Trubaduren (4), Ölands södra grund (6) and Almagrundet (9),
waves were measured with a bottom-mounted echo sonar equip-
ment installed close to a caisson lighthouse, and data transmis-
sion for further processing was facilitated via a cable (Svensson
and Wickström, 1986). Measurements at stations using this tech-
nique commenced at the end of the 1970s, and the operation
continued until the beginning of the 21st century. At stations,
Laholmsbukten (5) and Svenska Björn (11) surface accelerometer
buoys were installed to measure the wave parameters in shorter
campaigns. Since 2005, SMHI use Datawell directional waverider
buoys (SMHI, 2022). These are currently installed to measure the
waves at stations Väderöarna (1), Brofjorden (2), Knolls grund (7)
and Huvudskär Ost (10).

Measurements at the station Darsser Sill (12) commenced in
1991, initiated by Helmholtz Zentrum Geesthacht (HZG). Stations
Arkona (13) and FINO2 (14) are operated by BSH. At FINO2,
wave parameters were measured using a Datawell sea state buoy
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Fig. 2. Obscape WaveDroid directional wave buoy used for data collection of
nearshore wave parameters. Buoy housing and in-line floats are visible at the
surface. The picture was taken at the location Ystad (16), in May 2021.

with an MKIII sensor (BSH, 2019). At stations Arkona and Darss
Sill, surface acceleration buoys Seawatch Directional Waverid-
ers were installed to record the observations (Pettersson et al.,
2014; Soomere et al., 2012). Data for these stations are available
open-access at the Sea states data portal (BSH, 2021).

2.3.2. Nearshore observations
The available wave observations were complemented with

dditional nearshore wave observations from the study area. Two
urface acceleration buoys ObscapeWaveDroid Block III (Obscape,
.d.) were deployed from Nov 2020 to May 2021 at stations
ämpinge (15) and Ystad (16) at 15- and 14-meter depths, re-
pectively (Fig. 1). Fig. 2 shows the equipment set up at the
ield site. The measurement buoy was anchored with an anchor
eight of 15 kg, connected by a mooring line. The mooring line
ystem had two in-line floats at the surface and an in-line weight
f 1.5 kg between them; this design allowed the buoy to move
ith the wave orbital motion. The water level variation was
ecorded at a frequency of 5.82 Hz in bursts of 23 min. The filtered
requency range was 0.05 Hz–1.00 Hz. Bulk wave parameters
ignificant wave height (Hs), maximum wave height (Hmax), peak
wave period (Tp), mean wave period (Tm01), peak wave direction
θ ), and peak directional spreading (σp) were processed with a
0-minute resolution. Post-processing of the data included low
ass filtering with respect to wave energy. Spectral energy at
requencies below 0.1 Hz was discarded.

.4. Model calibration and validation

The model was calibrated by compairing simulated results
f Hs with corresponding observations during July 2005–June
009 from stations Väderöarna (1), Södra Östersjön (8), Huvud-
kär Ost (10), and Darsser Sill (12). The Coefficient of Determi-
ation (R2) and Root Mean Square Error (RMSE) were used to

evaluate model performance and guide the calibration procedure.
In addition, visual comparisons of the simulated and observed
time series were conducted to ensure good representation of the
timing and magnitude of peaks.

The model was set up with mostly default configurations of
SWAN version 41.31 and run in third-generation mode (GEN3).
Activated processes include generation by wind, quadruple and
triad wave interactions, depth induced wave breaking, dissipation
through bottom friction and white capping. The maximum wind
drag (cdcap) was set to a suggested value of 2.5e−3 (The SWAN
Team, 2020). During the assessment a good fit was prioritized
for stations located in the southern Baltic Sea basin, i.e., Södra
4

Östersjön and Darsser Sill, while still considering the overall
performance in the adjacent sub-basins in the domain at stations
Väderöarna and Huvudskär Ost. The white capping formulations
applied were according to Komen et al. (1984). In the calibra-
tion procedure, the coefficient for determining the rate of white
capping dissipation (cds2) was adjusted from 2.36e−5 (default
setting) to 1.10e−5. This gave a better fit for larger wave heights
while not compromising the model performance for milder wave
conditions.

The model was validated against the remaining Hs observation
ecords from wave gauges distributed in the model domain. In
ddition, the model has been validated against nearshore wave
bservations at stations Kämpinge (15) and Ystad (16). At the
earshore stations, data for peak wave period and wave direction
re also considered for validation.

. Results

.1. Model performance

Re-calibration of the model coefficient to determine rate of
hite capping dissipation was required to improve model per-

ormance. Table 1 presents the model performance before and
fter the calibration procedure for the four stations considered.
ccasionally there has been interruptions in the observations
eading to non-continuous records, the number of observations
resented in Table 1 refers to number of matching data points
etween observed and simulated datasets during the calibration
eriod. The adjustment of the model configuration on average in-
reased R2 results by 5.5% for the calibration dataset, while RMSE
as reduced by an average of 10.9% (Table 1). The alteration of
hite capping configuration had the most significant effect on the

argest wave height in the calibration datasets.
Validation results for all stations operated by SMHI, BSH and

ZG are presented in Table 2 and represent an assessment of
he model performance in offshore regions of the model domain.
imilar to the calibration procedure, measures of R2 and RMSE for
orrelation between observed and simulated Hs were considered
o assess model performance. The calibration period has been
xcluded in the validation period for stations 1, 8, 10, an 12. The
esults indicate that the model performance is good, reflected by
verage R2-values of 0.83 ± 0.08 and RMSE of 0.26 ± 0.08 m for
ignificant wave height.
Fig. 3 shows scatter plots comparing observed and simulated

ave parameters for the nearshore station at Kämpinge (15) and
stad (16). Hs is well-represented by the model, indicated by the
igh R2 values of 0.90 for Ystad and 0.86 for Kämpinge. The time
eries comparison between observed and simulated Hs presented
n Fig. 4 shows that the model can represent the timing of peaks
nd mostly matches the magnitude of the peaks. However, the
eaks for storm wave heights are occasionally underestimated
oth at stations Kämpinge (15) and Ystad (16). This discrepancy
s also noticed in the correlation plots in Fig. 3 (a) and (d),
here larger wave heights (approx. 3 m) display more scatter.
he model fit for peak period Tp and direction, θ is slightly less
ccurate, with R2 values of 0.48 and 0.57 and RMSE of 0.93 for Tp
Fig. 3(b) and (e)). The assessment yields result of R2 of 0.74 and
0.61 and RMSE of 26.7 and 25.0 for wave direction at stations
Kämpinge and Ystad, respectively (Fig. 3(c) and (f)). The more
scattered result obtained for Tp and θ is related to low-energy
noise of short waves. When filtering the observed records based
on wave steepness (Hs/L, where L = g · T 2

P /2π ) and removing
waves with steepness below 0.012, the assessment results of the
peak variables Tp and θ were improved. At Kämpinge R2 increased
from 0.48 to 0.71 for Tp and from 0.74 to 0.81 for θ . At Ystad R2

increased from 0.57 to 0.71 for T and from 0.61 to 0.80 for θ .
p
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Fig. 3. Validation results to assess model fit for wave climate parameters, Hs , Tp and θ at nearshore station 15-Kämpinge (a-c) and 16-Ystad (d-e). The red dashed
line corresponds to a perfect fit.

Fig. 4. Time series comparison between observed and simulated Hs at locations 15-Kämpinge (a) and 16-Ystad (b).
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Table 1
Model performance, assessed in terms of R2 and RMSE, before and after the calibration procedure. Number of observations refer to the number of matching data
oints between the observed and simulated datasets during the calibration period.
Nr. Station name Calibration period No. obs Before calibration After calibration

R2 RMSE R2 RMSE

1 Väderöarna WR July 2005–June 2009 10954 0.69 0.50 0.80 0.40
8 Södra Östersjön Mar 2006–June 2009 6381 0.89 0.29 0.92 0.24
10 Huvudskär Ost Nov 2005–June 2009 5861 0.89 0.23 0.88 0.24
12 Darsser Sill July 2005–June 2009 9353 0.84 0.19 0.87 0.17
Table 2
Details of wave observations used for model validation, including station name, validation period, and responsible operator. The station number corresponds to the
numbering used in Fig. 1. Coefficient of determination, R2 , and RMSE, obtained from comparison of wave parameters for the overlap between the simulation period
June 1959–December 2021) and each station’s operational period.
Nr. Station name Validation period Operator Parameter R2 RMSE

1 Väderöarna WR July 2009–Dec 2021 SMHI Hs (m) 0.83 0.36
2 Brofjorden WR Feb 2017–Dec 2021 SMHI Hs (m) 0.83 0.33
3 Läsö-Ost May 2001–Feb 2009 SMHI Hs (m) 0.75 0.25
4 Trubaduren Oct 1978–Oct 2003 SMHI Hs (m) 0.71 0.29
5 Laholmsbukten Mar 1984–Oct 1985 SMHI Hs (m) 0.88 0.17
6 Ölands S grund Oct 1978–Mar 2004 SMHI Hs (m) 0.83 0.29
7 Knolls grund Nov 2011–Dec 2021 SMHI Hs (m) 0.84 0.26
8 Södra Östersjön July 2009–Apr 2011 SMHI Hs (m) 0.93 0.24
9 Almagrundet Oct 1978–Sept 2003 SMHI Hs (m) 0.58 0.49
10 Huvudskär Ost May 2001–June 2005

July 2009–Dec 2021
SMHI Hs (m) 0.87 0.23

11 Svenska Björn Nov 1982–Nov 1986 SMHI Hs (m) 0.85 0.30
12 Darsser Sill Feb 1991–June 2005

July 2009–May 2020
HZG Hs (m) 0.83 0.20

13 Arkona June 2013–Dec 2021 BSH Hs (m) 0.89 0.21
14 FINO2 platform May 2011–Sept 2020 BSH Hs (m) 0.88 0.21
15 Kämpinge Nov 2020–Apr 2021 LU Hs (m) 0.86 0.18

Tp (s) 0.48 0.93
θ (deg.) 0.74 26.7

16 Ystad Nov 2020–May 2021 LU Hs(m) 0.90 0.16
Tp (s) 0.57 0.93

θ (deg.) 0.61 25.0
3.2. Spatial wave climate variability

Fig. 5 displays the 95th percentile Hs for the period July 1959-
December 2021, where blue colours represent milder wave con-
ditions and red represents more energetic wave conditions. The
result shows that the wave climate is more energetic in the east
part of the study area compared to the west. The spatial pattern
also visualizes the sheltering effects of the confined embayments
along the south coast of Sweden, and similarly, the sheltering
effects of the island of Bornholm in the east.

The upper panels in Fig. 5 show the variability in local wave
climate conditions along the south coast of Sweden (wave roses
at locations a-e). The directional distribution of incoming waves
differs between the locations due to the varying exposure and
shoreline orientations. The 95th percentile Hs for the five lo-
cations are 1.34 m (a.; Kämpinge), 1.59 m (b.; Smygehamn),
1.46 m (c.; Svarte), 1.89 m (d.; Sandhammaren), and 2.28 m
(e.; Sydkusten). The greater wave heights converge towards the
headland locations (b and d), whereas the embayed locations (a
and c) display slightly lower wave heights, this highlights the
influence of the complex appearance of the coastline of south
Sweden. Furthermore, the frequency of occurrence of greater
wave heights progressively increases towards the east. This is
caused by varying fetch lengths that serve the different locations.
Fig. 5e represents a location to exemplify the generic open ocean
conditions, for a point exposed to waves in all directions. The
results show that waves in the sectors west, west-southwest, and
southwest dominate, followed by north-northeast and east. Fig. 6
presents the variation of wave heights over the year in location
e. It shows the monthly average 95th percentile Hs from 1959
to 2021. For comparison, the 95th percentile H for the whole
s
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period is 2.28 m. The variation of wave heights in location e are
representative of the seasonal pattern of wave heights along the
entire study area, where the period from October to March has
the greatest wave exposure. Specifically, November, December,
and January, are the months with the highest wave heights. The
months of April to September are characterized by smaller wave
heights.

3.3. Interannual variability

Fig. 7 shows the distribution of annual wave energy con-
cerning wave direction at location e; red colours indicate higher
energy. Based on the monthly distribution of wave heights, the
definition of the year was set from July to June, the proceeding
calendar year, so that one consecutive winter season is repre-
sented. Summing the annual wave energy across the dominating
sectors, east (0–180◦) and west (180–360◦), the west typically
dominates over the east and dictates the shape of the total energy
(Fig. 7b). Wave energy from the west sector on average accounts
for 62% of the total annual energy. However, occasionally the
annual energy in the east sector dominates over the west, for
example, in years 1960, 1969, 1979, 1996, and 2003.

The results reveal an interannual variability of the wave con-
ditions. It is possible to observe a distinct variation between the
years in the hindcast series with respect to the quantity of wave
energy and the dominating directions. The west-southwest is for
most years the dominating wave direction, but eastern-directed
events do occur. This corresponds to the statistics presented by
the wave rose Fig. 5e, where the frequency of occurrence is less
for waves in the eastern sector than the western sector.
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d

Fig. 5. Wave roses at four locations (10 m depth contour) along the Swedish south coast based on the years 1959–2021 (a-e). The map showcases the spatial
istribution of 95th percentile Hs for the southwestern part of the basin.
c
N
l
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Fig. 6. Monthly distribution of 95th percentile Hs [m] for location e, based on
data from 1959–2021.

3.4. Correlation to NAO

The oscillating behaviour observed in the wave energy anal-
ysis, characterized by altering west-easterly dominance, corre-
sponds to the behaviour of the NAO. Fig. 8 displays the correlation
between the NAO DJFM station-based index and annual energies
from all directions and from the west and east sectors. For the
total annual energy (Fig. 8a-b), the analysis yields a result for
the Spearman correlation coefficient of 0.51, with a statistical
 s
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significance of p<0.001. The annual energy in the western sec-
tor results in an even stronger correlation where the Spearman
coefficient is 0.75 (Fig. 8c-d). On average, the annual westerly
energy accounts for 62% of the total annual energy, and due
to this dominance, the total annual energy is also positively
correlated to the NAO index. As for the energy in the easterly
sector, the correlation analysis gives a negative correlation to the
NAO, with a Spearman correlation coefficient of −0.57 (Fig. 8e-f).
The correlation coefficients reflect the behaviour of the oscillation
where larger quantities of westerly energy are correlated with
larger positive values of the NAO index. When the NAO is in
the positive phase, the westerly winds are stronger. Whereas in
the negative phase, the westerly winds are weaker, and easterly
winds dominate instead. This is also reflected in the negative
Spearman correlation coefficient obtained for the easterly sector.
Subtracting the easterly energy from the westerly to obtain the
net energy at location e, gives a dominating positive result as
westerly directions dominate most annual wave fields. Years
with negative net energy are observed in the series and these
coincide with the negative phase of the NAO. The correlation of
the annual net energy and the NAO index is positively correlated
with a Spearman rank correlation coefficient of 0.74. There is
spatial variation in the strength of correlation when comparing
the offshore location e to the nearshore locations a-d. Spearman
orrelation coefficients for total annual energy compared to the
AO index are a: 0.63, b: 0.58, c: 0.64, and d: 0.56. The nearshore
ocations thus display a stronger positive correlation than the
ffshore location e.

. Discussion

A 62-years hindcast wave data set from 1959–2021 was pre-
ented for the southern Baltic Sea with a focus on the south
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Fig. 7. Distribution of wave energy with respect to the incoming direction for offshore location e (a). Time series with annual wave energy 1959–2021 (b).

Fig. 8. Relationship between NAO DJFM station-based index and the annual wave energy during 1959–2021, with the corresponding Spearman rank correlation, for
total annual energy (a-b), west energy (c-d), east energy (e-f) and net energy (west-east) (g-h).
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oast of Sweden. The SWAN wave model described the multi-
cale wave climate validated in both offshore basins and shal-
ower nearshore coastal areas with a satisfactory performance
hen compared to observations. This implies that complete wave
ransformation from deeper water to shallow depths is well-
epresented in the model. Compared with other studies that
resent hindcast wave climate for the Arkona basin (Björkqvist
t al., 2018; Blomgren et al., 2001; Soomere et al., 2012) the
btained model indicates a similar or improved performance.
The obtained average R2-value of 0.83 for significant wave

eight indicates good model accuracy. However, average R2 for
ave period and direction are 0.53 and 0.68, respectively, which
eans that the model does not show as good accuracy for these
arameters. This can partly be explained by the model discretiza-
ion into 36 directional bins resulting in ten degree resolution
or simulated θ , whereas the observations have a resolution of
ne degree. Another explanation is the measurement range of
he surface acceleration buoys. Previous studies have pointed
o the limitations associated with measuring short waves with
urface acceleration buoys (Guimarães et al., 2018). When low-
nergy noise (Hs/L < 0.012) in the observed nearshore records was
xcluded, the fit of Tp and θ improved.
The model performance was improved mainly by calibrating

he white capping coefficient in SWAN. Similar calibration meth-
ds have been reported from other studies using ERA5 reanalysis
ind data to force SWAN (Beyramzade et al., 2019). Reliability
ssessment of ERA5 reanalysis wind has shown it is accurate for
se in offshore and flat areas, while uncertainties in wind speed
ave been reported in coastal and mountainous areas (Gualtieri,
021). Specifically for coastal locations, the land-sea discontinuity
ives rise to differences in, e.g., surface roughness (Gualtieri,
021). The resolution of ERA5 may not be adequate to reproduce
his inconsistency in nearshore areas.

For wave modelling applications, it is known that the quality
f wind fields applied to drive the model will govern the model
esults and hence the model performance (Soomere, 2022). The
nderestimation of the largest wave heights for the nearshore
tations at Kämpinge and Ystad could be explained by the spatial
esolution of the wind data. The ERA5 reanalysis applies an aver-
ged representation of the local terrain, vegetation, and buildings
hat can give deviating results when reanalysis wind is compared
o observations (Gualtieri, 2021). Overall, the evaluation of wave
odel results indicates a good fit compared to observations,
ut care should be taken in nearshore areas where the spatial
esolution of the wind input may be insufficient to represent local
ffects.
The presented 62-year hindcast data series was analysed to

haracterize the temporal and spatial variability of the wave cli-
ate conditions in the southwestern Baltic Sea. Results highlight

he influence of the basin characteristics on the local wave cli-
ate and hydrodynamic conditions. The shape of the coastline of
outh Sweden causes a spatial variation in wave height frequency
nd directional distribution.
The interannual wave climate is characterized by alternating

est-eastern dominance in the wave conditions. Waves from the
est sector, on average, accounts for 62% of the magnitude of the
otal annual wave energy but specific years with greater quanti-
ies of wave energy from the east sector occur. The correlation
nalyses of the annual wave energy and the NAO DJFM station-
ased index show that the NAO can explain the interannual
ariability for the quantity and direction of wave energy. The
lternating positive and negative phases of the NAO are drivers
or west-eastern directed energy and have implications for the
esulting wave climate along the south coast of Sweden. The
oastline is characterized by sandy beaches and eroding bluffs,

nterrupted by harbours and headlands. Thus, changes in the
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distribution of the incoming direction of wave energy can lo-
cally influence erosion and accretion processes along the coast.
In this study we have established that interannual patterns in
wave energy forcing in the southern Baltic Sea are governed
by large-scale atmospheric circulation, NAO, and its variability.
Coastlines in wave dominated environments respond to temporal
changes in magnitude and direction of wave energy. Previous
studies have established relationships between long-term shore-
line change and the NAO, in e.g., France, Poland, and the United
Kingdom (Masselink et al., 2023; Robinet et al., 2016; Rozyński
and Szmytkiewicz, 2012; Thomas et al., 2010). Consequently,
showing that climate indices can be used as a proxy for coastal
evolution, in terms of periodic change in shoreline position and
beach sediment volumes. These studies indicate the potential to
include weather-regimes, rather than wave climate, as a driving
force in shoreline evolution studies.

In addition to the NAO, other large-scale atmospheric systems
govern climate conditions in the Baltic Sea region, e.g., Arctic
Oscillation and the Scandinavian pattern. All these three indices
have been considered in the study by Najafzadeh et al. (2021),
who investigated the relationship between monthly climate in-
dices and Baltic Sea wave climate with EOF-analysis. For the
winter months, they found a statistically significant positive cor-
relation for the NAO and AO and a negative correlation for SCAND.
In our study, we considered only the NAO because the shifting
positive and negative phases correspond to alternating west and
east dominance in the wind direction, which implies that both
phases give a signal in the wave climate relevant to the south
coast of Sweden because of its east–west orientation. The AO’s
positive and negative phases coincide with the NAO’s positive
and negative phases because the two teleconnection patterns
are closely related. Hence, similar behaviour to the correlation
is expected when compared to wave energy in the southern
Baltic. Regarding the Scandinavian pattern, the positive and neg-
ative phases are opposite to the NAO. In the negative phase
of the SCAND, wind directions in the west to northwest domi-
nate and positive phase east to southeast winds dominate. Since
winds from the northwest are less relevant for the littoral pro-
cesses on the south coast of Sweden, it was discarded in our
analysis. The NAO index is available for period that extends
further back in time compared to the ERA5 data (Fig. 9). The
correlation between the wave energy and direction presented
in this study could thus be used to analyse historical trends
in wave energy regimes in the south Baltic Sea. The statisti-
cally significant correlations presented in our study highlight
the importance of considering atmospheric circulation dynamics
in deriving long-term magnitude and direction of wave climate
conditions. Available projections of future wave field changes
that include wave direction are lacking, although critical for risk
assessments and effective coastal management (Morim et al.,
2018).

5. Conclusions

This study presents a multi-decadal hindcast wave climate
dataset for the southern Baltic Sea and nearshore wave obser-
vations from the south coast of Sweden. The model presents a
detailed spatial resolution, particularly for the nearshore areas of
south Sweden. With the same model configuration, satisfactory
performance was obtained across the different spatial scales in
the model.

Analysis of the wave climate data highlights the spatial and
temporal variability in conditions in the south Baltic Sea basin.
Intra-annual variation is characterized by more energetic con-
ditions in the winter months compared to the summer. The
interannual variability displays alternating east and west oc-
currence of wave energy, although westerly dominated energy
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Fig. 9. NAO DJFM station-based index 1864–2022 plotted along with the extent of the analysed period with corresponding wave energy data.
prevails over east. Furthermore, the magnitude of annual wave
energy displays a statistically significant positive correlation with
the NAO DJFM station-based index. This is due to the predomi-
nance of strong westerly winds during the positive phase of the
NAO.
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