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Abstract

A two-dimensional numerical model was used for a simulation of vertical average longshore
currents generated by both wind friction and wind-wave action in the nearshore zone. The
modelling domain includes the southern part of the Baltic Proper (all boundaries were closed).
Wind, uniform in space and varying in time, was the only forcing in the model. The correlation
coefficient higher than 0.8 was obtained by model calibration versus the field measurements of
currents conducted at the Lubiatowo field station (southern Baltic) during about 1.5 months in
2006. Comparative simulations of total currents including both wind-induced drift and wave
components, and of total currents including only a wind-induced drift component, showed that
the input of the drift component into currents in the nearshore zone is greater than commonly
believed. Wind-induced drift strongly dominates outside the zone of wave transformation, and
its input into the total resulting currents remains noticeable even in a zone between the shoreline
and the depth of the first wave breaking. Thus, wind-induced drift constitutes up to 50% of
the resulting longshore currents for longshore winds and no less than 20% of the longshore
component of currents for winds at 45 degrees to the longshore direction.
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1. Introduction

Currents in a water column are driven by external forces, among which wind-induced
forces are some of the most significant ones. There are two main mechanisms of the
transformation of momentum from wind forcing to translational water motion. First,
wind produces water motion in the surface layer of a water column directly: wind
generates tangential stress which causes wind drift currents. Second, wind generates
waves, which in their turn cause the wave-induced input into translational water mo-
tion. When waves approach the beach at some angle, the momentum induced by wave
breaking generates longshore currents that flow parallel to the beach inside the breaker
zone (Longuet-Higgins 1970). It is important to note that the term “a longshore cur-
rent” is usually understood (e.g. Massel 1989) as a wave-induced current. In this paper,
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the adjective “longshore” refers exclusively to the direction of the current, irrespective
of the mechanism of its formation.

It is traditionally assumed (e.g. Shadrin 1972, Massel 1989) that currents in the
breaker zone at an open shore are caused mainly by wind-generated waves and their
transformation, whereas the wind drift component may be neglected. Owing to the
mutual interaction of all processes in the nearshore zone, the case study approach
seems preferable for the examination of this assumption: the roles of wind-induced
drift and wind-wave generated current should be considered not in general, but in
a specific case of real bathymetry and wind forcing. The hypothesis is that the con-
tribution of wind-induced drift to the resulting currents in the nearshore zone may be
comparable with that of wind waves.

The aim of the present study is to examine the particular input of drift- and
wave-induced components into the resulting currents in the nearshore zone of
a non-tidal sea on the example of the south shore of the Baltic Sea. This shore has an
open sandy beach varying in width from 15 to 60 m. The cross-shore bottom profile
is characterised by a gentle slope of about 1-2% of steepness (Ostrowski et al 2010b).
The sand median diameter is 0.2—-0.25 mm.

It is hardly possible to reveal the separate influence of these two components of
currents in field measurements (Chao et al 2008), and numerical modelling is the only
tool to do that. In this paper, the MIKE 21/3 Coupled Model FM (MIKE 21/3, 2005),
developed at the Danish Hydraulic Institute, was used for simulations. This model
makes it possible to simulates the mutual interaction between waves and currents,
using a dynamic coupling between the Hydrodynamic Module and the Spectral Wave
Module, and therefore makes it possible to estimate drift and wave parts of the current
separately.

The MIKE 21/3 Coupled Model FM was calibrated versus field measurement data.
Then, series of quasi-stationary modelling solutions for constant wind directions were
obtained. The comparison of (i) simulations by the coupled model taking into account
the interaction of waves and currents, and (ii) simulations for drift currents only, pro-
vided data for the estimation of the separate contributions of drift and waves to the
resulting currents.

Even though the current structure in the nearshore zone is fully three-dimensional,
we have used a 2D mode of the MIKE 21/3 Coupled model FM as a first approximation
to study longshore currents. Irrespective of the wind direction, cross-shore currents al-
ways accompany the longshore flow (Pruszak et al 2008) and are significantly variable
in the vertical direction. Moreover, they may be of the opposite direction in surface
and bottom layers. Therefore, a 2D vertically integrated approach is not applicable
to the study of cross-shore currents. The possibility of a 2D approach to longshore
current simulations is shown in a number of papers (e.g. Longuet-Higgins 1970, Ding
et al 2003).
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2. Method
2.1. Basic Equations

Basic equations for the MIKE hydrodynamic module in a 2D mode are the shallow
water equations (MIKE Sci. Doc. 2005):
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Here, ¢ is the time; x and y are the Cartesian co-ordinates; 4 is the total water depth; n
is the surface elevation; u and v are the velocity components in the x and y direction;
f is the Coriolis parameter; g is the gravitational acceleration; p is the density; pg is
the reference density; 7, 7, are the wind stresses; 7, 7, are the bottom stresses.

The overbar indicates a depth-averaged value.

The lateral stresses T;; include viscous friction, turbulent friction and differen-
tial advection. They are estimated by an eddy viscosity formulation based on the
depth-averaged velocity gradients:

T, = ZAZ—Z, T, = A(Z—Z + g—i) T, = ZA@ “4)
where A is the horizontal eddy viscosity.

The spectral wave module is based on a wave action density balance equation
(MIKE 21 Spectral Wave Module 2005):

%—]j + %CXN + aiycyN + %ch + %C(;N = % 5)
Here, N is the action density; ¢ is the time; x, y are the Cartesian co-ordinates; 6 is
the wave direction; w is the relative (intrinsic) angular frequency.

The first term in the left-hand side of this equation represents the local rate of
change of the action density in time. The second and the third terms represent the
propagation of action in geographical space (with propagation velocities ¢, and ¢,
in x- and y-space, respectively). The fourth term represents the shifting of the rela-
tive frequency due to variations in depth and current (with propagation velocity c,,
in w-space). The fifth term represents depth-induced and current-induced refraction
(with propagation velocity ¢y in 6-space).

The energy source term S represents the superposition of source functions de-
scribing various physical phenomena:
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S = Sin + Su + Sas + Spor + SSWf' ©)

Here, S;, represents the generation of energy by wind, S, is the wave energy trans-
fer due to non-linear wave-wave interaction, Sy; is the dissipation of wave energy due
to whitecapping, Sy, is the dissipation due to bottom friction and S, s is the dissipa-
tion of wave energy due to depth-induced breaking.

2.2. Numerical Model Setup

Nearshore currents are typically simulated in two stages (e.g. Ostrowski et al 2010a):
first, the modeling is performed on a large scale, and then the results are used as
boundary conditions for smaller-scale modeling.

In this paper, nearshore currents were simulated directly in one stage with the
use of a grid with flexible meshes, covering the southern part of the Baltic Proper
(Fig. 1). The mesh size for the open sea was about 5-7 km, and in the vicinity of
the field measurements point it was about 100—150 m. The digital topography of the
Baltic Sea (Seifert, Kayser 1995, Digital... 2008) was used for the computational
domain. All boundaries of the simulation area were closed, and wind was the only
driving force in the model. It was assumed that wind measured in Lubiatowo could
be uniformly applied in the entire area of simulations.

Other main parameters of the model setup were taken as follows:

— computational time step of 6 s (the maximal possible due to computational stabil-
ity problems);

— constant water temperature of 10°C (a rather good approximation for October-
-November, when the calibration field data was obtained);

— constant water salinity of 7 psu (a typical value for the southern part of the Baltic
Proper);

— horizontal eddy viscosity in Smagorinsky’s formulation (Smagorinsky 1963),
with a background value of 0.28 m?/s.

Calibration parameters are discussed in the next section.

2.3. Calibration and Verification of the Model

The calibration and verification of the model were performed with the use of field
data from Oct 1-Nov 22, 2006, collected by the Institute of Hydro-Engineering of the
Polish Academy of Sciences (IBW PAN) (Pruszak et al 2008). The field data were
obtained with an Acoustic Doppler Current Profiler installed about 200 meters off the
shore at a point with coordinates 54.815° North and 17.838° East in the vicinity of
the Lubiatowo field station of the IBW PAN. The depth at the point of installation
was about 4—4.4 meter. The ADCP measured current velocities at 0.4 and 2.4 meters
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Fig. 1. Computational domain (southern part of the Baltic Proper) and a detailed numerical

grid at the Lubiatowo field station, where the ADCP was installed

above the bottom. Wind data were recorded by an automatic meteorological station
installed at the Lubiatowo field station of the IBW PAN.

The data from Oct 1-16, 2006, were used for calibration for the following reasons:
(a) the current was directed mainly longshore; (b) during this period there were two
clear peaks in current velocities related to the increasing wind speed, and current di-
rections during these peaks were opposite; (c) current velocities at 0.4 and 2.4 meters
above the bottom were almost identical.

There are several calibration parameters in the MIKE 21 Coupled Model FM.
First, and absolutely essential for computational time, is a spatial discretization in the
Spectral Wave Module. Test simulations showed that a 24-direction spatial discretiza-
tion is optimal: the use of more directions produced very similar results but required
much more computational time.
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The best match of field and simulated current velocities was achieved with the
following parameters in the Hydrodynamic Module: (a) Manning number (Gioia and
Bombardelli 2002) of 40 m'/3/s for bed resistance; (b) wind friction varying with wind
speed: a dimensionless drag coefficient of 0.001255 and 0.002425 for wind speed be-
low 7 m/s and above 25 m/s, respectively, with linear interpolation in-between (MIKE
Sci. Doc. 2005). For the Spectral Wave Module, the following parameters were used:
(a) 24 directions for Spectral Discretization; (b) a coupled type of air-sea interaction
with a background Charnock parameter of 0.01 (Brown and Wolf 2009); (c) wave
breaking is included with dimensionless parameters @ = 1 and y = 0.8 (Eldeberky,
Battjes 1995, Allard et al 2002); (d) sand grain size of 0.25 mm for the bottom friction
model.

Figure 2 presents longshore current velocities: (1) field data, ADCP measurements
at a height of 2.4 m above the bottom; (2) a numerical solution with waves (the Spec-
tral Wave Module was used in simulation); (3) a numerical solution without waves
(the Spectral Wave Module was disabled, and thus, only the wind drift mechanism
of current formation was included). Positive values correspond to eastward transport,
and negative to westward transport. Arrows at the top of the picture show the wind
speed and direction (the strongest observed wind was 18 m/s). There is a good agree-
ment between curves (1) and (2): typical differences were less than 0.1 m/s and the
maximal ones were about 0.2 m/s. Tendencies were well traced — any rise in the mea-
sured magnitude of currents was followed by a rise in the model solution. Directions
of longshore currents were also in good agreement, e.g. field data from Oct 13-14,
2006, show significant westward currents, and the model solution behaved similarly.
A diagram representing the correlation between the field data and simulation results
(Fig. 2, insert) demonstrates a principal linear relation for currents higher than 0.2-0.3
m/sec (correlation coeflicient of 0.82).

The model was verified with the use of field data from Oct 19-Nov 22, 2006
(Fig. 3). The strongest wind observed during this period was 25 m/s. The field data and
simulation results are in rather good agreement except for two periods (Oct 31-Nov
2, and Nov 8, 2006), when significant (up to 1 m/s) westward currents were observed
in the field, whereas the wind-driven simulation showed smaller velocities with dif-
ferent directions. This fact could not be explained by local wind action, and was most
probably caused by the influence of water movement due to water level oscillations on
the scale of the whole Baltic. The correlation coefficient between simulation results
and field data for the whole period Oct 19—Nov 22 is 0.64. If the periods Oct 31-Nov
2 and Nov 8, 2006 are excluded from the analysis, the correlation coefficient increases
to 0.86.

Calibration and verification results show that the approach applied — computa-
tional domain of several hundred kilometers without open boundaries, local wind —
gives good results in the nearshore zone of the southern Baltic when currents are
mainly wind-driven.
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Fig. 2. Longshore current speed, field data and simulation results (Oct 1-16, 2006)
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Fig. 3. Longshore current speed, field data and simulation results (Oct 19-Nov 22, 2006)
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3. Results

A calibrated MIKE 21 Coupled Model FM was applied to obtain series of steady-state
numerical solutions for constant wind forcing (different wind directions and speeds)
with an enabled or disabled Spectral Wave Module Drift. For each option, four sim-
ulations were run: wind directions W, NW, N, NE; wind speed (Fig. 4) changed step-
wise with a time interval of two days! from 0 to 18 m/sec with a step of 2.5 m/sec
(9 gradations).
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Fig. 4. Model wind speed

Altogether, 72 steady-state current patterns were obtained. An example of depth-
-averaged current velocity spatial distributions for a west wind of 15 m/s for two op-
tions (including wind waves and without them) is shown in Fig. 5. Wave impact on
a wind-generated current is noticeable only in a very narrow area between the wave
breaking zone and the coastline.

4. Discussion

The results obtained for the calibration period Oct 1-16, 2006, (Fig. 2) showed a sig-
nificant difference between simulations that took waves into account and those that
did not. It was revealed that the wave-driven part of currents at the ADCP location
(water depth of about 4.5 m) is negligible if the wind speed is less than 5-7 m/s.
The wave-driven part of currents increases along with the wind speed, and for winds
higher than 15 m/s the currents simulated with wave input are two or more times larger
than those simulated with the wind drift mechanism only.

The steady-state simulation results (Fig. 6) confirmed the above conclusion: wave
impact is practically negligible for weak winds (wind speeds of less than 5-6 m/s at
the ADCP location). Wave impact increases along with the wind speed, and for winds
of 12-15 m/s it exceeds drift impact two, three and even more times, depending on
the wind direction.

! Preliminary test simulations showed that a two-day simulation period was long enough to achieve
a steady-state two-dimensional current pattern near the Lubiatowo field station.
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Fig. 5. Depth-averaged flow velocities, calculated with (upper panel) and without (bottom
panel) wind waves for a 15 m/s west wind
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Fig. 6. Simulated speed of steady-state currents (absolute value) at the ADCP location as
a function of wind speed, for different wind directions

The following conclusions can be drawn from the relationships presented in Fig. 6.
Current velocities are almost linearly dependent on the wind speed if the contribution
of waves is ignored, but the relationship becomes essentially non-linear if wave impact
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Fig. 7. Significant wave height (H;) at steady-state conditions at the ADCP location as a func-
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is included in simulations. The wave height (Fig. 7) increases with the wind speed
as well, but decreases significantly after wave breaking. At the ADCP location this
happens at a wind speed of 12—-17 m/s, depending on the wind direction. A comparison
of Figs 6 and 7 shows that the maximum current speed is achieved just after the wave
breaking. At the moment of maximum currents, the wave-induced current component
2-4 times exceeds the drift one. It should be noted, however, that drift impact remains
quite significant at any wind speed and makes up at least 25-30% of the total current
speed.
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Fig. 8. Absolute values of the speed of simulated steady-state longshore currents for a west
wind of 15 m/s

Figure 8 displays the distribution of the longshore current speed (for a 15 m/s
west wind) along with the cross-shore profile (at the ADCP location) depending on
the water depth (a) and distance from the shore (b). Wave impact is significant in the
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coastal strip from the shore to the depth of the first wave breaking. Certainly, the width
of this strip depends on the wind speed and direction. For a west wind of 15 m/s, this
strip is 600—1000 m wide, extending to the depth of 67 m. In deeper areas, the impact
of waves on current formation is negligible.

5. Conclusions

1. A two-dimensional model setup (spatial coverage of the southern part of the Baltic
Proper only, closed boundaries and a spatially uniform wind obtained at the Lu-
biatowo field station of the IBW PAN) makes it possible to simulate wind-driven
longshore currents in the vicinity of the station with satisfactory accuracy (the
correlation coefficient between field measurements and simulations is higher than
0.8).

2. The currents measured during the period Oct 1-Nov 22, 2006, in the nearshore
zone at the Lubiatowo field station were mainly wind-driven. There were two time
intervals in measurements (Oct 31-Nov 2, 2006, and Nov 8, 2006) when currents
were not wind-driven, and therefore, cannot be calculated by the model applied.

3. Wave impact on the longshore current formation is predominant in the zone of
wave transformation, especially in the zone between the shoreline and the depth
of the first wave breaking.

4. The largest contribution of waves to current formation is observed at depths right
behind (landward) the first wave breaker and can reach 60-80% of the total current
speed.

5. The contribution of the drift component to the resulting currents is remarkably
higher than commonly assumed. The drift component in the total current remains
noticeable even in the zone between the shoreline and the depth of the first wave
breaking. This component constitutes up to 50% of the observed current for long-
shore winds and no less than 20% for winds at 45 degrees to the longshore direc-
tion. Outside the zone of wave transformation, the wind-induced drift plays the
main role.
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