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KEYWORDS Summary Rip currents, which are local seaward-directed jets with their mean velocity ex-
Rip current; ceeding 0.5 m/s, have been a subject of many studies since the 1940s. They are an important
Coastal zone; part of the nearshore current system and in specific hydro- and litomorphological conditions can
Coastal flows; cause changes in the local bathymetry. Thus, a detailed analysis of the characteristics of this
Wind-wave conditions phenomenon is crucial both to public safety and hydroengineering. The main purpose of this

research is to determine the wave conditions of a multi-bar non-tidal coastal zone environment
in which rip currents can occur. In this study, we focus on a multi-bar non-tidal coastal zone
environment located in the Southern Baltic Sea, where rip current driving forces are mostly re-
duced to the wind and wind-induced waves. This is one of very few comprehensive approaches
to exploring the possibility of rip currents occurrence in such environmental conditions. During
two field expeditions, there were carried out in situ measurements exploiting two GPS drifters.
The results indicate the formation of irregular non-longshore flows (related to rip currents) in
the studied area. To answer the question under what conditions the formation of rip currents
takes place, an extended modelling experiment was performed. Deep-water wave conditions
typical of the studied area were chosen due to bouy measurements. The total of 589 combina-
tions of the significant wave height, the mean period and wave direction values were examined
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as test cases. The coastal flow in the area and tracks of virtual drifters were simulated by
XBeach numerical model for all test cases. As a result, 589 nearshore currents fields were gen-
erated and two scenarios were indicated: a regular circulation (dominated by the longshore
current) which is typical of this area (547 cases), and flows with rip current features (42 cases).
This reflects the results of the field measurements carried out. It can be concluded that the
wave direction is a dominating factor in the formation of rip currents. Namely the flows of
this type may occur in the area of interest when the direction of a deep water wave is almost
perpendicular to the shore. Such situations occur rarely. They cover about 7% of the days of the
year. Thus, rip currents do not appear to be a significant factor in the reconstruction of the sea
bottom in the studied area.

© 2020 Institute of Oceanology of Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coastal zone morphodynamics of the non-tidal inner sea
is affected by complex three-dimensional flows of water,
generated mostly by waves. Coastal sediment transport is
primarily caused by the so-called longshore current, which
is the dominating part of the current system. Cross-shore
sediment transport is normally induced by the under-
tow. Such hydrodynamics is directly related to multi-bar
seabed forms. Apart from these typical flows, some specific
hydro- and litomorphological conditions occasionally form
seaward-directed quasi-steady jets. These so-called rip cur-
rents originate within the surf zone and broaden outside the
breaking region. The physical driving mechanisms crucial
to the generation of rip currents is alongshore variability
in breaking wave energy dissipation (Pitman et al., 2016).
There have been identified a number of different causes
of this variability, which is linked to the different types
of rip currents along beaches (Castelle et al., 2016; Kirby,
2017). According to the traditional approach, a typical
hydrodynamic background is the convergence of the two
opposite-directed longshore flows, i.e. feeder currents, re-
sulting from the longshore variability of the wave-induced
set-up, caused by the gradients of radiation stresses
(Longuet-Higgins and Stewart, 1964). The emerging off-
shore flow is called a rip current. It may result in a recess in
the bar and if the phenomenon lasts long enough, a channel
is formed. This so-called energy window is a potential place
for the emergence of the next rip current, which deepens
the channel. As a result of this positive feedback between
waves, currents and morphology (Garnier et al., 2008), a
local disturbance of the bathymetry may initiate the gen-
eration of a rip current (Sabet and Barani, 2011). This type
of rips — channel rip currents — are the most documented
in barred surf zones (Castelle et al., 2016). However,
complex lito- and hydrodynamics can provide a number of
mechanisms driving rip currents, which act simultaneously.
Resulting rips are temporary in space and time. Another
theoretical approach was applied by (Bruneau et al., 2011)
and is based on interpretation of surf zone flows on the
basis of their vorticity proposed by (Peregrine, 1998). The
authors derived a conservation equation of the vertical
vorticity of the mean wave-driven currents, which provides
information on rip current circulations that was difficult to
interpret using the traditional radiation stress approach.

One of the most commonly used approaches when
observing rip currents in the environment are Lagrangian
measurements combined with other methods. (Johnson
and Pattiaratchi, 2004) recorded transient rip currents,
with perpendicular incident swell waves, while carrying out
Eulerian and Lagrangian measurements of the nearshore
circulation on a longshore uniform beach in Western Aus-
tralia. (Castelle et al., 2014; Floc’h et al., 2018) used
human drifter data (human operators that drifted with the
currents, each equipped with a GPS) and video imagery
technique. The method based on color processing of video
images enables researchers to detect the presence of rip
currents via a change of turbidity. They detected numerous
rips along the coast of the Gulf of Guinea, exposed to
high-energy waves generating strong nearshore currents.

In this paper we focus on the Southern Baltic coastal zone
rip currents, which are still a lesser-known phenomenon.
The first traces of their occurrence were discovered in 1970
by Rudowski (Rudowski, 1970), who noticed seabed ripple
marks arranged in a characteristic pattern. In the following
years Furmanczyk (Furmanczyk, 1994) noted some distinc-
tive breaks in bars in the aerial and satellite photographs
of the Pomeranian Bay, which he explained by means of
rip currents. Also, Pruszak (Pruszak et al., 2008) describes
the periodic mega-cusps occurring on the Southern Baltic
coast after a storm. Observations conducted by Schonhofer
(Schonhofer, 2014), which are regarded as a pioneering
study related to the scope of this work, confirmed the
occurrence of rip currents in south Baltic shore. During field
surveys in Coastal Research Station (CRS) Lubiatowo, he
registered several cases of flow with some features charac-
teristic of rip currents. The measurements with the use of
two GPS drifters were carried out during approximately 20
days in years 2011-2013. The rip-current type flows were
registered during 4 surveys in which there were similar
wave conditions, i.e. the wave was moving from NNW to
NNE, and the wave steepness was about 0.025.

These observations confirm the theory that rip currents
on the dissipative coasts are induced by long waves, charac-
terized by a small steepness (a small wave height compared
to its length), and they can reach the coast without break-
ing over the bars. Thus, waves bring energy to the coast,
the way it can be observed at the steep coasts. A favourable
condition is a swell when short-wind waves disappear and
long waves occur. Long waves undergo a stronger refraction,
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so regardless of the direction in which they approach the
shore in the deep water, they are almost perpendicular to
the shore in the shallow water (Schonhofer, 2014).

Assessing the risk of rip-current occurrence is important
for the scientific as well as the beach-safety purpose.
A better understanding of this phenomenon is essential
for the development of a predictive system working in
an operational mode. Such warning systems, based on a
series of measurements of the coastal zone currents were
created, among others, for the south-east coast of the USA
(MacMahan et al., 2006; 2005), as well as for the Dutch
coast (Sembiring et al., 2014). In order to forecast, among
other parameters, the possibility of rip current occurrence
in the area of the Southern Baltic in selected locations,
a pilot predictive system based on XBeach model in 1D
mode was implemented (Furmanczyk et al., 2014). This
indicator was based on the assumption that rip currents
appear when waves break over submerged longshore bars
near the shoreline (Short and Aagaard, 1993).

However, to develop an effective system of a rip current
forecast for the Baltic, it is necessary to determine the
environmental conditions that can be conducive to this
phenomenon. Both in situ observations and the theory of
rip currents formation suggest that: (1) the wave direction
— perpendicular to the shore and (2) the wave steep-
ness — relatively small, are conditions favourable for the
generation of rip currents in the studied area. However,
a small amount of observational data is insufficient to
confirm these hypotheses. Detailed field measurements are
difficult, because rip currents are very unpredictable. As
it is problematic to observe in situ the nearshore flow in
a wide range of hydro- and morphological conditions, the
modelling approach seems to be the only way to investigate
the phenomenon comprehensively.

Various approaches to the rip currents modelling have
been taken. Generally accepted methods applied in simpli-
fied basins with regular bathymetry include 3D hydrostatic
or Boussinesq modelling. In contrast, a number of modelling
studies of coastal zone currents in the real environments
with complex topography are based on spectral 2D models.
A likely explanation is a compromise between accuracy and
the computational cost. An example is the study carried
out by (Johnson and Pattiaratchi, 2006) in which a spatially
variable wave field was simulated with the model Funwave
based on the fully nonlinear Boussinesq equations. For a set
of different beach slopes and wave spectra variable wave-
averaged currents were generated and sometimes transient
rip currents were formed. On the other hand (Xie, 2012)
showed, that his coupled wave—current 3D model can effec-
tively describe the rip current 3D structures under irregular
bathymetry. Apart from successful modelling attempts in
artificial basins with a simplified bathymetry, modelling
was carried out in the real locations with a complex sea
bottom topography. Among others, interesting research was
conducted for the region of Egmond aan Zee in The Nether-
lands, a typical area of the Dutch coast barred coastline.
This location is appropriate for studying rip currents in the
environment with a strong horizontal tide. A notable ex-
ample is research conducted by (Winter et al., 2014) based
both on (1) in-situ measurements in the surf zone with
drifter instruments and (2) modelling with the use of a 2DH
numerical model XBeach. Another interesting study in this

location was carried out by (Sembiring et al., 2014) in which
an operational model for the nearshore zone provides the
prediction of the location, strength and timing of rip cur-
rents. The study used a novel approach in which the input
to an XBeach model was the video-derived bathymetry.

The aim of this study is to determine whether, under
given wave conditions, the generation of rip currents in
the multi-bar coastal zone of the Southern Baltic Sea is
possible. Our research is the first attempt of a systematic
approach to this topic, i.e. it includes all possible wave
conditions in the given region. To achieve this, the following
assumption was made: the factor responsible for the rip
current initiation is the break in the bar — preceding non-
linear complex processes leading to the formation of the rip
channel are not considered. Thus, we address the research
question: What is the minimal frequency of the rip currents
occurrence, and whether rip currents are important factors
in the processes of seabed and beach rebuilding in the
multi-bar coastal zone of the non-tidal inner sea.

Both measurement data and modelling results was used
in the presented study. Wave buoy measurements together
with other multi-aspect field investigations carried out for
many years by the Institute of Hydro-Engineering of the
Polish Academy of Sciences (IBW) provided huge amount of
data and observations of the coastal zone, which are the
background of this study. Long-term buoy measurements
provided the basis for determining deep-water wave con-
ditions typical of the studied area. 589 modelling scenarios
covers all wave conditions likely in the studied region.
Lagrangian field measurements with the use of free GPS
drifters were performed to estimate the local coastal flows.
During these measurements a flow of rip current type was
recorded, similar to this described in the work (Schonhofer,
2014). This registered flow served as an example of the
phenomenon in the studied area and its features were then
used to verify the results of numerical modeling. Numerical
simulations are the optimal way to analyze flows for a wide
range of wave conditions. The coastal flow in the area and
tracks of virtual drifters were simulated by the numerical
model XBeach (Roelvink et al., 2010). The set-up of the
model was calibrated firstly by comparison of the modelled
wave parameters to the results of SWAN model (Booij et al.,
1996), which was validated in previous studies (Reda and
Paplinska, 2002). Secondly, the tracks of virtual tracers
and their velocities were compared to the in situ measured
flows. After the model calibration, a nearshore wave and
currents fields were simulated for all 589 test cases.

In this work only bathymetry controlled rip currents
were simulated. This is the best-documented driving mech-
anism in barred coastal zones, however, numerous possible
scenarios of the rip current initiation are possible. The
presented results indicate that the phenomenon of rip
currents in the studied area is rare and that it is not a
significant factor in the morphodynamic processes.

2. Study area

The study area is located in the Southern Baltic, within Pol-
ish Marine Areas (see Fig. 1), adjacent to the coastline in the
vicinity of Lubiatowo village, where The Coastal Research
Station (CRS) — a field laboratory of the Institute of Hydro-
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Figure 1
(internal) and XBeach grid 10 m x 10 m.

Engineering of the Polish Academy of Sciences (IBW PAN) —
is situated. This area is well-researched and is a representa-
tive sample of the Southern Baltic coast. It is characterized
by a rather stable shore, with a mild erosive tendency ob-
served over the last years. The slope of the sea bottom is
approximately 1.5% (with a value of up to 4% locally, near
the shoreline). Along the section of the shore, there can typ-
ically be five offshore bars: four permanent and one occur-
ring temporarily, in the distances from the shoreline of ap-
proximately: 100—120 m, 200 m, 400—450 m, 650—850 m. As
it is difficult to perform bathymetric measurements during
strong waves, typical bathymetry for Lubiatowo area was
used for modelling, Fig. 2. Principal water depth is about
8 m at 1 km from the shoreline and it increases to about 15—
17 m at 2 km and to 25 m at 9 km. The bottom profile is rel-
atively uniform along the coastline (Ostrowski et al., 2016).

3. Material and methods

Nearshore flow measurements

In order to examine nearshore flow in situ, two field surveys
in CRS Lubiatowo under different deep water wave con-

Table 1

Area of interest and the computational meshes used in numerical modelling: SWAN external grid 100 m x 100 m; SWAN

Table 2 The technical specification of drifters.

ballast  displacement height immersion
[ke] [dm’] [m] [m]

A 2 2.5 0.8 0.2

B 7 7.5 1.0 0.2

ditions were carried out: 14.01.2016 the significant wave
height H; was about 1.8 m and the wave steepness & was
about 0.02, while 15.04.2016 H; was about 0.5 m and &
was about 0.01. Other weather and sea conditions during
expeditions are summarized in Table 1.

Lagrangian field measurements were carried out with
the use of free GPS drifters. Both the preparation of the GPS
drifters and the organization of the field expeditions were
carried out by IBW. Two drifters (marked A and B) with GPS
modules with internal memory attached were used. The
drifters were released near the coastline, their positions
were recorded and the coastal flows were estimated. For
technical details see Fig. 3 and Table 2.

The drifters are built of buoy and ballast that stabilized
movement on the water surface. Additionally there was

Environmental conditions during field expeditions: wave data from a wave buoy located about 1.5 NM offshore

(54°50.360°N, 17°50.301°E), the water depth in the buoy location is about 18 m. The experiments were performed within less
than one hour the period in which wind and wave conditions could be considered stable.

Hs [m] Tp [S] E ®wave [o] Twater [OC] Tair [OC]
14.01.2016 1.8 7.7 0.02 11 0.5 4.3
15.04.2016 0.5 6.5 0.01 5 7.0 13.0
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Figure 2 Top panel: bathymetry of CRS in Lubiatowo, bottom panel: long-shore and cross-shore bottom profiles in the area of rip

channel, the black dotted lines are profiles without gap in the bar.

attached a drogue submerged about 0.7 m below the
surface of the water, and at shallow depths it floated near
the bottom. The underwater drogue ensured the drifter
followed the movements of the water and was carried by
bottom currents as well as the surface ones. Therefore,
it can be assumed that the drifters movement represent
a depth-averaged water current. The GPS drifters were
released behind the first stable bar, at a distance of 100—
150 m from the shoreline, at a depth of about 1.5 m.
Typically, they floated along the shore and their positions
were recorded continuously and read after removing the
device from the water. After some time, they returned to
the beach, see Fig. 4, were thrown again and continued
the route along the shore. Aerial photo (Head Office of
Geodesy and Cartography) is demonstrative and was done

prior to the measurements, so in some cases the drifters’
trajectories end at the beach, which actually didn’t
happen.

This method was used to measure approximately 1700 m
of the beach territory. During the first expedition the
following data were recorded: (1) six throws of drifter A,
and four throws of drifter B; (2) during the second expedi-
tion three throws of drifter A.

Determining deep water wave conditions typical of
the studied area

Deepwater waves conditions were determined based on
measured by wave buoy Datawell BV DWR-7 Mk. IIl in 2013—
2018 parameters. The buoy was anchored in the nearshore
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Figure 3  Drifters used for in situ measurements: A (smaller
one) and B (bigger one).

beach in Lubiatowo village in the point: 54°50.360°N,
17°50.301’E at a distance of about 1.5 NM. The water depth
of the anchored point was about 18 m. The buoy mea-
sured such parameters as: significant wave height, wave

Drifter start

Baltic Sea

Baltic Sea

period, wave direction, water temperature at prevailing
10 minutes interval. The buoy does not record very short
wave periods due to the factory sampling frequency of
1.28Hz. The data were sent to IBW PAN with several longer
delivery interruptions. Over the period of six years, using
this method as many as 170,189 records were collected.
Based on the analysis of this data, 31 pairs of significant
wave heights and wave periods (Hs, T) which uniformly
cover the domain of typical wave conditions were chosen.
More details regarding the selection of this wave conditions
are described in the Results section, when describing the
measurement results. Each element of this set was con-
sidered together with 19 discrete wave directions, from
NWW to NEE. This means that the total of 547 wave con-
ditions characterized by (Hs, T, dir) were examined as test
cases.

The significant wave steepness was calculated based on
the height and the period of the significant wave, Eq. (1).

__H;  27H;
S_T_g_TpZ' (M

Numerical modelling of nearshore flows

Two spectral numerical wave models: SWAN (Simulating
WAves Nearshore) cycle Il (Booij et al., 1996) and XBeach
(Roelvink et al., 2010) were used. These complex mod-
els simulate the generation of waves by wind and wave
propagation, taking into account a number of physical
phenomena determining the wave field, such as shoaling,
refraction, non-linear interaction between the waves and

Figure 4 Tracks of drifters measured during field expeditions: 14.01.2016 (the top panel) and 15.04.2016 (the bottom panel). The
aerial photo (Head Office of Geodesy and Cartography, retrieved 15.10.2017) is demonstrative and was not done at the same time
as measurements, so in some cases the drifters’ trajectories end at the beach, which actually didn’t happen.
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Figure 5 The upper figures: The H; field modelled by SWAN and XBeach, seaward boundary: H; = 2.16 m, T = 5.50 s, dir = 344°;

the bottom figure: H; profile along the central transect.

wave energy dissipation. The SWAN model, designed for
coastal sea areas, additionally includes energy dissipation
by friction at the bottom and refraction due to ocean
currents. XBeach, developed to simulate hydrodynamic and
morphodynamic processes and impacts on sandy coasts with
a domain size of kilometers and on the time scale of storms,
takes into account also bottom changes caused by sediment
transport. SWAN and XBeach solve the wave action balance
equation (for details see e.g. Cieslikiewicz et al. (2017)).

The SWAN model was used to generate nearshore
wind-wave parameters for XBeach model cross-validation.
Calculations were done in two steps using numerical meshes
presented in Fig. 1:

e The external grid, with spatial resolution of 100 m
x 100 m, covering the area between the coastline and
a certain location offshore with generalized bathymetric
data;

e The internal grid, with spatial resolution of 10 m
x 10 m, covering the area up to 1 km offshore, with
detailed bathymetric data.

For details, see Grusza (2007). All SWAN parameters
were chosen according to the previous extended studies,
including the model configuration and results validation in
the area of study (Gic-Grusza and Dudkowska, 2014; Reda
and Paplinska, 2002).
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Hs

Statistical description of deep water wave conditions in the vicinity of Lubiatowo in years 2013—2018, basing on data

from bouy measurements. The upper panel: histograms and box plots of significant wave height, wave period and steepness.
Whiskers extend to data within 1.5 times the interquartile range IQR. The bottom panel: scatter plot of significant wave height vs
wave period (170,189 points). Wave steepness characteristic for each pair of (Hs, T) is presented as size and colour of marker.

The numerical reconstruction of the coastal flow was
performed with the use of XBeach model (Roelvink et al.,
2010). The model solves coupled 2D horizontal equations
for wave propagation, flow, sediment transport and bottom
changes. In this paper sediment transport and bottom
changes were not included in calculations. The wave forc-
ing in the shallow water momentum equation is obtained
from a time dependent version of the wave action balance
equation, Eq. (2).

0A  9CA

n acyA
at X

ay a0

2or Dy, o
o

where A — the wave action, o — intrinsic wave frequency, ©
— the angle of incidence with respect to x—axis, ¢y, ¢y, Co —
wave action propagation speed in x—, y— and ®—direction,
D,, — total wave dissipation in each directional bin.
Depth-averaged Generalized Lagrangian Mean (GLM) for-
mulation of the shallow water equations are applied to
compute the wave induced mass-flux and the return flow
(Roelvink et al., 2010). Lagrangian velocity is defined for a
water parcel as the average distance traveled during one
wave period. The components of Lagrangian velocity: cross-
shore u* and long-shore v* are related to the components of
Eulerian velocity (uf, v¥) — the fluid velocity at a fixed posi-

tion and to the components of the Stokes drift (u, v°) by:
ut=uE Ut vE=vE VS (3)
The depth-averaged u* and v+ are obtained from the GLM-
momentum and continuity equations in the form of set of
equations Eq. (4).

aut oy aut W aut [y atut N atut

at ax ay "axz T a2
T Ty gan K
oh  ph ax  ph’

avt L avt L avt oy aZvt N aZvt
"\ oxz oy?

L
On | LIV, 4)
at  ax ay
where t,,, Tp, — bottom shear stresses, calculated with the
Eulerian velocities, n — the water level, F,, F, — the wave
induced stresses, v, — the horizontal viscosity, f — Coriolis
coefficient.

The Lagrangian velocities are used to calculate the wave
action propagation speeds according to Eq. (5), which takes
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tions (Hs, ®): the yellow points — the most frequent ones, the
black points — appearing the least frequently.

.210 el [EETERE .

Figure 8 Distribution of wave directions and wave steep-
ness for the data presented in Fig. 7. Each point of the graph
presents the wave direction (angle in the pole coordinate sys-
tem) and the wave steepness (distance from the origin in the
pole coordinate system). The colors indicate the frequency of
occurrence of wave conditions (¢, ®): the yellow points — the
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Figure 9 (1) Coloured open circles — distribution of signif-

icant wave height and wave period for the data presented in
Fig. 7, the colours indicate the frequency of occurrence of wave
conditions (Hs, T) analogous to Fig. 7, 170,189 points are shown;
(2) blue crosses — 31 test wave conditions (Hs, T) for which
coastal flows were examined; (3) red open circles — 18 wave
conditions (Hs, T) for which rip currents were modelled; (4) yel-
low and green triangles — wave conditions during field surveys
in CRS Lubiatowo.

into account wave-current interaction.
(X, ¥, t, ©) = cgcos(®) + u*
Gy (X, ¥, t, ®) = cgsin(®) + v*

o oh . oh
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XBeach model settings which were applied for the
purposes of this paper: (i) neglecting of sediment trans-
port and bottom changes, (ii) wave current interaction
option, (iii) stationary wave boundary condition at the
seaward boundary, which means that a uniform, con-
stant wave energy distribution is set, based on the given
values of wave height and period; Neumann lateral bound-
aries (iv) the roller model which can give a shoreward
shift in a wave-induced setup, return flow and longshore
current.

In addition, with the use of drifter option there were
examined the details of the flow. Drifters are objects that
move with Lagrangian mean velocity, and their positions are
evaluated at each time step. During numerical simulations
drifters were implemented after 600 s of the model spin-up,
and the total run duration was set as 1200 s, which was
sufficient for the analysis of drifters’ behaviour.

The computational grid used in XBeach model (10 m
x 10 m, Fig. 2) was rotated clockwise by 17 degrees
relative to the original geographical coordinates of the
local system, where the x-axis is parallel to the shore, and
the y-axis is perpendicular to the shore (Grusza, 2007).
Next, the grid was rotated by 90 degrees in order to adjust
it to the XBEach convention, where x-axis is perpendicular
to the shore. To overcome the artificial wave breaking
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Figure 10 (1) Coloured open circles — distribution of signif-
icant wave height and wave steepness for the data presented
in Fig. 7, the colours indicate the frequency of occurrence of
wave conditions (Hs, &) analogous to Fig. 7, 170,189 points are
shown; (2) blue crosses — 31 test wave conditions (Hs, &) for
which coastal flows were examined; (3) red dots — 18 wave con-
ditions (Hs, &) for which rip currents were modelled; (4) yellow
and green triangles — wave conditions during field surveys in
CRS Lubiatowo.

effect on the grid border, the grid was extended to 1400 m
in the seaward direction, with uniformly increasing depth
up to 20 m. This procedure enabled obtaining the ratio
¢g/c =0.66 recommended by XBeach model users on the
seaward boundary of the proper computational grid.

The dynamics of water in the model domain is caused
by wave coming from the open sea which is defined on
seaward open boundary conditions by wave height, period
and direction. Among various model output parameters are
available fields of significant wave height Hs; and vertical
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averaged water velocity. Additionally, drifter module allows
obtaining trajectories of virtual tracers.

The gap in the bar was artificially introduced into the
bathymetry in order to simulate the rip channel. First,
the calibration and model validation were conducted by
comparison of the modelled wave parameters to the results
of SWAN model, which configuration in the study area
was discussed in previous studies (Reda and Paplinska,
2002). The second model validation was conducted using
the tracks of virtual tracers and their velocities as well as
corresponding in situ measured flows. The H; fields obtained
based on XBeach modelling were compared with the H; field
determined by the SWAN model, the results for one chosen
wave situation are presented in Fig. 5. The absolute errors
of individual Hs values were in the range of 0.08—0.35 m,
while the relative errors were in the range of 4%—22%. After
model calibration, nearshore wave and currents fields were
simulated for all 589 test cases.

4, Results
Deep water waves

The results obtained from the analysis of deep water
wave conditions in the vicinity of Lubiatowo in 2014 are
presented in Figs. 6—10. Basic statistics are presented as
histograms and box plots of significant wave heights H;,
wave period T and resulting wave steepness &, Fig. 6. It is
visible that in the studied area H; are typically in the range
of about 0.4—1.1 m with the median of about 0.6 m and
occasionally occurring waves of height up to 5.0 m. The
median of wave period T is 5.0 s, waves of periods between
4.3 and 6.1 s occur most often, the maximal value of T
was about 10 s. The most common are waves of steepness
in the range 0.012—-0.022, with median about 0.017 and
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Figure 11

The actual velocities of drifters following their paths presented in Fig. 4 during two expeditions in CRS Lubiatowo.
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Figure 14 The tracks of virtual drifters (analogous to those shown in Fig. 12), input wave parameters similar to those prevailing

during the expedition in April.

maximal value of about 0.06. Such maximal steepness is
characteristic of the waves with the lowest periods for
the given height, while minimal values are characteristic
of the highest periods (Fig. 6), as a direct consequence of
Eq. (1).

Offshore waves propagating towards the northern direc-
tions are of low heights and occur rarely. Among onshore
waves, these propagating towards the west are higher
(the most frequent are up to about 2 m) than the waves
propagating in the east direction (the most frequent are up
to about 1.5 m), Fig. 7. The steepness of onshore waves in
typical situations does not exceed the value of 0.04, Fig. 8.
Waves with steepness up to about 0.02 are prevailing in the
area concerned.

Based on the above analysis, a set of 31 wave conditions
given by pairs of Hs and T was selected, which are likely in
the studied region. The range and distribution of H, T and
& were taken into account during selection, Figs. 7 and 8.

Lagrangian measurements

Nearshore flows were estimated in situ taking Lagrangian
measurements. The routes of the GPS drifters floating
freely at the sea surface were tracked during two expedi-
tions. There were six throws of drifter A (the smaller one),
four throws of drifter B (the bigger one) on 14.01.2016, and
three throws of drifter A on 15.04.2016. The recorded tra-

jectories of drifters are presented in Fig. 4. The wave was
higher and steeper during the first expedition in January
than during the second one in April. The actual velocities
of drifters following their paths along the shoreline are
presented in Fig. 11 and the details of the drifters’ paths
are summarized in Table 3.

It is apparent from the top panel of Fig. 4 that during
the first expedition the drifters released at the distance of
about 100 m from the shoreline floated along the shore and
after several minutes came back to the beach. The trajec-
tory of a drifter does not depend on its size and weight:
smaller and bigger drifters thrown close to each other
moved along similar routes, and had similar velocities. For
example, see throws 1—4 of A and B drifters.

Averaged over the whole route drifters’ velocities mea-
sured during the first expedition were higher than during
the second expedition, see Table 3. The mean velocity
of drifters released 10 times on 14.01.2016 was 0.55 m/s
with a standard error of 0.03 m/s, and of those released 3
times on 15.04.2016 was 0.23 m/s with a standard error of
0.02 m/s.

The details of the drifters routes, namely their actual
velocities and trajectories are presented in Fig. 11. Short-
term fluctuations of velocities were smoothed out by a
moving average filter with a period of 60 seconds.

Regarding the survey from 14.01.2016, initial velocities
of drifters were in the range of about 0.4—0.6 m/s. The
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Figure 15
0.018, dir: (340, 20, 30).

peaks in velocities (up to 1—1.2 m/s) were probably con-
nected to crossing the bar. The changes of the drifters’
velocities during their route along the coastline were partly
related to the varying depth around bars, but were also
caused by an accidental contact with the ground. Thus,
a reliable examination of the drifters’ velocity changes
associated with the nearshore current field in high wave
conditions was not possible.

In summary, all the measurements of 14.01.2016 showed
a longshore flow typical of this kind of coast, which
was quasistationary in the study area (about 1.5 km of
coast).

The tracks of virtual drifters (analogous to those shown in Fig. 12), input wave parameters: Hs=1m, T =6, & =

The results of the second expedition (15.04.2016) are
the following: the initial velocities of drifters were in
the range about 0.2—0.5 m/s, so were smaller than those
recorded in January. Also, two trajectories of a drifter
observed in April were significantly different from the
typical alongshore drifters’ routes which were recorded in
January. After the first throw, drifter A floated about 250 m
for 15 minutes in a typical way, alongshore with the velocity
decreasing from about 0.5 to 0.1 m/s. By contrast, after
the second throw drifter A moved along the loop about 100
m in diameter. Upon returning to the shore, it was released
again and it repeated this loop-shaped route once more.
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The actual velocities during these untypical flows did not
differ from those observed during the first throw, and were
about 0.2—0.4 m/s. Taken together, these results provide
important insights into two types of nearshore flows.

Modelling approach

In order to confirm hypotheses stated in the Introduction,
modelling approach was used. Tracks of virtual tracers were
simulated with the use of XBeach model in 589 numerical
experiments. The input data for the model are: (1) mor-
phological conditions conducive to rip current generation;

The tracks of virtual drifters (analogous to those shown in Fig. 12), input wave parameters: Hy=3m, T =7s, & =

(2) boundary conditions (Hs, T, dir) that represent typical
wave fields in the studied area. The set of wave boundary
conditions applied in all 589 test cases is presented in
Figs. 9, 10, and 18. This set was obtained based on analysis
of long term measurements described at the beginning of
this section.

There are two subsets of all examined virtual tracers’
trajectories. The former contains routes leading directly to
the shore with the approach angle dependent on the wave
direction to which we refer as regular flows. The latter
contains routes with some features typical of rip currents,
i.e. offshore flows with increasing velocity. In this paper, we
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Figure 17  The tracks of virtual drifters (analogous to those shown in Fig. 12), input wave parameters: Hs =5m, T = 8s, § = 0.05,

dir: (340, 20, 30).

will use the term rip current to describe such type of tracer
trajectory. The examples of these two typical flows are
presented in Fig. 12, the regular flow in the top panel, and
the rip current in the bottom panel. These graphs show that
the drifter’s velocity changes along its route according to
the following rules. In the case of regular flows (all drifters
in the top panel and drifter 1 and 3 in the bottom panel)
velocity increases as the depth decreases. Occasionally
velocity peaks in the areas of rapid change of bathymetry,
see for example drifters 1 and 3 during about 300—400 s
of simulations. The movement of a rip current type drifter

(drifter 2 in the bottom panel) is characterized by a rapid
growth of velocity in the vicinity of rip channel on the way
offshore and back along the loop.

Figs. 13 and 14 show results of simulations with wave
boundary conditions corresponding to those prevailing
during the expeditions in January and in April. A deep
sea wave was slightly deviated to the west from onshore
direction during both expeditions, while wave steepness
were different, about 0.02 during the expedition in January
and about 0.01 in April. Virtual tracers’ routes in wave con-
ditions similar to those during the first expedition (Fig. 13)
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Figure 18 The left diagram: the significant wave steepness with the wave direction (¢, dir). The right diagram: the significant
wave height with the wave direction (Hs, dir). Pole coordinate system is used in which the angle represents the wave direction,
the distance from the origin represents & or Hs respectively. Nautical convention is adopted for wave directions (the direction
where the waves are coming from, eg. 270 means that wave is propagating from the west to the east). (1) black dots represent
31 x 19 = 589 test wave conditions for numerical experiments; (2) red dots — 42 wave conditions for which rip currents were
modelled, corresponding to 18 points presented in Fig. 10; (3) triangles — wave conditions during field surveys in Lubiatowo.

Table 3 Drifters’ paths characteristics.

distance time average
[m] velocity [m/s]
14.01.2016
A1 437.5 00:12:50 0.56
A2 410.4 00:15:45 0.44
A3 189.4 00:05:10 0.61
A4 335.4 00:09:50 0.55
A5 307.4 00:11:07 0.51
A6 615.4 00:14:10 0.72
B 1 478.4 00:16:40 0.48
B2 499.9 00:16:55 0.49
B3 213.5 00:05:40 0.62
B4 134.7 00:04:20 0.51
15.04.2016
A1 243.8 00:15:30 0.26
A2 333.7 00:27:45 0.20
A3 115.3 00:08:35 0.22

are of the rip current type. The maximal velocities are up
to about 0.6 m/s. It is interesting to note that the direction
of rip current ’loop’ differs for the wave steepness of
0.03 (counter-clockwise) and 0.02 (clockwise). Simulations
for wave conditions similar to those during the second
expedition (Fig. 14) are of a regular flow type, with tracers
flowing alongshore with increasing velocity.

Figs. 15—17 show exemplary trajectories of drifters for
the wave heights of 1, 3, and 5 m and wave directions close
to the onshore territory. In these cases an irregular velocity
field is more likely to be generated for wave direction
closer to normal to the shore.

The total results of all 589 test cases are presented in
Fig. 18. It shows that the rip current type of flows were
simulated (i) for wave directions in the range from 300
(NW) to 20 (NNE), thus almost normal to the shore; (ii)
for all tested wave heights and wave steepness. Among
42 wave conditions for which currents were reproduced
there were: the most (18 cases) for wave directions from
NNE, 12 cases for wave directions from N, and 12 cases

for wave directions from NW. There is no symmetry in the
flow field resulting from corresponding western and eastern
wave directions. The rip currents were generated by waves
of lower heights (H; < 1) and steepness (¢ < 0.01) when
approaching from the NNW direction, and by larger (Hs up
to 5 m) and steeper (¢ up to 0.04) waves in the other case.

5. Discussion

The wave conditions during both field expeditions were
similar in terms of the period and direction of the wave,
while the wave heights and the resulting steepnesses were
considerably different from each other. The wave direc-
tions were almost normal to the shore which, according
to theories describing rip currents, are conducive to their
formation. Moreover, the wave periods were above the
mean value in the studied area. In the case of waves with
long periods (long waves), most of the energy reaches
the shore and waves break down near the shoreline. The
dissipated wave energy is transformed into energy of such
phenomena as: turbulence, reflected waves and currents of
wave origin. In the case of oblique wave direction longshore
current is generated, which has a dominant role in the
studied area. In the case of shore-normal waves, a return
or rip current is generated.

The example of a rip current was registered in Lagrangian
measurements during the second day of measurements. On
this day a wave period was slightly shorter than during the
first expedition, but with the steepness being about two
times lower. It means that during the second expedition
the waves dissipated much closer to the shore, thus more
wave energy was transported into the close vicinity of
the shoreline. That was probably the reason why, under
favourable morphological conditions (local lowering of the
bar), the onshore stream of water generated close to the
shore could not be compensated by the return current, and
a more intense rip current was generated.

However, it is not possible to draw conclusions about the
prevalence of occurrence of rip currents on the basis of one
observation. Admittedly, at the time when a rip current was
observed, the wave height, period and steepness were sim-
ilar to the most typical ones in the studied area, Figs. 9 and
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10. But the wave moved from the NE direction, which is not
most common (the predominant waves come from NWW
directions), Figs. 7 and 8. Therefore it cannot be said that
these were the most frequent wave conditions. Given the
relatively narrow area of research and a small number of
tests, this observation may suggest the universality of rip
currents in the studied area. On the other hand, it should
be noted that according to the theory, a wave direction
almost normal to the shore is favourable for the appear-
ance of rip current. All these arguments suggest that due
to the difficulty of estimating the frequency of rip currents
occurrence, model studies are necessary.

In order to test the occurrence of rips in a wide range
of wave conditions, numerical simulations have been con-
ducted. It appeared that nearshore flows with typical rip
currents features occurred in 42 of the 589 test cases,
which is about 7% of the analysed wave situations.

The simulations demonstrated that rip currents emerge
only for a restricted range of wave directions, i.e. wave
approaching from the north, almost perpendicularly to the
shore. However, not all wave conditions with favorable
wave direction generated rip currents. Simulations did
not indicate similar limitations for the wave height or
steepness, but, there are some combinations of Hs and T
for which currents are not generated. In summary, the only
rule that can be specified based on the modelling results
is the one associated with the wave direction. Both the
observed lack of symmetry due to the east and west wave
direction as well as the occurrence of rip currents during
certain specific wave conditions may indicate that there is
another important factor influencing the formation of rip
currents. We assume that it is local bottom topography. It
should be mentioned however that there is no significant
difference in the volume of water on the left and right
of the basin. Waves that are symmetric with respect to
shore normal direction propagate asymmetrically and after
reaching the shore give asymmetrical results. Therefore, it
is advisable to carry out further model tests examining the
impact of bathymetry changes, as well as local wind field
on the results to determine the causes of asymmetry in the
results.

It is interesting that in the numerical experiment with
wave conditions corresponding to in situ measurements
from January, a rip current was generated which was
not observed in situ. It was probably due to the lack of
favourable morphological conditions at the bottom — the
rip channel did not form in the measured area.

6. Conclusions

The presented numerical simulations confirmed that
bathymetry controlled rip currents in the barred coastal
zone can emerge during the wave propagating in the almost
shore-normal direction (for wave directions in the range
from 300 (NW) to 20 (NNE)). According to the model results,
there is no restriction as to the wave height and steepness.
However, this study is unable to encompass the entire
dynamics of nearshore flow due to limitations of 2D XBeach
model.

The typical hydrodynamical situation conducive to rip
currents is when large masses of water transported towards

the shore by breaking waves are unable to return towards
the open sea in the form of a bottom return current. In
this case, in favourable locations (e.g. the local break in
the bar), a strong stream of water is created uniformly
throughout the water column. Thus, a reliable simulation
of a rip current is possible with a correct modelling of the
return current. Although there is a mechanism of a return
current implemented in the XBeach model, it seems that
3D models address this phenomenon better. Thus, more
detailed numerical simulations with the use of 3D flow
models should be performed, mainly in order to verify the
most controversial results, i.e. rip currents occurring in the
presence of a wave with a high steepness.

The mechanism of the rip current initiation considered
in this work (the initial disturbance of bathymetry) is only
one of the possible scenarios. Nevertheless, the results pre-
sented indicate that this phenomenon is rare. In addition,
the velocities of both measured and modelled rip currents
(up to 0.4 m/s) are small comparing to the velocity of
longshore current (up to 1.6 m/s, (Ostrowski et al., 2016)),
which occurs when waves approach the shore obliquely.
Concluding, the dominant factor affecting the reconstruc-
tion of the bottom is longshore current. Rip currents are
not very common and have low speeds, so they are not a
significant factor in the morphodynamic processes.

Determining the conditions under which rip currents may
occur is very important for the investigation of the impact
of these flows on the seabed reconstruction, and for the
safety of bathers. It is difficult to predict the place and time
of their appearance, because it depends on dynamically
changing local bathymetry.

This work is one of few attempts to exploring the possi-
bility of the appearance of rip currents in the coastal zone
of the South Baltic and provides a background for further
research on the issue. Primarily, different flow patterns
observed during the two Lagrangian experiments may be
explained not only by incident wave conditions, but also by
other factors.

In order to verify the assumption about the triggering
factor of observed irregular flows, during further research
more Lagrangian data should be collected simultaneously
with morphology data. Although measurements of bottom
topography during an intense wave is difficult, it seems to
be crucial to properly understand the hydrodynamic and
morphological control over rip currents dynamics along the
studied coast. As this location is a representative example
of multi-barred coast, presented results are also useful
for describing the non-tidal mechanism of rip currents
formation on similar beaches.

7. Data Availability

The research data required to reproduce the work reported
in Manuscript are available at: https://bit.ly/2CllePv.
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