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Abstract The paper deals with experimental and theoretical investigations of forces that drive
sediment motion beyond the surf zone of the southern Baltic Sea. The study site is located in the
sandy coastal zone at Lubiatowo (Poland). Field surveys were carried out by the Institute of
Hydro-Engineering of the Polish Academy of Sciences (IBW PAN) and the Maritime Institute in
Gdańsk (IMG). The measurements comprise parameters of wind, waves and currents. The wind
velocities and directions were recorded at the IBW PAN Coastal Research Station (CRS) in
Lubiatowo, while the wave and current data were collected near CRS Lubiatowo, ca. 1.5 Nm
from the shoreline, at a depth of 17 m. Theoretical investigations concern wind-induced
currents, nearbed wave-induced oscillatory velocities and wave-current interactions. The con-
cept of the apparent roughness related to the wave bed boundary layer is used in the description
of wind-induced steady flow. A theoretical model of the wind-induced current is proposed in two
variants, depending on the predominance of wave or current impact. The wind-induced flow
model is successfully verified using measured current velocity profiles. Previously developed at
IBW PAN, a three-layer sediment transport model is adapted to the study site and applied in
calculations of sediment transport rates.
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1. Introduction

In coastal areas, wave-induced orbital velocities together
with wave-induced steady currents are the dominant driving
forces of sediment transport. The farther in the seaward
direction, the weaker the influence of these factors. Beyond
the surf zone, wave-driven currents do not occur, and the
impact of wave oscillatory flows becomes less important. The
seaward boundary beyond which no sediment movement
occurs is theoretically defined by the so-called depth of
closure (hc). The depth of closure describes a maximum depth
at which bed changes are noticeable, and there is no measur-
able evolution of the bottom deeper in the sea. The value of
the depth of closure hc can be obtained in two ways. First,
there is a theoretical method based on wave parameters,
namely an effective wave height He (i.e. a significant wave
height that is exceeded 12 h during a year, or 0.137% of the
time considered) and the corresponding wave energy peak
period Tp. Here, two simple formulas can be used, derived by
Birkemeier (1985) or earlier by Hallermeier (1978, 1981). The
second method is based on the analysis of bathymetric data.
Having processed deep-water wave parameters measured at
the IBW PAN Coastal Research Station (CRS) in Lubiatowo in
2006-2015, Cerkowniak et al. (2015a) determined He = 3.8 m
and Tp = 9.75 s. These quantities yielded a depth of closure hc

equal to 7.6 m. Some research investigations, however, show
that there are many examples of sediment motion at even
greater depths. For example, large bed forms have been
observed at depths of 15—30 m along the shores of the south-
ern Baltic Sea, especially on the Polish coast from Hel to
Karwia, from Rowy to Ustka and near Kołobrzeg. The bathy-
metry measured near Rozewie (also in Poland) shows the
asymmetry of sand waves (with one steep and one mild slope)
that are about 4 m high, see Rudowski et al. (2008) and
Kubacka et al. (2016). The most interesting aspect of this
finding is that such bed forms are typical of tide-dominated
basins, and the formation genesis of such features in a non-
tidal sea such as the Baltic Sea is unknown. It should also be
highlighted that the analysis of cross-shore profiles near CRS
Lubiatowo (Cerkowniak et al., 2015a, 2015b) reveals seabed
changes between two measurements at depths greater than
the calculated depth of closure. Sediment movement beyond
the surf zone is also evidenced by sedimentation found in post-
dredging pits at depths of 14—17 m and by the disappearance
of traces left by a trailing suction hopper dredger after
11 months. In addition, it is mentioned in the literature that
a 0.4—0.8 m thick sand layer moved under storm conditions at
depths of 15—20 m (Uścinowicz et al., 2014).

Conventionally (see e.g. Ostrowski, 2004), seabed
changes are modelled as resulting from the spatial variability
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Figure 1 Measurement location near CRS Lubiatowo.
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of net sediment transport rates. The distinct morphodynamic
effects observed in the transitional region between the surf
zone and the deep sea, where the nearbed hydrodynamic
forcing is very weak, probably result from long-term litho-
dynamic processes of low intensity. Therefore, it seems
almost impossible or very difficult to carry out successful
quantitative theoretical modelling of the appearance and
movement of sandy bed forms or sedimentation in under-
water excavations. It is possible, however, to try to identify
sediment transport mechanisms at particular water depths.
The objective of this paper is to provide a theoretical expla-
nation of nearbed sediment transport and to assess transport
rates under storm wave—current conditions in the coastal
region beyond the surf zone.

2. Study site

The analysis in the present study is based on theoretical
investigation supported by wind, wave and current measure-
ments in the period from April 26, 2014 to June 30, 2014. The
field data was recorded by the Institute of Hydro-Engineering
of the Polish Academy of Sciences (IBW PAN) and the Maritime
Institute in Gdańsk (IMG). The current and waves were
measured in the vicinity of CRS Lubiatowo, where wind data
was recorded. The study site lies about 70 km NW of Gdańsk
(see Figure 1), and its hydrodynamics, lithodynamics and
morphodynamics are typical of the south Baltic sandy coast
(see Ostrowski et al., 2015). The seashore is mildly sloped
(with an inclination of 1—2%) and consists of quartz sand
having a grain diameter d50 in the range from 0.1 to 0.4 mm
(mostly 0.15—0.25 mm). The seabed soil density amounts to
rs = 2650 kg/m3, see Pruszak et al. (2008). In addition, to
determine whether the grain diameter differed further away
from coast, two samples of surface seabed soil were taken
near the wave—current measuring point, at a depth of 17 m.

3. Methods of field measurements

Waves and current were measured using an acoustic cur-
rent profiler with an attached surface wave measurement
module AWAC (produced by Nortek) operating at a 600 kHz
transmit frequency. The device was installed on a bottom-
resting frame (see Figure 2) at a distance of about
1.47 Nm (i.e. 2.72 km) from the coastline, where the
mean water depth amounted to 17 m, at coordinates
54850.480N and 17853.090E. The device collected data
on wave height, period and direction, as well as on
current velocity and direction. Wave parameters were
measured continuously once an hour for about 17 min
(2048 samples recorded with a frequency of 2 Hz) and
then averaged. Water flows were measured in 1-m-thick
layers once an hour, and they were averaged for 2-min
recordings registered with a 1 Hz frequency. Current
measurements were not performed in the nearbed layer
(about 1 m thick), because of technical reasons (height of
the frame on which the instrument was mounted and the
so-called blanking distance i.e. direct water body thick-
ness to transducers where the accuracy of measurements

[(Figure_2)TD$FIG]

Figure 2 Scheme of wave and flow measurements.

[(Figure_3)TD$FIG]

Figure 3 Anemometer on top of a mast at CRS Lubiatowo.
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is not acceptable). Additionally, the results of current
measurements in the surface water layer (from 5 to
10% of the total depth) have limited reliability due to
side-lobe interference. This layer should, therefore, be
analysed with some care. Raw and processed wave data
were collected in the internal memory of the instrument
and retrieved for analysis during maintenance cruises.

The wind data were collected by a cup anemometer
SW-48 (produced by MORS, Poland) installed on a mast
22 m high. The mast is located on land close to CRS
Lubiatowo (54848.700N, 17850.430E), at a distance of
about 150 m from the shoreline. The anemometer stands
out about 4 m above the top branches of the nearby trees
(Figure 3).

Themeasurements are slightly biased by the nearby trees.
It is possible to recalculate the "land" wind velocity recorded
at CRS Lubiatowo to obtain the wind velocity at sea. This was
done in the present study by a method proposed by Ostrowski
et al. (2017).

4. Measured data

4.1. Grain size analysis

Grain size distribution analysis based on two samples taken
on October 10, 2014 (Figure 4) showed that the sediment was
well sorted, and the grain diameter d50 was equal to
0.131 mm and 0.134 mm (an approximate value of
0.13 mm was subsequently used in the theoretical modelling
of sediment transport). The first sample contained fine sand,
and the second sample contained fine sand with an admixture
of silt. The seabed soil density of the samples amounted to
rs = 2650 kg/m3 and rs = 2645 kg/m3, respectively (Table 1).

4.2. Wave and flow velocity measurements

The measurements of current, wind and wave parameters
(Table 2) revealed that the dominant direction for all factors

[(Figure_4)TD$FIG]

Figure 4 Grain size distributions based on samples taken on October 10, 2014.

Table 1 Results of grain size analysis for samples taken on October 10, 2014.

Sample 1 Sample 2

Seabed soil Fine sand Fine sand with silt admixture
Grain percentage of diameter > 2 mm 0% 0%
Grain percentage of diameter 2—0.05 mm 96% 92.5%
Grain percentage of diameter 0.05—0.002 mm 4% 7.5%
Grain percentage of diameter < 0.002 mm 0% 0%
Seabed soil density rs 2.65 g/cm3 2.645 g/cm3

d50 0.134 mm 0.131 mm
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was alike, i.e. from N and NW sectors. Further analysis and
modelling, however, was performed for all directions. The
maximum current velocity averaged over the water column
amounted to 0.44 m/s, and the mean value was 0.13 m/s.
The maximum wind speed amounted to 16.6 m/s, whereas
the mean wind speed during the measurement period was
equal to 6.3 m/s. The maximum significant wave height
amounted to 2.76 m, and the mean wave height was equal
to 0.67 m.

5. Velocity profile

In the formulation of the wind-induced flow model, aside
from the wind velocity being the major input, wave—current
interaction is taken into account. In addition, the effect of
the wave bed boundary layer on the steady current is con-
sidered. The procedure comprises 4 major stages described
below. Stage 1 has recently been proposed by Ostrowski et al.
(2017), and it is briefly presented here to make the reasoning
complete and comprehensible.

6. Stage 1: logarithmic velocity distribution

The first stage is based on the assumption that the shear
stresses t in the water column, where the wind-driven cur-
rent occurs, satisfy the Boussinesq hypothesis as follows:

t ¼ rnt
du zð Þ
dz

; (1)

where nt is the kinematic turbulent viscosity in the vertical
direction z, and u(z) is the velocity of stationary water flow.

It is further assumed that turbulent viscosity increases
linearly from the bottom, being proportional to von Karman's
constant k and the friction velocity uf, so that

nt ¼ ku fz: (2)

With the shear stress defined as t = ruf
2, it is possible to

obtain the logarithmic vertical distribution of the flow velo-
city u(z):

uðzÞ ¼ u f

k
ln

z
z0

� �
; (3)

in which z0 denotes the ordinate at which the velocity u
equals zero.

The quantity z0 can be regarded as a theoretical seabed
level from which the logarithmic profile of the velocity u(z)
starts. In this paper, this level is defined as the bottom
roughness height z0 = kf/30, where kf is the bed form
height, assumed to be equal to 0.1 m. The bed form height
is the mean magnitude of seabed forms observed at the
study site.

The wind-driven current speed in the surface layer equals
2—5% of the wind speed w at the 10 m height above the sea
level (see e.g. Kim et al., 2010). Analysis of the wind data and
surface current velocity measurements showed that for wind
speeds averaged over 12 h exceeding 8 m/s, the magnitude of
the surface current (in a 1-m-thick layer ) was about 3.5% of the
wind speed, and for winds below 8 m/s, the surface velocity
was around 3% of the wind speed. Thus, the empirical formula
proposed e.g. by Kim et al. (2010) is assumed as follows:

usurface ¼ 0:035w forw> 8m=s;
usurface ¼ 0:03w forw< 8m=s: (4)

It was found by Ostrowski et al. (2017) that mean flow
velocities measured in the entire water column had almost
the same direction as the local wind. Hence, it appears that
at the limited depths of the Baltic Sea the wind-driven
current velocity profile can be described by a directionally
invariable distribution.

The wind-driven flow velocity in the surface layer (from
the mean water level to 1 m depth, namely for z = 16.5 m) is
calculated by Eq. (4). With the assumed bed roughness and
with the resulting value of z0, one can easily determine the
friction velocity uf from Eq. (3) if only the flow velocity u at
any level z is known. The velocity calculated by Eq. (4) is
assumed to satisfy the logarithmic distribution given by
Eq. (3). Thus, on the basis of Eq. (3), the sought friction
velocity uf reads

u f ¼ k � u z ¼ 16:5mð Þ
lnððz ¼ 16:5mÞ=z0Þ : (5)

It is visible from the form of Eqs. (1)—(3) that both the
friction velocity uf and the shear stress t are independent of
the ordinate z (constant in the entire water column).

After the friction velocity uf has been calculated, the
vertically averaged velocity umean is determined using the
integrated logarithmic velocity distribution of Eq. (3) as
follows:

umean ¼ 1
h

Zh

0

u zð Þdz ¼ 1
h

Zh

0

u f

k
ln

z
z0

� �� �
dz

¼ u f

k
ln

h
z0

� �
� 1

� �
: (6)

7. Stage 2: wave influence on wind-driven
current

In order to include the effect of wave propagation accom-
panied by the wind-driven current, represented by the ver-
tically averaged velocity umean, the dispersion relationship in
the following form is applied:

Table 2 Dominant direction, mean andmaximum values of measurements of flow velocity, wind speed and significant wave height
for the period from April 26, 2014 to June 30, 2014.

Flow (averaged over water column) Wind Significant wave

Dominant direction From N and NW (46%) From N and NW (36%) From N and NW (49%)
Mean 0.13 m/s 6.3 m/s 0.67 m
Maximum 0.44 m/s 16.6 m/s 2.76 m
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gk tanh kh ¼ v� kumean cosað Þ2; (7)

where v is the angular frequency in wave motion, k = 2p/L is
the wave number (L stands for the wave length), and a

denotes the angle between the wind-induced flow velocity
umean (having the same direction as the local wind) and the
wave propagation direction.

It is also necessary to include an additional hydrodynamic
effect that appears as a larger roughness for the steady flow
due to the occurrence of waves (see e.g. Nielsen, 2009),
which is called the apparent bottom roughness ka:

ka ¼ 30zmax

expðVk=u fcÞ : (8)

In the above equation, zmax denotes the upper limit of the
wave bed boundary layer, and V is the mean velocity at the
ordinate zmax, while the friction velocity ufc is calculated
from the values of the wave-induced friction velocity uf(t)
according to the following formula (see Ostrowski, 2004):

u fc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

ZT

0

u f tð Þ�� ��u f tð Þcos’ tð Þdvt

vuuut ; (9)

where cosw(t) is an instantaneous angle between the steady
current and the direction of wave-induced nearbed oscillato-
ry flow during the wave period T.

Time series of water surface elevation are rarely available
from field measurements. The field wave data usually com-
prise representative wave parameters, namely wave height
(e.g. root-mean-square wave height Hrms), period (e.g. wave
energy peak period Tp) and direction (e.g. wave energy peak
direction), as well as water depth. Nearbed wave-induced
velocities (variable over wave period) can be calculated from

these parameters according to a wave theory — linear or
nonlinear. A bed shear stress model should then be applied to
determine the time-variable friction velocity uf, needed to
obtain ufc from Eq. (9).

Developed by Kaczmarek and Ostrowski (2002), the model
of intensive near-bed sand transport under wave—current
flow has been adapted to the case of the open sea (beyond
the surf zone). The time-variable friction velocity uf related
to bed shear stresses generated jointly by waves and the
wind-driven current, as well as the friction velocity ufc and
the apparent roughness ka were determined iteratively. The
wave parameters Hrms and Tp were taken from the analysis of
the wave data collected from April 26, 2014 to June 30,
2014 in the study area constituted the input data for these
calculations. The initial mean velocity was obtained by the
method described in stage 1.

After all the above necessary quantities, including the
effects of wave—current interaction, had been determined,
the steady flow velocity was obtained as follows:

uðzÞ ¼ u fc

k
ln

30z
ka

� �
: (10)

8. Stage 3: dependence of flow distribution
on dominant force

After confrontation of the theoretical values of flow velocity
profiles with the measured ones, it appeared that not every
measured case met the logarithmic distribution. This
depends largely on the dominant force acting under condi-
tions at the time. The data analysis together with the results
from stages 1 and 2 made it possible to assume that the

[(Figure_5)TD$FIG]

Figure 5 Examples of flow velocity distribution for different apparent roughness values.
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distinction between wave- and current-dominated flows can
be made using the value of apparent roughness. Then it is
possible to divide the solution of flow distribution into two
methods, depending on which phenomenon is predominant.

The analysis has shown that the wave flow is dominant
under conditions in which the apparent roughness ka is bigger
than 0.13 m. In such a case, the following two-layer distribu-
tion of turbulent viscosity nt and velocity u is assumed:

nt ¼ ku fz u ¼ u f

k
ln

z
z0

for z< d;

nt ¼ ku fd u ¼ u f

k

z
d
þln

d

z0
�1

� �
for z> d;

(11)

where d denotes the wave—current boundary layer thickness
in the phase of wave crest, determined using the integral
momentum model of Fredsøe (1984).

The analysis has shown that the wind current is dominant
when the apparent roughness ka is below 0.13 m. In such a
case, the flow velocity profile in the water column is calcu-
lated by the method described in stage 2, using Eq. (10).

Examples of flow velocity distribution for different appar-
ent roughness values ka are shown below (Figure 5).

The turbulent viscosity distribution described by Eq. (11)
yields a logarithmic velocity profile in a thin nearbed layer only
and a linearly variable velocity in the water column. This is
visible in the upper part of Figure 5, where the linear velocity
distributions match the measured velocities for ka < 0.13 m.
The lower part of Figure 5 implies that for ka > 0.13 m the
logarithmic velocity profiles (resulting from the linearly vari-
able turbulent viscosity distribution given by Eq. (2)) match the
experimental data better than the linear velocity profiles.

9. Stage 4: result verification

The last stage consists in verifying the modelled mean flow
velocity umean from stage 3 by the measured one. The results of
calculations versus measurements, together with the dimen-
sionless bed shear stresses u (Shields parameter) determined as
described by Ostrowski et al. (2017), are shown in Figure 6.

It can be seen in Figure 6 that the agreement between
measured and modelled velocities varies from good in some
time segments to poor in others. Distinct underestimations by
the model are seen for the beginning of May 2014, when both
high and moderately high waves occur. A similar underesti-
mation is visible for a storm that occurred in the end of May.
Considerable overestimations can be seen only for a storm of
middle June 2014 and for 28 June, while slight overestima-
tions occur for a series of weak storms in the period from 20 to
23 June.

The statistical analysis of the measured mean flow velo-
cities for the period from April 26, 2014 to June 30, 2014 ver-
sus those calculated by the method described in stage
3 shows a relatively good correlation, with a correlation
coefficient r of 0.71 (Figure 7).

10. Sediment transport

Sediment transport rates were calculated by the three-layer
model of Kaczmarek & Ostrowski (2002), adapted to the
study site conditions. The model consists of different theo-
retical descriptions in each of three layers: the bedload layer

[(Figure_6)TD$FIG]

Figure 6 Hourly time series of measured wave height and mean flow velocity for the time period from April 26, 2014 to June 30,
2014 versus mean flow velocity umean calculated by the method described in stage 3 and Shields parameter calculated for different
kinds of flow.

[(Figure_7)TD$FIG]

Figure 7 Scatterplot of measured mean flow velocity against
modelled velocities umean for the period from April 26, 2014 to
June 30, 2014.
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(below the theoretical bed level) and two layers of suspen-
sion, namely the contact load layer (nearbed suspension of
sediment) and the outer layer (suspension higher in the water
column), as shown in Figure 8.

The bedload layer consists of a moveable dense water-
sand mixture, while the contact load layer consists of water
with suspended sand grains. Close to the bedload layer, the
concentration of suspended sediment in the contact load
layer is very high and corresponds to sand liquidity, with
c = c0 = 0.32. On the boundary between the bedload layer
and the contact load layer, the liquefied sand moves with the
velocity u = ub. On the basis of the input friction velocity, this
quantity is obtained from the solution of the bedload layer
and then used as a boundary condition in the solution of the
contact load layer. Deeper in the seabed, the concentration is
assumed to represent moderately closely packed sand grains
(c = cm). The details of the phase-resolving models of the
bedload layer and the contact load layer can be found in the
publication of Kaczmarek and Ostrowski (2002).

Sediment transport rates are quantified separately for
each layer. In the contact load layer and in the bedload layer,
they are obtained from calculated instantaneous distribu-
tions of velocity and the concentration of water-soil mixture
in the following way:

qbðtÞ ¼
Zd

0

uðz0; tÞ � cðz0; tÞdz0; (12)

qcðtÞ ¼
Zdc
0

uðz; tÞ � cðz; tÞdz; (13)

where db is the thickness of the bedload layer, and dc is the
thickness of the contact load layer.

In the suspended load layer (beyond the nearbed layer),
the sediment transport rate is determined in a simplifiedway,
using time-averaged velocity and concentration:

qout ¼
Zh

dc

uðzÞ � cðzÞdz: (14)

The results of sediment transport calculations are pre-
sented in Figure 9, which shows sediment transport rates
(separately for each layer) obtained on the basis of the
measured and modelled flow velocities.

The largest rates of sediment transport were obtained for
conditions of strong wind-driven current accompanied by
high (stormy) waves, generating high shear stresses (repre-
sented by Shields parameter), cf. Figure 6. It should be
pointed out that high waves or strong current alone can
generate some sediment transport, but not as intensive as
the one when these phenomena occur simultaneously. This is
visible in Figure 9 where long periods of no transport or very
low transport predominate.

In addition, [the comparison of sediment transport rates
obtained from the modelled mean flow velocity and those
obtained from the measured values within the three layers
shows a strong correlation, with the correlation coefficient r
amounting to 0.88, 0.93 and 0.9 for qout, qs and qb, respec-
tively (Figure 10).

Although strong correlations exist for all sediment trans-
port components, it can be seen in Figure 10 that the trans-
port rates determined for the modelled flow velocities are
overestimatedwith respect to the rates determined using the
measured velocities. This certainly results from an overes-
timation of flow velocities, cf. Figure 7. The overestimation
concerns all components of sediment transport and is parti-
cularly visible for high transport rates, occurring under
intensive hydrodynamic conditions.

[(Figure_8)TD$FIG]

Figure 8 Three-layer sediment transport model.
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11. Discussion

The sediments at the study site, namely fine quartz sand (see
Table 1 and Figure 4), are susceptible to movement even
under mild hydrodynamic forcing. Sediment motion near the
bottom is frequently associated with the appearance and
evolution of sandy bed forms. Interesting information on the
presence of bed forms in the study area was provided by a
survey carried out with a multi-beam echo-sounder and a
sonar in the period from November 7 to 8, 2017. The mea-
surements covered a rectangular area of 2.6 km � 0.53 km,
with the base lying parallel to the shoreline, about 2.5 km
offshore. The surveyed sea bottom was mostly smooth. In
some regions, however, two kinds of bed forms were
observed. There were ripple marks with approximate heights
from 5 cm to 20 cm and a crest-to-crest distance (i.e. sand
wave length) of about 1—2 m, as well as larger sand waves
having a length of 5—10 m.

The present study is not aimed at theoretical modelling
of the appearance and evolution of the sandy bed forms
observed. Sediment transport rates obtained for extreme
wave—current conditions can, however, constitute evi-
dence of motion of sandy material at depths that are con-
ventionally believed to lie beyond the depth of closure,
delimiting the region where seabed dynamics is assumed to
be intensive.

The sediment transport rates modelled for stormy wave—
current conditions, extreme in the period of measurements,
at the end of May 2014 attain the values of about 0.3 � 10-5,
2 � 10-5 and 3 � 10-5 m3/s/m for bedload (qb), contact load
(qc) and suspended load (qout), respectively. The rate of
sediment motion suspended beyond the nearbed layer (qout)
distinctly predominates over the nearbed transport rates (qb
and qs). This is due to the very fine sand grains of the seabed
(d50 = 0.13 mm). The situation would be opposite for coarser
sand, with d50 = 0.2 mm or more (Ostrowski, 2004).

[(Figure_9)TD$FIG]

Figure 9 Sediment transport rates in bedload (a), contact load (b) and suspended load (c) layers obtained by three-layer sediment
transport model on the basis of modelled and measured mean flow velocities from Figure 6.
[(Figure_10)TD$FIG]

Figure 10 Scatterplot of sediment transport rates in bedload (a), contact load (b) and suspended load (c) layers obtained by three-
layer sediment transport model on the basis of modelled and measured mean flow velocities.
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In order to realize the accumulative potential of the above
rates, let us imagine a 1-m-wide sand trap in the sea bottom.
Under the extreme hydrodynamic conditions considered,
such a virtual sand trap would accumulate 0.19 m3 of sedi-
ment per hour.

Under conditions of simultaneous strong wind-induced
current and high waves, the driving forces of intensive sedi-
ment transport are triggered. These driving forces are repre-
sented by high values of the dimensionless shear stress
(Shields parameter u). However, one should bear in mind
that there could be another factor responsible for sediment
movement and generation of sand waves. One can suppose
that this factor becomes predominant under calm conditions
when the impact of waves and wind-driven currents is smal-
ler. As already mentioned, bed forms observed in the south
Baltic beyond the surf zone have a shape typical of tide
conditions. Thus the idea arises that a phenomenon like
internal waves could also play an important role in the
formation of those subaqueous sand dunes. This is an inter-
esting and still unexplored hypothesis for further research.

12. Conclusions

The results of measurements and modelling presented in this
paper were helpful in identifying sediment transport mechan-
isms at water depths greater than the conventionally defined
depth of closure. The investigations concerned a coastal
location with a water depth of 17 m. Even during heavy
storms, the wave-induced nearbed oscillatory water motion
is not capable of causing noticeable sediment transport.
Similarly, a wind-driven steady current alone does not gen-
erate bed shear stresses sufficient tomove the bottom sand. It
turns out that under strong storm conditions the stresses
represented by Shields parameter resulting from the wave—
current flow are higher than the sum of stresses for stationary
and wave flows separately. The stronger the storm conditions,
the stronger the impact of wind current on the sediment
movement seems to be. Only synergic nonlinear interaction
of waves and wind-induced currents under extreme stormy
conditions can result in distinct nearbed sediment motion.
This hypothesis was supported by the computations of sedi-
ment transport rates in the three-layer model.

The proposed simple two-variant model of wind-induced
current was successfully tested versus field wind and current
data. The model was then used to simulate joint wave—
current nearbed shear stresses, being the driving forces of
sand motion.

The sediment transport rates obtained for the stormiest
period of measurements appeared sufficiently high to repre-
sent a considerably intensive movement of fine sand grains
constituting the sea bottom. It can be expected that seabed
dynamics under such conditions will result in the emergence
and evolution of bed forms. This process, however, lies
beyond the scope of the study.
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