
1. Introduction

Although knowledge of sediment transport pro-
cesses in the coastal zone is crucial for integrated 
coastal zone management and many engineering 
applications (i.e., coastal and marine spatial plan-
ning, construction of offshore wind farms, harbour 
constructions, jetties, sea outfall pipes and other 
marine constructions) there is a lack of data on de-
tails of such processes in the Polish Marine Areas 
(PMA). In particular accurate estimates of trans-
port volume and direction are needed in order to 
define the relationships between human activities 
and seabed response. A first step, which will help 
to fill gaps in our knowledge, is to estimate wave- 
induced bedload transport (which is the prevailing 
mode of transport in the study area; details in sec-
tion 2.4 below) and its spatial distribution based on 
classic approaches and mean wave properties. Fur-
ther research will be related to the effect of wind 
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currents, wave-generated currents, wave asym-
metry as well as estimates of suspended sediment 
transport in the area of interest.

Sediment transport is a complex phenomenon 
which is influenced by dynamic processes such as 
wave motion, wave-induced currents, turbulence, 
sediment interactions, etc. Although numerous at-
tempts have been made to develop high-quality 
sediment transport models, there are still a lot of 
gaps in our understanding and description of this 
process. Most of the equations used to calculate the 
rate of sediment transport rate were developed by 
using relatively simple physical models with coef-
ficients resulting from a limited amount of data. In 
most cases the models are empirical because analyt-
ical solutions are unavailable; for further informa-
tion reference is made to e.g. Bakhtyar et al. (2009).

The accuracy of the models discussed can be im-
proved through assimilation with measurements. 
However, this is difficult because of an insufficient 
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number and quality of sediment transport data. 
There are only few papers about in-situ measure-
ments of sediment transport in the Polish coastal ar-
eas; one of these is that by Pruszak & Zeidler (1995).

In a number of papers the pattern of bedload 
fluxes along the southern Baltic coast has been dis-
cussed. For example, Cieślak (1985) presented the 
direction of fluxes along the Polish coast. Data for 
the eastern coast of the Baltic Sea, from the Sam-
bian Peninsula to Pärnu Bay, were represented by 
Viška & Soomere (2013). Such research estimates 
the total volume of sediments that are transported 
alongshore. However, in order to determine spatial 
distribution of instantaneous transport for local, 
complex seabed configuration, the most adequate 
method is the use of one-grid-point models. Select-
ing the appropriate model seems to be essential at 
this stage of work. Since most bedload transport 
formulas yield similar results over a wide range 
of wave conditions, we compared only some well-
known empirical formulas, including those based 
on the probabilistic theory introduced in sediment 
modelling by Einstein (1950). A comparison of more 
complex sediment transport models was presented 
for example by Davies et al. (2002).

In the present paper we made an attempt to an-
alyse wave-induced sediment transport magnitude 
(which is assumed to be only bedload transport, 
for details see section 2.2.4) in the coastal zone of 
Polish Marine Areas (PMAs). Although there are 
18 sediment classes described for the PMA, from 
the finest muds to the coarsest cobbles and boul-
ders, the coastal zone seabed is usually covered by 
sands, most of which are fine and medium grained 
(grain size in the range of 0.063–0.63 mm according 
to PN-EN ISO 14688:2006) (Gic-Grusza et al., 2009). 
As a first approximation, we assumed the sediment 
is homogeneous, with grain size equal to 0.22 mm 
(for details see section 2.4) and that there are no co-
hesive effects.

The bedload transport, understood as the move-
ment of bedload particles by rolling, sliding and 
hopping (e.g., Soulsby, 1998), can be characterised 
as the product of the thickness of the sediment lay-
er (which depends on shear stress at the bottom) 
and the speed of the layer (which depends on the 
square root of shear stress, i.e., friction velocity). 
Therefore, according to the earliest theories (e.g., 
Du Boys, 1879), transport is a function of the shear 
stress raised to the power of 1.5. Modifications of 
this figure led to the development of a group of 
models based on bottom shear stress. Alternative 
approaches, which are based on force balances and 
discharge relationships, were not considered in the 
present study.

The transport can be characterised by using 
a non-dimensional quantity Q* which is called the 
Einstein parameter (see Einstein, 1950). Dimension-
al quantities, such as volumetric Qv and mass Qm 
transport, are obtained for a specific grain size D, 
sediment density ρs and fluid density ρ. The volu-
metric transport is the volume of sediments trans-
ported during 1 s per unit channel width, whereas 
mass transport is the mass transferred during 1 s:

 Qv = Q*(ΔgD3)1/2 [m2·s–1]   (1)

 Qm = Qvρs = ρsQ*(ΔgD3)1/2 [kg·m–1s–1]   (2)

The present paper is organised as follows. Sec-
tion 2 describes methods used, in particular mod-
els which are used to calculate bottom shear stress, 
friction factor, bedload transport as well as area of 
interest. Wave models used and weather condi-
tions chosen for the tests are also described. Section 
3 includes results of estimates of single-grid-point 
bedload transport based on all tested formulas, 
cross-shore distribution of wave-induced bedload 
transport in the area considered and spatial distri-
bution of estimated values of bedload transport. 
Moreover, a unified formula for transport is intro-
duced here and information on the possibility of the 
adjustment of the model coefficients is given. The 
final section is devoted to a discussion of the results.

2. Material and methods

2.1. Bottom shear stress

The bottom shear stress τ is the basic quantity 
used to determine sediment transport. It is a fric-
tional force exerted on a unit area of seabed by 
current flowing over it. This quasi-stationary ap-
proach assumes that instantaneous stress can be 
determined on the basis of flow velocity outside the 
boundary layer (U):

  τ = ρfwU|U|/2 (3)

which is one of the definitions of stress, valid for 
moderate speed flows and widely used in coastal 
zone applications. Sediment movement begins after 
a critical value of shear stress is exceeded. In order 
to estimate critical bed shear stress for initiation of 
sediment particle motion, empirical formulas were 
proposed (Dey, 2011), e.g.:
• Kramer (1935):
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 τcr = 29(ΔρgD)1/2M–1/2 [g·m–2]  (4a)

for 0.24 mm ≤ D ≤ 6.52 mm, 0.27 ≤ M ≤ 1,
• USWES (1936):

 τcr = 0.285(ΔD)1/2M–1/2 [kg·m–1s–2] (4b)

for 0.21 mm ≤ D ≤ 4.51 mm, 0.28 ≤ M ≤ 0.64,
• Leliavsky (1966):

 τcr = 166 D  (4c)

In these formulas grain size is the basic param-
eter that determines the critical stress while fluid 
viscosity is negligible. One of the best-known and 
widely used tools to determine the beginning of 
movement of sediment grains was developed by 
Shields (1936). In view of the random nature of 
the processes that determine sediment movement, 
it is difficult to formulate critical shear stress ana-
lytically. Shields, as one of the first authors in fluid 
mechanics, applied similarity approach and dimen-
sional analysis. He made the assumption that the 
difference between fluid and sediment density, di-
ameter of particles, kinematic viscosity of fluid and 
acceleration due to gravity were important for ini-
tiation of particles movement. Two dimensionless 
parameters are expressed by these variables: Reyn-
olds number and shear stress.

 Re* = UDν –1  (5)

 τ* = τ [(ρs – ρ)gD]–1  (6)

Shields assumed that when a sediment particle 
is about to move, the following dynamic similarity 
law must be true:

 τ* = f(Re*)  (7)

The curve describing this relation was deter-
mined experimentally and is known as the Shields 
diagram. Due to the fact that critical stress and crit-
ical shear velocity are interchangeable, the above 
relationship remains implicit. There are several ex-
plicit formulations of the equation describing the 
Shields diagram; among them the best-known are 
those by Brownlie (1981), van Rijn (1993), Soulsby 
& Whitehouse (1997) and Dey (2011) that describe 
the critical Shields parameter as a function of the 
parameter D*, which is a dimensionless particle di-
ameter:

 τ*cr = f(D*)  (8)

Brownlie (1981):

 τ*cr = 0.22 D*B
–0·6 + 0.06 exp (–17.77 D*B

–0·6)  (9a)

Van Rijn (1993):

 τ*cr = 0.14 D*R
–0·64  (9b)

definition for 4 <D*< 10 corresponding to con-
sidered conditions

Soulsby & Whitehouse (1997):

 τ*cr = 0.24 D*R
–1+ 0.055(1 – exp (–0.02D*R))  (9c)

Where D*(D,Δ,υ) is defined as:
Brownlie (1981):

 D*B = D3/2∆1/2g1/2υ–1  (10a)

Van Rijn (1993):

 D*R = D∆1/3g1/3υ–2/3  (10b)

The values of τcr calculated based on Eq. 9a–9c 
are similar, which is presented in Figure 1. Based on 
Eq. 3 and 8 it is possible to estimate critical flow ve-

Fig. 1. Critical shear stress as a function of median grain size and velocity that leads to such stresses, estimated for τer by 
Soulsby & Whitehouse (1997).
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locity which leads to critical shear stress. In Figure 
1 ucr (estimated from τcr by Soulsby & Whitehouse, 
1997) for different grain sizes is presented.

2.2. Friction factor

The classic Swart (1974) formula is used in order 
to estimate the value of the friction coefficient (fw):

 ln(fw) = –5.977 + 5.213(a/r)–0·194  (11)

where a = ubT·(2π)–1 is the free stream amplitude, 
ub is the amplitude of wave orbital velocity at the 
bottom and r is bed roughness; r = ks (Nikuradse 
roughness), where ks= 2.5D was adopted. Madsen 
(1994) proposed a formula for friction factor for 
combined wave-current bottom boundary layer 
flows based on theoretical solution of the bounda-
ry layer equation. In the absence of current and for 
wave conditions considered in the present study, 
the Madsen formula is analogous to the Swart for-
mula, with slightly different coefficients (details are 
presented below):

 ln(fw) = –7.30 + 5.61(a/r)–0·109  (12)

There is one more difference in Swart’s and 
Madsen’s approaches. In the latter the root-mean-
square value of the orbital velocity near the bottom 
urms is used and in the first – ub = √2urms.

2.3. Bedload transport models

The classic models used in the present paper as-
sume that the driving force of sediment transport is 
shear stress at the bottom and that sediment trans-
port is a function of effective bottom stress which 
is defined as the difference between current stress 
(time-dependent) and critical stress value. Only in 
the Engelund & Hansen (1967) model was the crit-
ical stress value for initiation of sediment transport 
not included. The models by Du Boys (1879), Mey-
er-Peter and Müller (1948) and Ribberink (1998) 
were developed for bedload, while the one by 
Engelund and Hansen considered total load.

2.3.1. Du Boys (1879)
The first attempts to describe sediment transport 

associated with stream flows (flows in rivers) were 
made in the late nineteenth century. In 1879 Paul 
Du Boys proposed a bedload transport model that 
was the first one that was not purely empirical:

 Qm = Aτ0(τ0 –τcr)  (13)

The above formula allows to determine the rate 
of mass transport per unit width of the channel. A is 
the sediment-characteristic parameter the value of 
which can be determined based on the Schoklitsch 
(1914) formula:

for stress expressed in [kgm2]: A= 0.54[(ρs –ϑ)g]–1

for stress expressed in [kgm3s–2]: A’ = Ag–2

The dimensionless transport determined with 
the use of Du Boys’ and Schoklitsch’s formulas is 
described by the following formula:

 Q* =A*τ*(τ*–τ*cr)  (14)

where A* = 0.54ρ(ΔD/g)1/2.
Another approach assumes a dependency be-

tween the A coefficient and grain diameter (Straub, 
1935): A~ D–3/4. Du Boys model was verified exper-
imentally in 1924 by Armin Schoklitsch. A general-
isation of the model was made by O’Brien & Rind-
laub (1934).

2.3.2. Meyer-Peter & Müller (1948)
Based on data and results of tests carried out 

over a period of 16 years at the Laboratory of Hy-
draulic Research and Soil Mechanics (Swiss Federal 
Institute of Technology, Zürich), as well as on their 
own experiments, Meyer-Peter & Müller (1948) de-
veloped an empirical formula (MPM) that charac-
terised bedload transport in a river as a function of 
shear stress:

 Q* =A*(τ*–τ*cr)3/2  (15)

This formula does not include the adjustment 
related to the lateral walls of the channel and the 
existence of bottom forms proposed by MPM. 
Based on the correlation with measurements for 
well-sorted, gravel-sized sediments (about 5 mm), 
Meyer-Peter & Müller designated constants A* = 8 
and τ*cr = 0.047. Wong (2003) and Wong & Parker 
(2006) proposed new constants allowing for a bet-
ter fit of the formula to measured data: A* = 3.97 
and τ*cr = 0.0495. To adjust the formula to different 
grain sizes, in the present paper τ*cr is determined 
based on the van Rijn formula. The results of tests 
carried out by Meyer-Peter & Müller (1948) showed 
that the formula can be used to predict sediment 
transport under natural conditions and thus it is 
still widely used in basic research and engineering 
applications.
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2.3.3. Ribberink (1998)
Ribberink’s model for bedload transport can be 

used both for stationary and oscillatory flows. De-
mersal stresses are expressed by the dimensionless 
Shields parameter:

 Q* =m(τ*–τ*cr)n  (16)

where m = 10.4, n = 1.67. 

2.3.4. Engelund & Hansen (1967)
The semi-empirical formula proposed by Enge-

lund & Hansen (1967) is based on the assumption 
that sediment discharge is equal to changes in bed 
elevation. Such approach leads to a formula in 
which total transport is a function of shear stress 
raised to the power of 2.5, and is inversely propor-
tional to the friction coefficient fw.

 Q* = 0.1fw– τ*5/2  (17)

2.4. Area of interest

The study area is located in the southern Baltic, 
within Polish Marine Areas (see Fig. 2) and adjacent 
to the coastline in the vicinity of the village of Lubi-
atowo, where the Coastal Research Station (a field 
laboratory) of the Institute of Hydro-Engineering 
of the Polish Academy of Sciences (IBW PAN) is 
based. It is an example of typical southern Baltic 
sandy coast (i.e., 76 per cent of the Polish coast; see 
Uścinowicz et al., 2004), exposed to winds from 
northwesterly directions. Since there are no tides, 
it is an ideal site to investigate the impact of wave 
processes on bedload transport.

According to measurements supplied by IBW 
PAN, the shore is relatively stable, although a very 
gentle erosive tendency has been observed over re-
cent years. There is a gentle slope of the sea bottom, 
approximately 1.5 per cent (locally, at the shoreline, 
with a maximum of 4 per cent). Granulometric var-
iability of the sediment was determined during the 
2001 field campaign (Ostrowski et al., 2013). The 
sediment is quite uniform with a diameter oscillat-

Fig. 2. Area of interest.
Fig. 3. Spatial distribution of sediment grain sizes in the 

area of interest.
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ing around an average value of D = 0.22 mm. The 
further away from the shore the larger sediment 
grains are (to a maximum of about 0.8 mm; see 
Fig. 3). Since there are no particles with a diameter 
smaller than 0.01 mm there are hardly any cohesive 
effects (Miedema, 2013).

For conditions in the study area considered 
were: grain size D = 0.22 mm and shear velocity u* 
up to 0.06 m·s–1 (Table 1, u* = (τρ–1)0·5), settling ve-
locity is about 0.035 m·s–1 (see e.g., Soulsby, 1998). 
Thus, the concentration of suspended load is small 
(up to about 20 per cent) and suspended sediments 
are present mostly in the bottom layer (see Rouse 
profiles; Soulsby, 1998). Therefore, it can be as-
sumed that the prevailing mode of transport is bed-
load transport (Rouse number > 2:5) (Anderson & 
Anderson, 2010).

Along the section of the shore in the area of in-
terest, typically four permanent and a single tem-
porary offshore bars can be noted. The first stable 
offshore sandbar occurs at a distance of approxi-
mately 100–120 m from the shoreline, the second at 
approximately 200 m, the third at 400–450 m and 
the fourth, and possibly fifth at 650 to 850 m from 
the shoreline, respectively. The depth of the water 
at 1 km from the shoreline is about 8 m and it in-
creases to about 15–17 m at 2 km and to 25 m at 9 
km.The bottom profile is relatively uniform along 
the coastline (Ostrowski & Pruszak, 2003).

For the coastal area of the southern Baltic (at 
depths in the order of 20 m) under stormy con-
ditions, significant wave height (Hs) of the major 
waves is generally in the range of 2 to 3.5 m with 
periods varying between 5 and 7 s at the seaward 
boundary of the depth of 7 m. As a result of subse-
quent transformation, the mean wave height falls to 
1–1.5 m at a depth of 2–3 m (around the second and 
third bars), while the mean wave period becomes 
4–5 s. Waves with Hs greater than 1 m come mainly 
from the W-WNW and N-NNE (Pruszak & Zeidler, 
1995; Paplińska-Swerpel, 2003). These results were 
confirmed by Pruszak et al. (2008) on the basis of 
a field survey conducted in 2006.

According to measurements for the study 
area (Pruszak & Zeidler, 1995) the longshore sed-
iment transport under weak waves conditions, 
with breaker height much lower than 1 m occurs 
only in the area up to 200 m offshore with a rate 
of 5–8 kg (m·h)–1. For waves with a mean breaker 
height slightly below 1 m, sediment transport rate 
varies between 5–30 kg (m·h)–1; weaker sediment 
transport may also appear further offshore. During 
storms the rate of sediment transport reaches 100 
kg (m·h)–1 between the shore line and fourth bar 
and decreases to 30 kg (m·h)–1 about the fifth bar. It 

should be noted that westerly winds were predom-
inant during this experiment.

2.5. Wave field modelling

In order to estimate water flow velocity relat-
ed to wind wave conditions, wave field model-
ling was conducted for several wind conditions. 
Across the entire Baltic Sea WAM model (WAMDI 
Group, 1988) was used. This is a third-generation 
wave model, which computes spectra of random, 
short-crested, wind-generated waves. It is the first 
model that solves the complete action density equa-
tion, including non-linear wave-wave interactions. 
The WAM wave prediction model has become 
a standard tool for operational wave prediction as 
well as for research and engineering applications. 
In the present paper, the WAM Cycle 4.5 was used 
(Günther & Behrens, 2012) with horizontal resolu-
tion of five nautical miles (see also Cieślikiewicz et 
al., 2014).

In the coastal zone the SWAN model was used 
(Simulating WAveNearshore; Booij et al., 1996), 
which is a third-generation wave model that com-
putes random, short-crested, wind-generated 
waves in coastal regions and inland waters. The 
model takes into account wave propagation in 
time and space, shoaling, refraction due to current 
and depth, frequency shifting due to currents and 
non-stationary depth, wave generation by wind, 
three- and four-wave interactions, white capping, 
bottom friction and depth-induced breaking, dis-
sipation due to vegetation, wave-induced set-up, 
transmission through and reflection against obsta-
cles, as well as diffraction (Urbański et al., 2008). 
Nearshore wave conditions were modelled with 
SWAN model by three nestings: WAM with SWAN 
(~20 km along shore ~12 km cross-shore, resolution 
500 m), SWAN with SWAN (~10 [km] × 6 km, res-
olution 1,000 m) and again with SWAN (~0.7 km 
× 2.6 km, resolution 10 m) (see Gic-Grusza & Dud-
kowska, 2014). During all simulations an artificial 
uniform wind field over the whole area of interest, 
for selected wind direction, was applied. All the 
SWAN simulations were performed in a stationary 
mode, and the results are given for the peak of an 
assumed, artificial storm.

2.6. Test conditions

The main results are presented for westerly 
and northerly winds of 14.5 m·s–1, which are very 
strong winds measured in the coastal zone of Polish 
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Marine Areas (Tarnowska, 2011) that result in the 
highest value of orbital velocity near the bottom. 
These test cases were chosen to show the maximum 
difference between the results discussed. Moreover, 
winds from the northwesterly sectors (W, WNW, 
NW, NNW, N) are dominant in the area of interest, 
which makes it possible to compare estimated val-
ues and measurements.

The bottom root mean square orbital velocities 
(urms), derived from the output of SWAN model, 
for this condition varies from 0.3 to 0.8 m·s–1 with 
local maxima on the bars; urms values for norther-
ly wind are higher than for westerly wind. Waves 
approaching the shore from the north are higher 
onshore (significant wave height Hs about 3.5 m) in 
comparison to these approaching from the west (Hs 
about 2.2 m). These differences are smaller after two 
wave breaks on the fourth and third bar (about 760 
m and 610 m from shoreline). In the area up to the 
second bar, about 220 m from the shoreline, wave 
heights are comparable for both considered direc-
tions (about 1.5 m). The other modelled parameter–
peak period Tp  is about 4–7 s.

The friction coefficient (Eq. 11 and 12) is in the 
order of 0.01 (with accuracy of 10–2), according to 
both the Swart and Madsen approaches (see Fig. 4).

3. Results

3.1. Bed shear stress

Critical bed shear stress is estimated on the 
basis of empirical (Eq. 4a–4c) and theoretical 
(Shields diagram based) formulas (Eq. 9b–9c). In 
both cases critical bed shear stress depends on 
sediment grain size; in the present study D = 0.22 
mm. According to the latter group of formulas the 
onset of sediment motion is associated with bot-
tom stresses of about 0.17 Pa (see Fig. 5). Corre-
sponding critical bottom flow velocity estimated 
based on Eq. 3 is about 18 cm·s–1. These values 
are lower compared to those computed in other 
empirical methods discussed; critical stress: 0.24 
Pa (USWES) and 0.36 Pa (Leliavsky), critical ve-
locity above 20 cm·s–1. The Kramer formula (Eq. 
4a) cannot be used because of its range of applica-
bility. For bottom flow velocities ranging from 30 
to 80 cm·s–1, the bottom stresses are about 0.5–3.3 
Pa (see Table 1). Bottom shear stress exceeds crit-
ical value (about 0.17 Pa), thus for the specified 
stormy conditions sediment particles move over 
the entire range of velocities.

In order to determine sediment transport rate 
we used the value τ*cr= 0.05 (τcr= 0.17 Pa), result-

Fig. 4. Friction coefficient fw as a function of product of the root-mean-square near-bottom wave orbital velocity urms and 
wave period T, for grain size D = 0.22 mm, based on two approaches (details in text).

Fig. 5. Critical shear stress based on empirical formulas (dots fill) and based on Shields diagram (solid fill). Correspond-
ing critical bottom flow velocities are presented (in cm.s-1); D = 0.22 mm, ρ = 1004 kg.m-3.
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ing from formulas based on the Shields diagram. 
The corresponding critical flow velocity is about 
18 cm·s–1 (see Fig. 5), which is overstated with re-
spect to that recorded in the literature, for example 
8–12 cm·s–1 in Pruszak & Zeidler (1995) and about 
2 cm·s–1. This parameter has the greatest impact on 
transport in the case of small flow velocities. In par-
ticular for a flow velocity of about 30–40 cm·s–1, the 
change of critical flow velocity from 8 to 18 cm·s–1 is 
related to a decrease of transport of about 25–40 per 
cent. In contrast, such a change in high velocities 
range (80–120 cm·s–1) causes a transport decrease of 
less than 8 per cent.

3.2. Wave-induced bedload transport 
in the study area

Instantaneous mass bedload transport in the 
cross section of the coastal area of interest is cal-
culated based on the formulas discussed (see Eq. 
14–17). As the main factor determining Q* is flow 
velocity, values of transport together with urms and 
significant wave height Hs are presented (see Figs. 
6, 7). For westerly and northerly winds, values of 
transport calculated based on the Ribberink for-
mula are the highest. For westerly winds sediment 
transport values calculated based on the Du Boys 
and MPM are about 100 kg (m·h)–1 between shore 
line and fourth bar and decreases about the fifth 
bar, which is similar to the values defined for storm 
conditions (see section 2.5). For northerly winds of 
14 m·s–1, the resulting values are higher than calcu-
lated and measured for westerly wind, especially in 
the case of EH and Ribberink formulas (i.e., up to 
900 kg (m·h)–1).

Cross-shore distribution of bedload transport 
rate for westerly winds is consistent with earli-
er studies and measurements (see e.g., Pruszak 
& Zeidler, 1995). Spatial distribution of estimated 

values and directions of volumetric wave-induced 
bedload transport is presented in Figure 8.

Since the cross-shore bottom profile is almost 
uniform in longshore direction, values discussed 
above are representative of the entire area of inter-
est. The highest values of transport occur in the vi-
cinity of the second bar during northerly winds (N, 
NNW).

3.3. A unified formula for bedload sediment 
transport

The sediment transport rate estimated on the ba-
sis of a bottom stress approach is determined main-
ly by near-bottom velocities. Dimensionless bed 
load transport Q* (Einstein parameter), calculated 
by four formulas discussed in the present paper for 
a considered range of velocities 0.3–0.8 m·s–1 and 
additionally for 1.2 m·s–1, is presented in Figure 9 
and Table 1.

The Du Boys formula gives the lowest, where-
as Ribberink’s formula yields the highest values of 
transport for velocities up to 80 cm·s–1. The Enge-
lund and Hansen and MPM formulas present in-
termediate values, but for high velocities (about 120 
cm·s–1) the result of EH is the greatest. There is no 
simple rule which allows to choose one formula well 
fit to the whole range of velocities. Thus, we propose 
a unified form of bed load transport formulas:

 Q* = C*τ*p – C*f(τ,τcr,p)  (18)

Such a compact form simplifies the process of 
fitting coefficients to measured values. C* is a di-
mensionless constant (MPM, Ribberink) or is de-
pendent on local conditions such as density of wa-
ter and sediments, grain size, friction factor (Du 
Boys, EH), p is a real number and f is a function of 
the form resulting from Newton’s generalised bi-
nomial theorem. The set of C* and p coefficients in 

Table 1. Values of bottom shear stress and transport for bottom velocities considered.

U τ τ* Q* Qm [kg.(m.h)-1]

[m s–1] [Pa] du Boys MPM EH Ribber-
ink du Boys MPM EH Ribber-

ink
0.3 0.5 0.1   0.04 0.1 0.1 0.2      5 12    8  21
0.4 0.8 0.2 0.1 0.3 0.3 0.6 18 40   33  78
0.5 1.3 0.4 0.4 0.7 0.8 1.5 47 88   100 190
0.6 1.9 0.5 0.8 1.3 2.0 3.1 103   162   249 376
0.7 2.5 0.7 1.6 2.2 4.4 5.4 196   268   538 656
0.8 3.3 0.9 2.8 3.3 8.6 8.6 339   410 1048 1053
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considered models for area of interest environmen-
tal conditions is presented in Table 2. Due to Eq. 18 
transport Q* depends on the p power of the shear 
stress τ* (this part will be called Q*1) and is reduced 
by the f function (this part will be called Q*2). Fig-
ure 10 shows the impact of the choice of p power 
on the results (the Q*1 transport). As flow velocity 
is the main factor determining shear stress, Q*1 as 
the function of U is shown for several p parameters 
(chosen from the range proposed in classic models; 
see Table 2). The parameter p has the most marked 
impact on the value of transport for flow velocities 
up to about 0.6 m s–1, for which Shields parameter 
τ*< 0.5 (see Table 1). Higher values of p provide 
smaller Q*1. In contrast, for flow velocities in excess 
of about 1 m·s–1, for which Shields parameter τ*> 
1.4, higher values of p provide greater Q*1 addend.

In the intermediate range of velocities the value 
of p power does not influence transport considera-
bly. In accordance with the above dependencies, in 

small velocity range the Engelund & Hansen for-
mula yields low values of transport. This is caused 
by the highest p = 2.5 even despite the high C* = 10 
and f = 0. Given that this formula accounts for to-
tal transport, the bedload transport is considerably 
lower than estimated by other formulas for small 
flow velocities.

In order to estimate the contribution of Q*2, the 
ratio Q*2/Q*1 for considered velocity range was 
calculated (see Fig. 11). The Engelund & Hansen 
model does not contain f function (Q independent 
on critical shear stress. For any other model f func-
tion takes a relatively large values (Q*2> 10% Q*1) 
for low flow velocities (lower than 0.5–0.6 m·s–1). 
This is due to the fact that bottom stresses are close 
to critical values. Otherwise, for high velocities 
(greater than 0.5–0.6 m·s–1) f element is small (Q*2< 
10% Q*1) and can be ignored for many purposes.

From this it follows that for high flow velocities 
C* constant has the greatest influence on the results. 

Fig. 6. Cross-shore distribution of mass wave-induced bedload transport by a number of methods, together with depth 
profile, urms and significant wave height for westerly wind (speed 14.5 m.s-1). Labels indicate velocity values for bars 
and troughs in the cross-shore profile.
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Fig. 7. Cross-shore distribution of mass wave-induced bedload transport by a number of methods, together with depth 
profile, urms and significant wave height for northerly wind (speed 14.5 m.s-1). Labels indicate velocity values for bars 
and troughs in the cross-shore profile.

Fig. 8. Spatial distribution of estimated values of volumetric bedload transport for wind conditions considered (direc-
tions: N, NNW, NW, WNW, W; speed 14.5 m.s-1) based on MPM formula; dashed line indicating location of section 
presented in Figures 6 and 7.
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Particularly noteworthy is the fact that small vari-
ations in velocities lead to large differences in the 
calculated transport. This is due to the fact that the 
velocity is included in formulas in the power of 2p, 
namely 4.0, 3.0, 5.0 and 3.34 for Du Boys, MPM, EH 
and Ribberink models, respectively.

Fig. 9. Dimensionless transport by formulas examined for bottom flow velocities in the range 0.3–0.8 m.s-1, and addi-
tionally 1.2 m.s-1.

Fig. 10. The dimensionless bed load transport Q*1 =C*τ*
p as a function of flow velocity for several values of p power (1.5, 

1.8, 2.1, 2.5), C*
 = 1.

Table 2. Coefficients in the unified formula for transport 
(Eq. 16) which lead to classic models considered.

DuBoys MPM EH Ribberink
C* 3.3 3.97 10 10.4
p  2 1.5 2.5 1.67

Fig. 11. The Q*2 =C*f(τ,τcr,p) to Q*1 =C*τ*
p ratio for models considered as a function of flow velocity.
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4. Discussion and conclusions

The results from the theoretical investigation 
of wave-induced bedload transport in the Polish 
coastal zone are presented. The main achievement 
is an estimate of the sediment transport volume and 
direction, which is important input for engineering 
calculations. Our unified formula (original) for in-
stantaneous bedload transport is based on the inter-
compared theoretical models. 

Research was based on four classic one-grid-
point models. The formulas under consideration 
were validated for various environmental con-
ditions by other researchers, but since the model 
parameters are strongly dependent on local con-
ditions, a series of simulations were performed to 
determine their applicability within the area of in-
terest. It has been shown that these models allow to 
estimate transport comparable to measured values 
under similar environmental conditions. Due to 
the lack of predominance of any considered model 
a unified formula for transport has been proposed 
(Eq. 18), which will enable to formulate the local 
model of transport. The results of our analysis show 
that for small flow velocities p coefficient as well as 
f(τcr) function need to be carefully adjusted, while 
for high flow velocities (storm conditions) these 
factors are not very influential. C* constant should 
“scale” the transportation range to the measure-
ment data. For storm conditions the precise choice 
of p parameter, f function as well as critical flow 
velocity does not influence the estimated transport 
significantly. The proper values of C* and p param-
eters and f function form should be calibrated based 
on the results of field measurements.

Given that the rate of bedload transport is deter-
mined mainly by the value of near-bottom flow ve-
locity, it appears that appropriate modelling of it is 
the main factor affecting the accuracy of the results. 
Moreover, it should be emphasised that wave-in-
duced transport is only one component of the to-
tal instantaneous bedload transport. The second 
is current-induced transport which – in the study 
area – is similar in order of magnitude and different 
direction. Therefore, any natural continuation of 
the present study should determine the value and 
direction of bedload transport taking into account 
wave-induced currents velocities. For more pre-
cise sediment transport estimates suspended load 
should be also considered.
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