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Mutual influence of wind-driven flow and the wave
bed boundary layer in the remote foreshore of
a non-tidal sea
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Abstract
A new model of the wind-driven current is presented. The solution comprises the stationary flow and wave-driven
nearbed oscillatory velocities. The wave-related bed boundary layer causes additional shear stresses that affect
the wind-driven current. Both the wave boundary layer (WBL) and the wave–current boundary layer (WCBL) are
considered. The bed boundary layer produces a modified logarithmic velocity distribution in the wind-driven current
model. The results of modelled profiles are verified by measurement data of wind, wave and current characteristics. All
measurements are conducted in the vicinity of the Coastal Research Station (CRS) in Lubiatowo, where wave and
current data were collected approximately 2.8 km (1.5 NM) from the coastline, at depth ca. 17 m, whereas the wind
parameters were measured on land near the Station. The investigation area hydrodynamics is typical of the south Baltic
Sea coast. Reduction of flow velocities near the seabed, particularly distinct under the wave-dominated regime, is the
main feature of the new model. The new modified logarithmic profile defining velocity vertical distributions shows good
agreement with the measurements. Furthermore, it is confirmed that the wave-induced nearbed turbulence strongly
affects the wind-driven current, while the wind-driven current has an insignificant influence on the bed boundary
layer.
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1. Introduction
Water motion in the form of waves and sea currents is

a driver of sediment transport. Hydrodynamic and litho-

dynamic processes occurring in various depth zones are

interesting not only in the scientific context. The knowl-

edge of the parameters of such processes is useful in the

optimization of ventures planned in marine areas, such as

the construction of engineering structures and dredging

works. The characteristics of water and sediment motion

in offshore regions and in the shoreline vicinity are com-

pletely different.

Within the nearshore area where tidal impacts are neg-

ligible (e.g. the Baltic Sea) and the wave energy is dissi-

pated (mostly by waves breaking in the surf zone), wave-

driven currents predominate (longshore and cross-shore

©2025 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

currents, including rip currents). In regions located further

off the shoreline, water motion is related mainly to flows

typically occurring in deep water, such as drift currents or

gradient currents.

The remote foreshore zone stretches seawards from

the so-called depth of closure, delineating the outer coastal

boundary beyond which even extreme storm waves gener-

ate neither any intensive motion of seabed sediments nor

distinct changes in the sea bottom resulting from this mo-

tion (see e.g. Dean, 2002). For the southBaltic coastal zone,

the depth of closure, estimated on the basis of long-term

bathymetric changes, amounts to 6.0–7.7 m (Cerkowniak

et al., 2015a). However, theoretical modelling shows that

extremely high stormwaves (higher than 3.5m) can gener-

ate sediment movement with a high regime even at depths

of 13–15 m (Cerkowniak et al., 2015b).

The south Baltic remote foreshore zone is located at

depths of 16–20 m (Stella, 2021). As presented by Stella
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(2021), results of measurements of sea bottom level

changes over a few months in the area of 2.6 km×0.53

km show seabed evolution from a few centimetres to tens

of centimetres. In addition, bathymetric surveys revealed

moveable bed forms 5–20 cm high and 100–200 cm long

(the form length is defined as the distance between neigh-

bouring crests or troughs). Such significant symptoms

of seabed dynamics beyond the nearshore zone (the surf

zone), that is, beyond the depth of closure, can appear only

due to the joint impact of high stormwaves and strong cur-

rents (see e.g. Ostrowski and Stella, 2020). On the basis of

a thorough analysis of the long-term wave-current climate

and theoretical modelling of the nearbed shear stresses,

Ostrowski and Stella (2020) determined conditions suffi-

cient to cause intensive transport of sandy sediments at

depths of 16–20 m. It was found that sediment motion

of this kind can occur during severe storms due to a non-

linear interaction between nearbed wave-induced oscil-

latory flows and the current generated by wind. Further,

Ostrowski and Stella (2020) discovered that the key role

in a theoretical description of this phenomenon is played

by the accurate determination of the vertical distribution

of the wind-driven current velocity, which is significantly

affected by the wave bed boundary layer (WBL).

It is worthwhile mentioning that non-tidal currents

(including wind-driven currents) have recently drawn the

attention of researchers dealing with seabed dynamics in

tidal regions. These currents have been found to signif-

icantly influence the appearance and movement of sand

waves (Overes et al., 2024).

Beyond specific deep regions, the Coriolis force very

weakly affects water flow in the Baltic Sea. In such con-

ditions, the Ekman spiral does not occur, and the wind-

driven flow is collinear with the direction of wind, as well

as unidirectionalwith depth (Krauss, 2001; Trzeciak, 2000;

Reyes-Hernández and Valle-Levinson, 2010). On the basis

of velocity profile measurements within the intermedi-

ate depths (about 17 m) of the Baltic Sea, Ostrowski et al.

(2018) found that the direction of flow velocities is actu-

ally the same in the entire water column, almost identical

to the wind direction. Hence, the vertical profile of the

wind-driven current can be modelled using a directionally

invariable velocity distribution.

The wave-current interaction is a complex phenomen-

on. Each parameter of the coupled wave–current flow can

affect lithodynamic and morphodynamic processes. The

angle between the wave propagation direction and the sta-

tionary flow influences the shape of seabed forms (Baas

et al., 2021), the flow velocity and the impact of the flow

itself on the sea bottom (Lacy et al., 2007; Lim andMadsen,

2016), as well as the shear stress and seabed roughness

(Malarkey andDavies, 1998;Wiberg, 2005). Investigations

of the wave-current motion of water over a rough bed have

revealed that the bed boundary layer causes a nonlinear

interaction between waves and the steady current; there-

fore, the resultant shear stresses cannot be determined

by superposing wave and current components (Grant and

Madsen, 1979; Kemp and Simons, 1982). In the remote

foreshore, stormwaves can pick up single sand grains from

the seabed, but are incapable of inducing intensive sedi-

ment transport. A simultaneous occurrence of a current,

however, can lead to sediment motion (Grant and Madsen,

1979; Wiberg, 2005). It has also been found that the pres-

ence of the WBL increases bottom roughness for currents,

and friction coefficients for nearbed currents can grow by

as much as an order of magnitude (Wiberg, 2005; Egan et

al., 2019).

Chen and Hu (2020) proposed a model predicting the

velocity distribution and sediment flux under a steady cur-

rent interacting with asymmetric waves. Within that ap-

proach, thewave-induced and current-related components

of the flow were “separated to isolate the wave-current in-

teraction”. According to the findings of Chen andHu (2020),

the WBL thickness was distinctly affected by the current

and, simultaneously, the wave-related nearbed turbulent

viscosity gave rise to a reduction of the flow velocity be-

yond the WBL.

The logarithmic distribution is a simple theoretical

model accurately describing the vertical velocity profile

in stationary flows. The logarithmic velocity profile, re-

sulting from the assumption of the linear distribution of

the turbulent kinematic viscosity, is commonly applied to

rivers (see e.g. Meyer, 2009) and sea currents (Nielsen,

1992, 2009).

1.1 Objectives of the study
To improve this model and achieve better agreement with

theoretical and measured velocity profiles, modifications

of the logarithmic distribution have been proposed (Niel-

sen, 1992; Meyer, 2009; Stella et al., 2019). The present

study is an attempt at another modification of this kind.

The velocity profile depends on the vertical distribu-

tion of the turbulent kinematic viscosity. This distribution

can have various shapes (van Rijn, 1993; Zuo et al., 2019).

In the proposed approach, the vertical linear distribution

of the turbulent kinematic viscosity, which determines the

wind-driven velocity profile, is corrected by the inclusion

of the WBL. Unlike in the previous modifications (based

e.g. on additional apparent bottom roughness), this aim is

achieved by assuming that the turbulent kinematic viscos-

ity value at the bottom is other than zero. This quantity is

obtained by solving the momentum equation in the WBL

or the WCBL. It is believed that the steady current weakly

affects the wave boundary layer, while the steady flow is

traditionally assumed to remain under the strong influ-

ence of the WBL (Nielsen, 1992, 2009). To investigate this

problem, both the wave and the wave-current boundary

layer are considered.
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2. Material and methods
2.1 Site and data
Parameters of wind, waves and currents were measured

at the Coastal Research Station (CRS) in Lubiatowo from

April 26 to June 30, 2014. CRS Lubiatowo is a field labo-

ratory operated by the Institute of Hydro-Engineering of

the Polish Academy of Sciences (IBW PAN), situated on

the open seaside, in northern Poland (see Figure 1). The

hydrodynamic and lithodynamic parameters in the vicin-

ity of CRS Lubiatowo can be assumed to be representative

of the south Baltic coastal zone (Cerkowniak et al., 2017;

Ostrowski et al., 2016).

Figure 1. Location of the study site, map generated using

CorelDRAW Standard 2021, version 23.0.0.363, https://

www.coreldraw.com/pl/product/coreldraw/standard/.

The seabed at the study site is built of fine quartz sand,

with a density 𝜌𝑠 of 2650 kg m−3 and a representative

grain diameter 𝑑50 of 0.13 mm. In this region, divers have

spotted bedforms with a height of 5–15 cm at intervals of

1–2 m from crest to crest. The cross-shore profile shows

a mild slope, with an inclination between 1 and 2%, and

3–4 bars. This morphological situation is favourable for

multiple wave breaking, which causes significant wave

energy dissipation in the nearshore zone (Pruszak et al.,

2008). Figure 2 shows an exemplary cross-section of the

shore at CRS Lubiatowo, the depth of closure determined

by Cerkowniak et al. (2015a), and the theoretical range

of bottom level changes due to wave impact according to

Cerkowniak et al. (2015b), as well as an approximate loca-

tion of the measuring equipment.

Flow velocities and directions, as well as surface wave

parameters, weremeasured by an acoustic current profiler

(AWAC). The device, operating at 1000 kHz frequency, was

mounted on a frame lying on the sea bottom. The transduc-

ers of the profiler were facing upward so that the vertical

distributions of the velocity profile in the entire water col-

umn were recorded, as well as water level elevations. The

records were taken every hour with 1800 samples, with

a resolution of 0.001 m s−1 and an accuracy of ±1% of

measured values ±0.5 cm s−1. The measurements were

carried out 2.7 km off the coast, at the position 54°50.48′N,

17°53.09′E, where the water depth amounts to ℎ = 17m.

The velocities were measured in 1 m thick layers. Velocity

measurements in the superficial layers of thewater column

are less reliable due to disturbances caused by waves.

Wind velocities and directions were recorded using

a cup anemometer installed on amast near CRS Lubiatowo,

on land, about 150 m from the shoreline, at the position

54°48.70′N, 17°50.43′E. The wind velocity measured over

the land𝑊land was recalculated to obtain the wind velocity

over the sea by the following formulas (Stella, 2021):

𝑊sea = 3.68𝑊land for 𝑊land ≤ 1ms−1 (1)

𝑊sea = 1.76𝑊land+1.92 [ms−1]

for 𝑊land > 1ms−1
(2)

The period of the measurements is too short to record

the wind–wave–current parameters occurring in different

seasons and under variable wave dynamics. Therefore, it

is impossible to present any features of the local wind–

wave–current climate. The selected wind–wave–current

situations are used to test the mathematical/theoretical

model.

2.2 Theoretical model
2.2.1 Wind-driven current
The logarithmic distribution of the steady flow velocity

results from the Boussinesq hypothesis, where the shear

stress 𝜏(𝑧) is assumed as 𝜏 = 𝜌𝑢2𝑓, and the turbulent viscos-

ity parameter 𝑣𝑡(𝑧) is assumed to increase linearly from

zero at the sea bottom (see e.g. Ostrowski et al., 2018).

This leads to the following well-known logarithmic veloc-

ity profile:

𝑢(𝑧) =
𝑢𝑓

𝜅
ln�

𝑧

𝑧0
� for𝑧 ≥ 𝑧0 (3)

in which 𝑧0 denotes the ordinate where 𝑢 = 0, while 𝜅

is assumed equal to about 0.4 (see e.g. Kondo and Sato,

1982), and 𝑧0 is the roughness height, typically 𝑧0 =𝑘𝑁/30

(𝑘𝑁 stands for the Nikuradse equivalent roughness).

The surface current velocity triggered by the wind,

𝑢surface, can be determined from the velocity of the wind

𝑊sea in the following way (Stella et al., 2019):

𝑢surface = 0.03𝑊sea for𝑊sea < 8ms−1

𝑢surface = 0.035𝑊sea for𝑊sea ≥ 8ms−1
(4)

Knowing the superficial flow velocity 𝑢surface and us-

ing the logarithmic distribution described by Eq. (3) with

https://www.coreldraw.com/pl/product/coreldraw/standard/
https://www.coreldraw.com/pl/product/coreldraw/standard/
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Figure 2. Exemplary cross-section of the shore at CRS Lubiatowo, the depth of closure (Cerkowniak et al., 2015a),

the theoretical range of bottom level changes due to wave impact (Cerkowniak et al., 2015b) and the location of the

measuring equipment.

Figure 3. Turbulent kinematic viscosity 𝑣𝑡(𝑧) distributions, values determined by Ostrowski and Stella-Bogusz (2023),

𝑧0 = 0.0033m, 𝛿𝑚 = 0.07m and 𝑣0 = 0.001m (a); nearbed distributions of turbulent kinematic viscosity 𝑣𝑡(𝑧) (b).
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𝑧 = ℎ and 𝑢(ℎ) = 𝑢surface, one can calculate the friction ve-

locity 𝑢𝑓. After rearrangement, the following formula is

obtained:

𝑢𝑓 =
𝜅𝑢surface

ln�
ℎ

𝑧0
�

for 𝑧 ≥ 𝑧0 (5)

The stationary flow model should be supplemented

with the hydrodynamic effect of the WBL. This impact was

taken into account by Nielsen (1992), who implemented

an apparent bottom roughness higher than the natural

roughness of a rippled seabed. Stella et al. (2019) showed

that the logarithmic distribution accurately reproduces

the steady flow if the wind-driven current predominates.

As already mentioned, the logarithmic velocity profile is

obtained assuming that the turbulent kinematic viscos-

ity 𝑣𝑡 grows linearly upwards from the bottom level (see

Figure 3a). For wave-dominated flows, following Brevik

(1981), Stella et al. (2019) proposed a two-layer distri-

bution of 𝑣𝑡. In the present study, in order to reproduce

additional wave-induced nearbed shear stresses, a non-

zero value of 𝑣𝑡, resulting from the impact of the WBL (as

in Ostrowski and Stella-Bogusz, 2023) and the WCBL (pro-

posed herein), is assumed at the theoretical bed level, i.e.

for 𝑧 = 𝑧0 (see Figure 3).

The modified linear distribution of the turbulent kine-

matic viscosity 𝑣𝑡 is described by the equation:

𝑣𝑡 = 𝜅𝑢𝑓(𝑧−𝑧0)+𝑣0 for 𝑧 ≥ 𝑧0 (6)

Consequently, the flow velocity 𝑢(𝑧) description by the

modified logarithmic vertical distribution reads as:

𝑢(𝑧) =
𝑢𝑓

𝜅
ln�

𝜅𝑢𝑓(𝑧−𝑧0)+𝑣0

𝑣0
�

for 𝑧 ≥ 𝑧0

(7)

where a non-zero turbulent kinematic viscosity 𝑣0 at the

theoretical bed level is resolved by the equation of motion

in the wave or the wave–current bed boundary layer.

For a known superficial velocity 𝑢surface, the friction

velocity 𝑢𝑓 (and shear stress 𝜏 = 𝜌𝑢2𝑓) can be estimated

using the modified logarithmic profile described by Eq. (7)

with 𝑢(ℎ) = 𝑢surface. Unlike Eq. (3), Eq. (7) ought to be

solved numerically.

In the classical logarithmic description, 𝑣𝑡(𝑧0) = 𝜅𝑢𝑓𝑧0.

If 𝑣𝑡(𝑧0) exceeds the value of 𝑣0, the modified logarithmic

approach should not be applied, since the impact of the

WBL is negligibly small.

2.2.2 Wave turbulent bed boundary layer
In the present study, the integral momentum method of

Fredsøe (1984) is used to solve the momentum equation

in the WBL or (alternatively) the WCBL. According to this

approach, the momentum equation is integrated over the

boundary layer thickness 𝛿, from the ordinate 𝑧0 = 𝑘𝑁/30

to the ordinate 𝛿+𝑧0. Assumption of the logarithmic ve-

locity profile in the wave boundary layer (characterised by

the wave-related friction velocity 𝑢𝑓𝑤) and introduction of

the dimensionless variable

𝑧1 =
𝑈

𝑢𝑓𝑤
𝜅 (8)

leads to the equation (Fredsøe, 1984):

𝑑(𝑧1)

𝑑(𝜔𝑡)
=

30𝜅2𝑈

𝑘𝑁𝜔[𝑒
𝑧1 (𝑧1−1)+1]

−
𝑧1 (1+𝑧1−𝑒𝑧1)

𝑒𝑧1 (𝑧1−1)+1

1

𝑈

𝑑𝑈

𝑑(𝜔𝑡)

(9)

in which𝑈(𝜔𝑡) is the wave-induced velocity (the so-called

free-stream velocity) at the WBL upper limit, and 𝜔 =

2𝜋/𝑇 is the angular frequency of wave motion with the

period 𝑇.

The velocity𝑈(𝜔𝑡)dependson thewaveheight𝐻, wave

period 𝑇 and wavelength 𝐿. The length is found from the

dispersion relationship, which takes into account the in-

teraction of waves with the superficial flow and has the

following form (Nielsen, 2009):

�
2𝜋

𝑇
−
2𝜋

𝐿
𝑢surface cos𝛾�

2

= 𝑔
2𝜋

𝐿
tanh�

2𝜋

𝐿
ℎ� (10)

where 𝛾 denotes an angle between the directions of the

steady current and wave propagation, while 𝑔 is the stan-

dard acceleration of gravity.

Eq. (9) must be solved numerically. Solution of Eqs. (8)

and (9) yields the friction velocity𝑢𝑓𝑤(𝜔𝑡) in the turbulent

WBL and its thickness 𝛿(𝜔𝑡):

𝛿 =
𝑘𝑁

30
(𝑒𝑧1−1) (11)

The quantity 𝛿𝑚 = 𝛿(𝜔𝑡 = 𝜋/2) at the moment corre-

sponding to the wave crest (or trough) is assumed as the

characteristic WBL thickness, representative of the entire

wave period 𝑇. It has also been assumed that the root-

mean-square wave friction velocity 𝑢𝑓𝑤,RMS is the value of

𝑢𝑓𝑤 representative of the wave period 𝑇.

The turbulent kinematic viscosity in the turbulentWBL

is described by the following linear distribution:

𝑣𝑡𝑤 = 𝜅𝑢𝑓𝑤,RMS𝑧 (12)

The wave-generated turbulent kinematic viscosity at

the top of the WBL constitutes the bottom value of this
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parameter (𝑣0) in the wind-driven flow model. Hence, for

𝑣𝑡𝑤(𝑧 = 𝛿𝑚) = 𝑣0. Consequently, one has:

𝑣0 = 𝜅𝑢𝑓𝑤,RMS𝛿𝑚 (13)

The value of 𝑣0 calculated with the above formula is

then used in Eq. (7).

2.2.3 Wave-current turbulent bed boundary layer
In the wave-current flow, the friction velocity 𝑢𝑓 related to

the shear stress induced by the steady current appears at

the top of the bed boundary layer. For such a case, Fredsøe

(1984) derived the following differential equation:

𝑑(𝑧1)

𝑑(𝜔𝑡)
=
𝑧1 (1+𝑧1−𝑒𝑧1)

𝑒𝑧1(𝑧−1)+1

1

𝑈

𝑑𝑈

𝑑(𝜔𝑡)
+

+
30𝜅

𝑘𝑁

�𝜅2𝑈2+𝑧21𝑢
2
𝑓+2𝑧1𝜅𝑢𝑓𝑈cos𝛾

𝜔[𝑒𝑧1(𝑧1−1)+1]

(14)

After solving Eq. (14), i.e. after calculating the variable

𝑧1(𝜔𝑡), one candetermine the friction velocity in theWCBL

𝑢𝑓𝑤𝑐(𝜔𝑡) by using the auxiliary variable 𝑢
∗
𝑓(𝜔𝑡) from the

following equations (Fredsøe, 1984):

𝑧1 =
𝑈𝜅

𝑢∗𝑓
(15)

1

𝑢∗𝑓
=

𝑢𝑓 cos𝛾

𝑢2𝑓𝑤𝑐−𝑢2𝑓
+�

𝑢2𝑓 cos
2𝛾

�𝑢2𝑓𝑤𝑐−𝑢2𝑓�
2 +

1

𝑢2𝑓𝑤𝑐−𝑢2𝑓
(16)

Rearrangement of Eq. (16) yields the following for-

mula, describing the friction velocity in the wave-current

turbulent bed boundary layer:

𝑢𝑓𝑤𝑐 =�𝑢2𝑓+�𝑢∗𝑓�
2

+2𝑢∗𝑓𝑢𝑓 cos𝛾
(17)

The angle𝜙(𝜔𝑡) between the wind-driven current and

the resultant wave-current shear stress in the bed bound-

ary layer is given as follows (Fredsøe, 1984):

𝜙 = arcsin�
𝑢∗𝑓

𝑢𝑓𝑤𝑐
sin𝛾� (18)

Equation (14), similarly to Eq. (9), requires a numer-

ical solution with the initial condition 𝑧1 = 0 for 𝜔𝑡 = 0.

Eqs. (9) and (14) are singular for 𝜔𝑡 = 0. An approximate

solution of Eq. (14) for small values of𝜔𝑡 has the following

form (Fredsøe, 1984):

𝑧1 =�
2

3
𝛽𝜔𝑡 (19)

in which

𝛽 =
60𝜅𝑢𝑓

𝜔𝑘𝑁
(20)

In the first step of computations, namely for 𝜔𝑡 = 0+

Δ𝜔𝑡, the quantity 𝑧1 should be determined using Eqs. (19)

and (20).

As in the case of theWBL, the thickness of theWCBL can

be calculatedwith Eq. (11). Unlike in pure sinusoidal wave

motion, the variability of parameters of the wave-current

boundary layer (friction velocity and layer thickness) dur-

ing the wave crest is different from those during the wave

trough. The boundary layer thickness representative of

the wave period is proposed as 𝛿𝑚 =max(𝛿1,𝛿2), where

𝛿1 and 𝛿2 represent the thicknesses of the boundary layer

at moments corresponding to extreme velocities at the

top of the boundary layer in the phases of wave crest and

trough, respectively. For the sinusoidal wave, this denotes

𝛿1 = 𝛿(𝜔𝑡 = 𝜋/2) and 𝛿2 = 𝛿(𝜔𝑡 = 3𝜋/2). The turbulent

kinematic viscosity at the theoretical bed level 𝑣𝑡(𝑧0) is

described by Eq. (13), as for the wave boundary layer.

The quantity 𝑢𝑓 in Eq. (14) is determined from Eq. (7).

The quantity 𝑣0 in Eq. (7) is yielded by Eq. (14). Therefore,

in order to find the wind-driven current velocity distri-

bution incorporating the impact of the bed wave-current

boundary layer, an iterative approach is necessary. The

proposed iterative procedure is described as follows:

1. Determination of 𝑢𝑓 with Eq. (5)

2. Calculation of𝑢𝑓𝑤𝑐(𝜔𝑡) by solution of Eqs. (14), (15)

and (17)

3. Calculation of 𝑢𝑓𝑤𝑐,RMS

4. Calculation of 𝛿(𝜔𝑡) with Eq. (11) and then 𝛿1 =

𝛿(𝜔𝑡 = 𝜋/2) and 𝛿2 = 𝛿(𝜔𝑡 = 3𝜋/2)

5. Determination of 𝛿𝑚 =max(𝛿1,𝛿2)

6. Calculationof𝑣0withEq. (13), substituting𝑢𝑓𝑤,RMS=

𝑢𝑓𝑤𝑐,RMS

7. Determination of 𝑢𝑓 by solution of Eq. (7)

8. Return to point 2.

The iterative procedure is continued until the friction

velocity 𝑢𝑓 coincides with its final value (with an assumed

accuracy, e.g. 0.0001 m s−1).

Figure 4 shows exemplary results of computations car-

ried out for typical storm wave conditions in the Baltic
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Figure 4. Free stream velocity 𝑈, wave-current bed bound-

ary layer thickness 𝛿, angle 𝜙, friction velocities 𝑢𝑓𝑤𝑐 and

𝑢∗𝑓 determined by the integral momentummethod of Fred-

søe (1984) for 𝐻 = 3 m, 𝑇 = 8 s, 𝑢surface = 0.5 m s−1,

𝛾 = 30°, ℎ = 17m and 𝑘𝑁 = 0.1m.

Sea, with the wave height and period equal to 𝐻 = 3 m

and 𝑇 = 8 s, respectively, wind-driven current with the

superficial velocity 𝑢surface = 0.5m s−1 at an angle of 𝛾 =

30° with respect to the direction of wave propagation, for

the water depth ℎ = 17 m and the bed roughness 𝑘𝑁 =

0.1 m (corresponding to the ripple height observed at

that site). Symbols I, II and III denote the phases of the

wave crest, wave-induced flow reversal and wave trough,

respectively.

A scheme presenting the wave free stream velocity 𝑈,

thewind-driven flowvelocity𝑢(𝑧 =𝛿𝑚), the instantaneous

resultant velocity 𝑢resultant and the instantaneous resultant

friction velocity 𝑢𝑓𝑤𝑐 in the turbulent wave-current bed

boundary layer is given in Figure 5.

Figure 6 shows the classical logarithmic distribution

of the wind-driven flow velocity described by Eq. (3) and

modified logarithmic profiles given by Eq. (7). The mod-

ified profiles are shown for two variants: (a) taking into

account the impact of the wave bed boundary layer and

(b) taking into account the impact of the wave-current bed

boundary layer. The computations have been carried out

for the previously assumed typical Baltic storm conditions

(𝐻 = 3m, 𝑇 = 8 s, 𝑢surface = 0.5m s−1, 𝛾 = 30°, ℎ = 17m

and 𝑘𝑁 = 0.1m).

The computational results presented in Figure 6 im-

ply that an increase in the nearbed turbulent kinematic

viscosity due to the impact of the wave boundary layer

(WBL) or the wave-current boundary layer (WCBL), which

significantly increases the friction velocity 𝑢𝑓, results in

a distinct reduction of the velocities in the entire water

column. It should be noted that the difference between the

Figure 5. Wave free stream velocity𝑈, wind-driven flow ve-

locity 𝑢(𝑧 = 𝛿𝑚), resultant velocity and the instantaneous

resultant friction velocity uf in turbulent wave-current bed

boundary layer.

Figure 6. Logarithmic velocity profile and two modified

logarithmic profiles: with impacts of the wave boundary

layer (WBL) and the wave-current boundary layer (WCBL)

for 𝐻 = 3m, 𝑇 = 8 s, 𝑢surface = 0.5m s−1, 𝛾 = 30°, ℎ = 17

m and 𝑘𝑁 = 0.1m.

curves depicting the WBL impact and the WCBL impact is

relatively small.
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3. Results and discussion
Computations were carried out for more than 1000 sets

of wind-wave parameters measured at the study site from

26 April to 30 June 2014. The data represent both wave-

dominated and current-dominated hydrodynamic condi-

tions. Figures 7–9 show examples of recorded time-

averaged (over 2minutes) velocity profiles and theoretical

distributions, i.e. traditional logarithmic profiles and mod-

ified logarithmic profiles in two variants (WBL andWCBL).

In the figure captions, the symbols 𝐻𝑠 and 𝑇𝑝 denote the

significant wave height and the wave energy peak period,

respectively. The measured velocities (dots) represent val-

ues for 1 m thick layers. These values come directly from

the measuring device.

Figure 7. Theoretical andmeasuredmean velocity profiles

(𝐻𝑠 = 1 m, 𝑇𝑝 = 4.9 s, 𝑢surface = 0.197 m s−1, 𝛾 = 47.3°,

ℎ = 17m, 𝑘𝑁 = 0.1m).

Figure 8. Theoretical andmeasuredmean velocity profiles

(𝐻𝑠 = 2.4m, 𝑇𝑝 = 7.9 s, 𝑢surface = 0.196m s−1, 𝛾 = 45.95°,

ℎ = 17m, 𝑘𝑁 = 0.1m).

Figure 9. Theoretical andmeasuredmean velocity profiles

(𝐻𝑠 = 2.1m, 𝑇𝑝 = 7.7 s, 𝑢surface = 0.483m s−1, 𝛾 = 19.14°,

ℎ = 17m, 𝑘𝑁 = 0.1m).

In the cases presented in Figures 7 and 8 the recorded

wind speeds and directions with respect to the wave prop-

agation directions were very similar. The calculated super-

ficial velocities of the wind-driven current are therefore

almost identical. The wave conditions, however, were con-

siderably different. The hydrodynamic regimewas current-

dominated in the first case but wave-dominated in the sec-

ond.

In the first case, the modified logarithmic distributions

do not differ much from the classical logarithmic distribu-

tion (Figure 7), as the wave-induced impact is insignificant

due to the small value of the near-bed turbulent kinematic

viscosity 𝑣0. Hence, the distribution of the turbulent kine-

matic viscosity is similar to that yielding the classical loga-

rithmic distribution.

Under wave-dominated conditions, the modified log-

arithmic distributions differ significantly from the tradi-

tional logarithmic model. The modified logarithmic pro-

files yield distinctly lower velocities, particularly in areas

closer to the bottom (Figure 8). As alreadymentioned, this

results from additional bed friction caused by the turbu-

lent bed boundary layer of either wave or wave-current

type. The modified logarithmic distributions appear to

reproduce the measurements better than the conventional

logarithmic approach does.

Figure 9 shows velocity profiles from the theoretical

models and measurements for the case of a strong current

(with a superficial velocity of almost 0.5 m s−1) interacting

with relatively high collinearly propagating waves. The

modified velocity distributions yield distinctly smaller val-

ues, closer to the field data than those of the logarithmic

distribution.

The computational results show that the impact of the

wave boundary layer (WBL) on the mean velocity distribu-

tion does not differ much from that of the wave–current
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boundary layer (WCBL). This is because, as pointed out by

Nielsen (1992, 2009), the steady currentweakly affects the

wave bed boundary layer. Therefore, in wave-dominated

flow regimes, the WBL andWCBL velocity profiles are al-

most identical (see Figure 8).

The differences between the theoretical and measured

profiles may result from the randomness of wave-current

marine processes. For instance, wave parameters are ap-

plied in the model as representative values for actually

irregular waves, namely 𝐻𝑠 and 𝑇𝑝. Some discrepancies

between the theory and field data are certainly caused inac-

curacies in the measuring device. Secondly, the modelling

system itself (as many other theoretical models) contains

simplifications, e.g. with respect to near-bed turbulent pro-

cesses and generation of wind-driven current (the latter

model does not account for sea surface roughness). Such

imperfections can contribute to discrepancies between the

modelled and measured velocities.

Further, the velocity values at ordinates closer to the

sea bottomwould be useful for the analysis. Unfortunately,

such measurements could not be carried out due to tech-

nical limitations (the height of the frame on which the

instrument was mounted and the so-called blanking dis-

tance i.e. thewater layer directly in front of the transducers

where measurement accuracy is not acceptable). The ve-

locity data in the surfacewater layer (up to 10%of the total

depth) are not fully reliable due to side-lobe interference.

Measurements taken in this layer are therefore excluded

from consideration.

4. Conclusions
The paper presents a theoretical model of the wave-driven

flow interacting with waves in the remote foreshore, de-

fined as a coastal region located beyond the depth of clo-

sure. The newly developed modified logarithmic velocity

distribution has been tested against field data. It appears

that the shape of the velocity profile is distinctly affected

by the presence of near-bedwave-induced oscillations con-

stituting the turbulent bed boundary layer. On the basis of

the conducted analysis, the following major conclusions

can be drawn:

• The wave bed boundary layer or the wave-current

bed boundary layer produces additional turbulent

bed shear stresses, represented in the wind-driven

flow model by a modified linear distribution of the

turbulent kinematic viscosity.

• The above modification, together with the solution

of the motion equation in the bed boundary layer,

yields a modified logarithmic profile of the wind-

driven flow velocity.

• The reduction of flow velocities near the bottom, par-

ticularly distinct under the wave-dominated regime,

is the main feature of the newmodel. This theoreti-

cal finding is consistent with the field data.

• The computational results show that including the

wave bed boundary in the wind-driven flow model

yields almost the same effect as including the wave-

current boundary layer. Hence, it is confirmed that

the wave-induced near-bed turbulence strongly af-

fects the wind-driven current, whereas the influence

of thewind-driven current on thebedboundary layer

is insignificant.

The authors hope that the present study advances in-

vestigations of hydrodynamic processes occurring in the

remote foreshore zone of non-tidal seas. This coastal re-

gion is located beyond the depth of closure – at depths of

15–20 m in the case of the Baltic Sea. The proposed the-

oretical modelling scheme can help determine the forces

driving sediment transport and thereby improve predic-

tions of seabed dynamics, including the development and

migration of sandy bed forms. The obtained results may

stimulate further research on the remote foreshore mor-

phodynamics presented by Stella (2021). Knowledge of

hydro-, litho-, and morphodynamic parameters in the re-

mote foreshore is useful in planning marine engineering

projects, e.g. wind farms. However, in view of the climate

change perspective – in the context of planning marine

investments – it will probably be necessary to consider po-

tential changes in local wave-current characteristics that

could require modifications of the proposed theoretical

approach.

The presented theoretical approach can be applied to

any other non-tidal basins at locations beyond surf zones

(where wave breaking and wave-driven currents predom-

inate) and beyond large water depths (where typical off-

shore phenomena occur, such as the Ekman spiral). The

theoretical model of the wind-driven current includes ad-

ditional wave-induced bed shear stresses overlappingwith

those associatedwith the classical impact of bottom rough-

ness and friction.

Further investigations of these topics will continue,

involving, among other activities, wave-current measure-

ments and sea bed observations. Such activities are cur-

rently conducted near CRS Lubiatowo using a DWR4 ACM

buoy (a Directional Waverider buoy with an Acoustic Cur-

rent Meter, deployed at a depth of 18 m, 2.8 km from

the shoreline), a side-scan sonar, and a multi-beam echo-

sounder (Sidescan Sonar Klein 3900 andMultibeam Reson

SeaBat 8101, respectively), in the experimental area, rect-

angular in shape and located parallel to the shoreline, with

dimensions of 2.6× 0.53 km, at depths of 16–20 m.
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