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Key phenomena in surf and swash zone: process-based modelling
and data-driven analysis
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Abstract. Selected results of investigations concerning a shallow water part of the coastal zone, covering the surf zone and the swash zon
are presented. The above research has been carried out by means of field measurements, as well as data-driven and theoretical modelling.
investigations have led to development of a mathematical model of wave transformation and run-up on the shore in the Lagrangian system, :
well as identification of infragravity waves (edge waves) in the multi-bar morphological beach system and their linkage with rhythmic shoreline
forms (cusps). Some empirical relationships have been obtained for the description of number of bars in a bar system and dissipation of wav
energy over such morphological structure. The experimental findings are based on field studies carried out at the IBW PAN Coastal Researc
Station (CRS) in Lubiatowo.
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1. Introduction Such waves are generally classified as surf beats which ap-
] ~proach the shore almost perpendicularly and edge waves which

Increasing human pressure on coastal area and more int8fsnagate along the shoreline. The generation and propagation

sive e>_<p|orat|on of sea resources in Iz_ast de(_:ades is a reagingge waves are affected by a complicated system of physi-

for a rise of many new concepts and ideas in the domain @f yhenomena and are extremely difficult in theoretical mod-

process-based modelling and data-driven analysis in the figlfling. The infragravity oscillations are practically hardly visi-

of coastal engineering. The coastal processes observed jidin girect observations but thorough spectral analyses show

registeredn situ are crucial for understanding of coastal napat they are a significant component of shallow water wave
ture and a basis for validation and verification of theoreticagl,of, y.

process-based models. Due to continuous technical and tech- hil hing th h h duallv |
nological progress it is now possible to carry out detailed anﬁ1 W e ap%roac 'T)g t E_ seas grel’ the wa\éets) gra u?- y lose
precise field surveys and obtain analytical solutions of sophi&1€!f €n€rgy due to breaking, turbulence and bottom friction.

ticated systems of equations describing the considered physiIQe §|tuat|on is quite different in case Of_ thg long-period os-
processes. cillations (edge waves), the energy of which increase substan-

The wind-induced waves, on their way from the deep sea pally near the shoreline. The cross-shore distribution of energy

the seashore vicinity, are subject to a number of transforminog short-and long-period oscillations is shown in Fig. 1.

processes, such as shoaling, refraction and diffraction, as well Recently, the infragravity oscillations, mainly edge waves,
as wave energy dissipation. These wave processes, togeth@Ye drawn attention of many research teams. There are more
with the effects of nearshore currents, affect the moveabfid more evidences that these waves play an important role
sandy seabed, which in turn cause evolution of the seabed ptd-generation of rip currents, some kind of longshore bars or
file and migration of the shoreline. Within multi-scale morphoshoreline rhythmic forms. In 2002 and 2003, a series of field
logical forms, dynamically changing in various time-spatiafxperiments were carried out at the IBW PAN Coastal Re-
Sca|eS, bars p|ay a key role. In a case of the multi-bar Shof\@arCh Station (CRS) in Lubiatowo, focused on identification
there is a system of more or less interacting bars, the acti9f long-period oscillations of coastal hydrodynamic parame-
ity of which manifests in the processes of wave breaking arfgrs- The registrations of nearshore waves and currents were
energy dissipation, while waves are approaching the seashagécompanied by detailed monitoring of the short-term shore-
Thus, the bars protect the beach from the erosive impacts lBfe evolution.
storm waves. The coastal zone is a region of occurrence of numerous
Recently, reasons of coastal evolution have often been asmplex hydro- and morphodynamic processes, because of
signed not only to the effects of short (wind) waves, but alsthis, the study is focused only on selected results of inves-
to longer (infragravity) waves, which can sometimes play &#gations of key phenomena, observed in the surf and swash
predominant role in nearshore morphodynamics [1]. The ireone, carried out by the authors. A special attention is paid
fragravity waves typically appear in a very shallow nearshor® the verification of hypothesis on the relation between infra-
zone and have periods from tens of seconds to a few minutggavity waves (edge waves) and rhythmic shoreline forms at
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a dissipative multi-bar shore, typical at the south Baltic. Reronic measuring devices, data transmission by cable to a com-
ported in the world literature, the investigations carried out tilputer, digitisation of signals and storage of digitised data. Wa-
now were mostly concentrated on shores having a reflectiter flows were registered by electromagnetic current meters
character. The results presented herein are mainly based on{measurements at points — see dots in Fig. 2), as well as by
field surveys which were conducted at the Institute of Hydrathe Acoustic Doppler Current Profiler (measurements in the
Engineering of the Polish Academy of Sciences (IBW PANater column — see Fig. 2). Waves were identified as instanta-
Coastal Research Station (CRS) in Lubiatowo, see Fig. 2. neous elevations of water free surface, registered by so-called

string wave gauges (see Fig. 2), continuously measuring elec-
»d wayes triq resistance of a vertically submerged part of the 4 m long
string.

A

2. Wave motion

2.1. Wind waves — transformation and dissipation over the

bar system. While approaching the shore from the deep sea,

waves encounter bars and other large bed forms, which locally
decrease water depth rapidly. Consequently, the waves are sub-

Offshore direction ject to multiple breaking which in turn causes wave energy dis-

4 sipation and thus reduction of wave height. At each location of
\ 4\ o the cross-shore profile, the energy of wave having the lelngth

o v/\\j\v/\v/\\/ {0/ and heighH can be described by the following relationship:

Shoaling zone E = %ngQLb (1)

- 7 Outer bar ™\
" (breakpoint) -

Wave energy

Shoreline

Z01€  Tnmer bar

" (breakpoint) =~ Surf zone

Depth profile

The above equation defines wave energy per area of the sea
- having the lengti. and the unit widthb = 1 m. Comparison of
= wave energy values registered simultaneously at two chosen
Offshore direction locations of the cross-shore transect allows to determine the
Fig. 1. Cross-shore variability of energy for wind waves and infragjls':SIpatIon of energy_ of the wave t_ransformlng on the distance
: between these locations. Comparing a local wave endigly (
gravity waves ! :
at shallow water with the input (offshore) wave energywe
The records of hydrodynamic parameters at CRS Lubi@an define a certain parametgrepresenting a part of energy

towo were taken using automated system, comprising elegthich remains after wave transformation from deep water

3 - =l
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Fig. 2. Sea bed shape and typical locations of measuring devices on the cross-shore profile
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Fig. 3. Exemplary record of changing wave height and period (top) and wave energy dissipation over the multi-bar cross-shore profile as :
function of deep water significant wave height (middle and bottom)

depth (,) to the nearshore deptlh;). The field experiments more than 90% of wave energy reaches the nearshore region.
carried out in Lubiatowo show that the coefficidntcan vary The above quantities denote that during storms not more than
from almost zero to about 0.75, depending on the deepwat20% of wave energy attains the shoreline vicinity. For smaller
significant wave height (see Fig. 3). For higher waves (duringput offshore waves, having the significant heigH ) less

a storm) this coefficient is small (great amount of energy dighan 0.5-1.0 m, relatively big amount of energy (from 30% to
sipates before wave reaches the nearshore zone), while in maldhost 100%) is passed to the region of bar | and the shoreline
and moderate conditions the offshore bars and shoals do not pfeximity.

fect waves and they start to interact with the seabed at relatively

shallovy water, closer to the sho'reline, Where. r'apid wave trans-> - go|ution of nearshore wave motion in Lagrangian ap-
formation takes place. Hence, in such conditions, on the way» o, - simulation of a moving shoreline (land-boundary of
from the offshore regions, a wave height decreases very slow alysed area) on an inclined beach usually does not consti-
For example, an average value of the paramigtean amount 1o any problems for models which are worked out in the La-

to k = 0.21 for the distance between depths of 20 m and 5.5 g2 gian method. General equations describing a wave propa-

while for the depth range 20 m —2 miits value slightly fall&t0 44tjon in a two-dimensional horizontal plane can be expressed
= 0.18 m. When the deepwater significant wave hei@f); i, the Lagrangian co-ordinates as follows [2]:
exceeds 1.5-2 m, up to 80% of energy is dissipated during

wave transformation over three offshore bars (bars II, 1ll and92(p¢) act L 9% (h) ack TyL

IV/). If the deepwater significant wave height exceeds 2.5 m, 5z — 9" 5+ fv a2z _ghTy T (2)
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position of a parcel,

Tk TyL — cross-shore and longshore components of a dis-
sipative stress corresponding to an instant position of a parcel

respectively,
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h — water depth corresponding to the initial position of a 0
parcel, A

p, g —water density and acceleration due to gravity, respec- .
tively. 2 7

In the final equations (model) the wave energy dissipation -3 Bottom X (1)
is expressed by a shear stress at the bottjﬁnand by a bore- 4 'I - ————————— yl ml)
like breaking at the free water surfa% (the shallow-water 0 50 100 150
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f — friction coefficient,

Sy — critical surface steepness of a wave front.

Deepwater waves approaching the shore experience a num-
ber of physical phenomena like: refraction, shoaling, diffrac-
tion, breaking, bottom friction, run-up and reflection from a
beach and finally interference with other incoming waves. All 400
of them have been separately tested to assess the usefulness of 1

the model to forecasting of the shallow-water hydrodynamics.
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Example of the modelling of the wave refraction is presented 3007
in Fig. 4. The regular wave train, characterised by the height ]
H =1 m and the period = 10 s, is travelling on the origi- 2001

nally undisturbed water surface. The noticeable bending of the
wave crests is observed there while running over the underwa- .
ter mound. So, the subsequent waves adjust their celerity and 1001
direction to the contours. Additionally, the effect of the shoal- 1
ing is observed there in the form of a slight increase of the 1
wave height. 0+ ‘
Another example concerns modelling of the diffraction, 0 100 200 300
which appears when a barrier such as a semidetached breakwagig. 5. wave diffraction: perspective (up) and top view (down)
ter interrupts the propagating plane waves. Results of the nu-
merical simulation are presented in Fig. 5. Assuming the same Waves incoming to the shore usually break evidently al-
wave train as in the former example, we obtain that the wavésring the pattern of the hydrodynamics. Almost all existing
which passed by the construction, marked in the figure with @earshore, time-domain models are worked out for the depth-
thick solid line, are spreading in the sheltered area. Whereageraged assumption of motion and the ideal fluid, whereas the
offshore the plane standing waves are in the course of formingave breaking is clearly the depth-varying and strongly tur-
This phenomena can be explained as the effect of superpdsident process. Therefore description of the breaking for this
tion of the incoming waves with the waves, which are reflectekind of models, despite its complexity, will always be very ap-
from the seaward breakwater’s wall. proximate. In the presented model a geometrical formula of a
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bore-like breaking is adopted to avoid steepening of a wawawnrush, reflection and sometimes passing the wave over
front over an established limitation. Figure 6 shows a severat through the construction i.e. overtopping and transmission.
subsequent stages of a breaking wave front, which started Mbving location of the wave end on a beach slope is usually

m from the origin of co-ordinates.
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Fig. 8. Water flow velocities for breaking wave run-up

the trigger for difficulties in extensive time-domain modelling
of coastal hydrodynamics. In the presented Lagrangian-type
model there is a possibility of an exact mathematical simula-
tion of the water tongue behaviour on a beach slope including
the maximum run-up and run-down height.

Possibility of the accurate modelling of the swash zone hy-
drodynamics allows in-depth analysing such parameters like:
displacement and velocity of all parcels, which form the wa-
ter tongue, as well as step by step transformation of its shape.
The conversion of orbital parameters to those, which are repre-
sentative for constant cross-sections, does not cause difficulty
here. Figure 7 presents results of numerical computations of
maximum velocity field in the swash zone for non-breaking
waves. It is easy to deduce that extreme velocities appear at
the junction of SWLwith the beach slope and that maximum
onshore and offshore velocities are symmetrical to one another.
Whereas, for the breaking waves running on the beach slope a
noticeable asymmetry of the flow velocity pattern is observed.
In the example shown in Fig. 8, maximum velocities appear
when the run-up phenomenon is in progress.

Modelling of the wave propagation in the Lagrangian
method introduces some non-linear effects already in the lin-
ear approach. The linear Lagrangian wave advancing in a shal-
low water is not a pure sinusoid but contains a second order
harmonics which results in a flatter trough and steeper crest,
however, the wave amplitudes still remain equal to each other.
A comparison of the linear and non-linear waves is shown in
Fig. 9. The Lagrangian wave shape is more similar to that of
the second order Stokes theory especially in the regions of
wave crossings.

0.2 . Linear Eulerian wave -
1, —---- Linear Lagrangian wave
] —— 2nd order Stokes wave
0.1
0.0
] H=04m \\ 7
0179 L=100m S P
] h=20m ~N— —
0.2 x(m)
T T T T T T T T T 1
0 2 4 6 8 10

Fig. 9. Comparison of linear Lagrangian and Eulerian waves with 2nd
order Stokes theory

2.3. Infragravity waves — statistical and stochastic mod-
elling. The records of water level in close shoreline proximity,
described in the Section 1, reflected the wave oscillations in
this part of the nearshore region. They were examined statisti-
cally to extract long term changes in water table together with
slow varying components;, of the wave spectrum. The estab-
lished components can be thought of as characteristic frequen-
cies of infragravity (edge) waves. For their identification re-
sults of two field experiments lasting several months eactt (15

Swash zone is the final region of the wave advance to ti&ept. — 15" Nov. 2002 and 8' Aug. — 13" Nov. 2003) were
shore. Here are observed such wave phenomena like upruahalysed. They include various hydrological situations ranging
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from many days of calm to sequences of heavy storms. Caloorresponding to the period of about Tk=180 s, whereas for
periods revealed no slow varying oscillations; in fact they onlhigher frequencies another even less clear-cut peak could be
appeared when deepwater significant wave height exceededitléntified forw;, = 0.18 [number of cycles/sampling interval],

m. In all such cases two clearly visible spectral bands thabrresponding td}, = 10-12 s. One of many registrations of
may account for progressive infragravity waves were identdeepwater wave height during the analysed stormy period, be-

fied. Their periods oscillated betwe&j ~ 25-40 s and}, ~

tween I and 30" September of 2003, confirms the existence

100-140 s. Moreover, for more energetic conditions (stormf the mentioned above low-frequency components in shallow
waves), a third less vivid low frequency component emergedater what is presented in Fig. 10.
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Fig. 10. Exemplary wave spectra with vivid low-frequency peaks
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The higher frequencies identified fog = 0.18 are believed can distinguish two subsystems of bars. The first subsystem
to stem from sub-harmonic edge waves, because their periaasmprises inner bars, namely the first two stable bars, while
match the double period of gravity wind waves that predomthe next bars constitute the outer system of bars. The analy-
nate at the Lubiatowo beach and that reflect from the shore &fs of behaviour of individual bars within the entire bar sys-
ter having approached it. Interestingly, it was observed that them has not provided any distinct correlations between both
component with period}, ~ 25-40 s, depending on changessubsystems of bars. Therefore, it can be assumed that these
in wave climate intensity, whereas the component of perioslbsystems behave rather independently. Certain relationships
T} ~ 120 s, has a more stable structure. are visible within each subsystem where location and move-

The general equation which links the set of critical (edgemnent of bars are more or less correlated. Such correlations
frequencies with local beach characteristic and modal numbeere investigated for distances from shoreline to bar crests or

becomes following shape: as distances between crests of bar pairs, see Fig. 11. It should
1/2 be noted that these correlations are bigger when closer to the
Wy = <3'595) [(n+ 1)n]/2. (6) shore. For instance, the correlation coefficient between bars |
Zo and Il amounts tak = 0.57, while for bars lll and IV it is only
where n is the modal number,=0, 1, 2, .... . R = 0.36. For the next bars (if there are any more) this cor-

The parameter, in Eq.(6) denotes a cross-shore lengttielation decreases rapidly. Similar character of correlations is
along which the seabed has a constant s|émearting from displayed between behaviour of shoreline and bars belonging
the shoreline up to a depth,. Beyond that distance the depthto both subsystems. There is a big correlation between bar |
of seabed is assumed constant and equaldssuming a Dean and the shorelineff = 0.72), decreasing td? = 0.30 for bar

type profile described by, — (%)3/2 and a certain charac- !I and R :'0 for bar IV Fig. 11. Furthermorg, bar | strongly
teristic depthi, — h, characteristic for a given shore and itsinteracts with an additional unstable bar (which can be named

dynamics and known as the depth of closure, Eq. (6) can r?léar 0"). This nearshore bar is very dynamic and disappears

further transformed to obtain the set of critical (edge) freque requently. In calm periods, this bar noun;hes the begch berm
cies: and the emerged part of a beach, practically “crawling out”
12 from the sea, while during storms its sediment is transported
3.593A43/2 12 12 12 seawards and accumulates at the other, more stable bars. In
Wk = e [(n+1)n]/= = CV/=[(n + 1)n} /= general, it is an ephemeral form, most often occurring 30-40
D 7 m from the shoreline, mainly when a storm calms down and
some time after it, basically for wave height < 1 m at lo-
cation of wave breaking. The correlations between inner and
- 1/2 outer bars are usually slightly negative (e.g. bar Il versus bar
wi = 0.0216((n + 1)n]*/%. ) Il and bar IV), see Fig. 11.
On the base of the above equation the first modal num-

For a local condition defining edge frequencies ((k) it is ob
tained:

ber, which corresponds to the periodfbff.w 120 s, is equal hA | Shoreine R =057 R =036

n = 2, whilst the second one, whose period equals: 30 s,

isn = 9, respectively. That means that for a dissipative multi-

bar shore there are only two basic modes connected with infra; R=-029
I — |

gravity waves. Interestingly, there are no clearly visible waves R= 016

associated with lower modal numbers € 0 and 1) which A Bar I
theoretically represent the strongest infragravity componenty ra—Z=072 g Bagd ar IV
in direct neighbourhood of the shoreline. From the general dis-

persion relationship:
wr=gK(2n+1)tanB, n=1,2,3,... 9)

where K is the wave number and = 27 /T, the following

equation describing the wavelengths of progressive edge waves The existence of bars, their magnitude and regularity have

Ly, is obtained: a substantial influence on relative stability of shoreline and
gtanB(2n+1), its erosion rate. Numerous investigations imply that instanta-

= L (10)  neous lack of a bar due to its destruction during a storm can

ave catastrophic influence on the seashore when a next severe

On the base of this equation we obtained that the wave Wltsborm comes before the bar has a chance to rebuilt itself. Such

T, = 120 s has an alongshore wavelength of some 1700 m, : .
a’shore is much more vulnerable to erosion. Longshore con-
whereas fofl}, = 30 s the wavelength equals 400 m. L . L )
tinuity and discontinuities of the bars are also very important.
3 C | hod . Longshore gaps in bar systems are a kind of “energetic win-
. Coastal morphoadynamics dows” through which the deepwater wave energy can be eas-
3.1. Nearshore bars. For the multi-bar coastal zone (with aily transmitted towards the shore. This can lead to local inten-

limited number of 3-5 bars), typical for the south Baltic, wesive shoreline retreat. Jointly, positions and movements of the

»
X »

Fig. 11. Correlation between on- and offshore movement of bars

Ly,
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shoreline and the bars constitute a compound dynamic struaery 100 m, providing a random field of 27 time series from

ture of the seashore. which the covariance matrix was constructed. This block ma-
While observing various coastal regions, one can identifyrix contained covariances of individual time series along its

both multi-bar shores and the shores totally devoid of barmain diagonal, while cross-covariances among shoreline lo-

Available results of investigations allow one to put forwarccations were placed above and beneath the main diagonal, as

a hypothesis on existence of two fundamental groups of fashown in Eq. (14).

tors controlling generation of bars and their evolution. The

first group comprises environmental passive factors, including

mainly sediment features (grain diameferand densityp,), ’ ’

as well as a mean bottom slope in the coastal zghevwhile Lo

the second group consists of active parameters, associated with

waves and currents, as well as wave transformation and break-

ing. Assuming that the environmental passive factors are of key 150 ()

importance, as they control the potential possibility of genera-

tion of bars and their number on the shore profile, the following

general relationship can be postulated:

n=f(D,p)= f(Gp). (11)

The parametef: 3 represents a mass component parallel
to the cross-shore slope, associated with the weight of sand 5, |-
grains, described by the following formula:

Gp = Gtan 8 = (ps — p)gD? tan 3. (12)

Taking advantage of available data, the following empiri- 0
cal function approximating Eq. (11) has been obtained (with a
correlation coefficienR? = 0.887):

T1’1 TLQ e Tl,L
(14)

100

3 —0.44 29 25 20 15 113 8 10
= . — 7!"0 1 1 1 1
n = 1142 [(ps — p)gD" tan ] (13) o 500 1000 1500 2000 2500
whereD is the sediment grain diameter in [mj],— accelera- Line numbers (above) and distance alongshore (m)
tion due .to gravity a”‘?" - yvater density. A graphical form of Fig. 13. Envelope of shoreline change at CRS Lubiatowo
Eq. (13) is presented in Fig. 12. in 1983-1999
1007 . . . . . .
- The maximum time lag\/ is user defined embedding di-
N o %?isapga%‘elBay ' mension, in combination with L variables forming the anal-
< aressiar oxctibiont o ij(.}ﬁ\ﬁﬁﬁfggn ' ysed random field, the MSSA system matrix is a symmetric
2 | R =0.887 + Lubiatowo _ M - L x M - L problem. Analogously to traditional empiri-
= ® g 83(?11;‘?1‘{}[{126 cal orthogonal functions (EOF), eigenvectdisof the matrix
“? 1056 M Cold Beach ' T provide spatial while principal componentsyield tempo-
2 V' Cape Cool Bay | ral side of the random field in question. Contrary to the EOF
g ] ¢ Alaskan Arctic h h . hich
=N %X HORF Japan | mett od the MS_SA patterns are not unique, which can be es-
. * tablished by taking mean values of all ways the system can be
. reconstructed. For a simple system with= 1 this is shown
%1010 in Eq. (15a,b,c).
1 \\\\H‘ \\\\H‘E \\%‘Vﬂ M
1 10 100 1000 1 L .
Gy = (b, ~ P)gD" tan B (N) (Row)i = 37 3 > iy By for M TSN —M+1
j=1keW
Fig. 12. Number of bars as function of morphological parameters of (15a)

coastal zone 1 i
(Ryz)i=->_> aF ; \EF for 1<T<M—1 (15b)
1

j=1kev
3.2. Shoreline migration. Long term shoreline migration be- v

tween 1983 and 1999, see Fig. 13, has been investigated with (Rya); = 1 Z Z o gk
multi-channel singular spectrum analysis (MSSA), which is N—it+l i I (15¢)

a data intensive statistical technique that explores spatial and
temporal covariance structure of the studied random field si- for N-M+2<I<N.

multaneously. In the studied case the measurements included For ¥ with a single index:, the resulting pattern is called
27 geodetically referenced shoreline locations equally spanntg k-th reconstructed component (RC), which will be denoted
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by z*, the RCs are thus additive, i.&2yx = > 2*. Hence, in particular). This is a real progress in the understanding of
long term shoreline evolution. Interestingly, locations of nodes
‘and antinodes of these waves appear not to follow any consis-
M tent pattern and the evolution at particular spatial points is usu-
T = Z k., (16) ally dominated by the most pronounced standing wave at these
k=1 points, giving the impression that long term shoreline evolu-
The RCs are correlated even at lag 0, so variances of RCs &mn can vary substantially from one sub-segment to another.
not cumulative. The MSSA analysis found that in fact the shoreline evolution

The MSSA study of shoreline change was doneffes 27  contains three periodic components at all points.
shoreline locations evenly spanned along the 2,600 m coastal
segment and for the embedding dimensidn= 30. Western 3.3. Rhythmic shoreline forms (cusps).Field observations
and central locations were enumerated from 29 down to 1&f shoreline rhythmic undulations indicate that they incorpo-
whereas the eastern ones were termed 3 up to 10, which rate several spatial scales. The smallest ones with wavelengths
sults from the history of local geodetic base at Lubiatowo (thef several meters, see Fig. 16A, usually occur during calm or
number 3-10 represent the older part while the 29-11 numbemild wave conditions. A system of such forms can occupy
stand for the newer part). shorter or longer pieces of the shoreline. In such instances, the

Figure 14 presents thé'IRC of the MSSA analysis for all lengths of individual rhythmic forms are in the order of magni-
profiles. For line 29-25 the 1st RC varies int20 m range tude of the incoming wind waves. Similar rhythmic shoreline
about the mean empirical shoreline position. For other prderms are also developed in mild swell conditions. Therefore,
files the ' RC is not as spectacular but still visible with thestudies on beach cusps are usually executed to investigate the
range of variations in that portion of the studied coastal segele of nearshore hydrodynamics in their formation; the current
ment between +4 and —12 m. The variations have a charactgtudy was focused on that issue.
of a long standing wave; the lines for profiles 21 and 07 can For the analysed dissipative south Baltic coast and low en-
be regarded as the nodes of that wave, because of their redagy input from waves and currents, the observed cusps usu-
tively small overall variations. The distance between these twally measured from 6 to 18 m. These quantities are similar to
profiles L = 1.500 m can be interpreted as the standing wavéhose measured by King on a natural beach with= 2.6°
length. Importantly, there is also a temporal node for all proand swellT’ = 9.5 s, (36 cusps with average spacing of 14.7
files. As it occurred during 16 years (1983-1999), we can saw) [4]. Since mechanisms of beach cusp formation are still in-
the period of this standing wave is about 32 years. Howeveaufficiently known [4,5] the presence of these forms could be
this reasoning is entirely based on visual assessment of'the attributed to either sub-harmoni€y = 27) and synchronous
RC that embraces only 16 years of observations, so it is saf@l, = T') edge waves or self-organizing processes. It is also
to judge the period of this standing wave is several decadgmssible that both phenomena can co-operate and thus jointly
see [3]. contribute to the appearance of cusps [5].

The 24 MSSA reconstructed component is demonstrated Assuming that the most common swell in the south Baltic
in Fig. 15. It can be interpreted as standing waves with a p&ea has a period @f; = 6-9 s and the measured beach slope
riod of 7—-8 years, with nodes at profiles 27-26 and 16-15. Theear the waterline equals tgh(~ 0.04-0.05 the expected
antinodes can be observed at profiles 22—-19 and 03-06. Thdexngth of sub-harmonic edge waveg should be within 9-20
fore, a wavelength of 1.000 to 1.300 m can be identified frorm, wheread. . of synchronous edge waves should fall between
the locations of nodes and antinodes. The amplitudes are Bf15 m. The above lengths of edge waves predict that cusp
similar magnitudes£10 m), from their extremes the period of wavelengths equdl,. = 0.5L; = 5-10 m in the case of sub-
7-8 years could be established. Interestingly, this period coiharmonic andL.. = L; ~ 9—20 m for the synchronous edge
cides with the period of the climatic North Atlantic Oscillationwaves. The comparison of dimensions of individual rhythmic
(NAO), so it is possible that its influence is imprinted in shoreforms, building the cusp systeni{ =6-18 m), observed in
line variations of an isolated Baltic Sea. the field, with predictions using approximate values of stand-

The inspection of the'3 MSSA pattern demonstrates a yeting edge wave parameters shows their substantial resemblance.
another standing wave. From the obtained trajectories we esSitch a coincidence may to some extent point to the role of hy-
mate the wavelength to be between 1.400 and 1.600 m and tredynamic, edge wave type forces in the formation of rhyth-
period between 20-22 years. The magnitude of amplitudes wiic shoreline undulations in the conditions of multi-bar, highly
this standing wave is similar to the amplitudes of the previoudissipative shore of a non-tidal Baltic Sea.
two and equals —14 m to +10 m at lines in the centre of the The above indicates that the nearshore area located in close
study area, where it is best pronouncedi-om at other lines. shoreline proximity may exhibit reflective properties in small,

All three patterns represent the forced shoreline responkecal scales, despite the fact that the whole beach system is
to the wave climate, which consists of standing waves witblearly dissipative on a larger scale. Naturally, for generally
different wavelengths and periods. Thus, in light of the MSSAlissipative conditions, such as the analysed case, sub-harmonic
study, the wave climate in general can cause the shorelinedosynchronous edge waves can only rarely become stable in-
perform standing oscillations. Still, the effects of long ternfragravity waves, so the resulting rhythmic shoreline forms are
wave climate fluctuations can be traced as well'(pattern usually volatile and delicate.

kev
the series: can be uniquely expanded as the sum of its RCs
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Fig. 14. First MSSA reconstructed component featuring standing wave with period of several decades

Positive correlations (relationships) between the generance more generated. Such relations may prove that for larger
tion and development of small cusps and the edge waves oaaves there are negative couplings between the energy of edge
only exist for relatively low wave intensity. When waves in-waves and the emergence, development and stability of smaller
crease, cusps of the lengths of from several to ten metres arsps. When either swell or wind waves grow a bit and there is
so disappear, but if the wave height decreases small cusps an@ugh time for shoreline to adopt to a new hydrodynamic
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Fig. 15. Second MSSA reconstructed component featuring standing wave with period of 7-8 years
situation, small cusps, measuring several or tens of metrestdowever, persistence of both small and slightly larger cusps is
so, turn into somewhat larger forms with several tens of metergenerally still low and when they emerge, they can be rapidly

In such situations the observed spacing between cusp hotrensformed into other morphological entities or disappear.
grows to 20-50 m and their amplitudes usually reach 1-2 rirurther growth of wave intensity (beginning of storm) leads

Bull. Pol. Ac.: Tech. 54(4) 2006 401



www.czasopisma.pan.pl P N www.journals.pan.pl

s
S~—

J. Kapiski, R. Ostrowski, Z. Pruszak, and G. Baski

to quick destruction of small and medium rhythmic shorelin@idual, detrended shoreline records and were grouped into 5
forms. In such conditions the existence of larger scale quasilasses, related to the lengths of measured coastal segments
rhythmic shoreline forms and seabed irregularities, as well asd sampling intervals of measurements. The associated deep-
disturbances of wave and current fields (if any), can be manivater wave characteristics correspond to the last daily hydro-
fested, apart from direct measurements, by visually observeginamic regimes just before shoreline records were taken. Ta-
alongshore variability of run-up patterns. Such observatioride 1 shows that the most stable undulations have a wavelength
reveal locations where waves can infiltrate into dry beach pof-. ~ 1600 m, which corresponds to the infragravity wave with
tions, which are bordered by drier adjacent areas. T, ~ 120 s andL. =~ 250-350 m, matchind@}, ~ 30 s and

L. ~ 50-150 m.

Discrete Wavelet Transform (DWT) analyses were exe-
cuted to separate shoreline undulations of different lengths in
order to investigate their individual characteristics. For exam-
ple, the shoreline configurations between storms with the sam-
pling rate Deltax = 8.5 m revealed certain rhythmic features.
Two components, which may represent shorter cusps were re-
ceived for the wavelength bands of 17 nX4 <34 mand 35m
< X2 <70 m. For the first filter the spectral analysis indicates
the peak wavelength di? ~ 20 m. Since this peak is blurred,

a certain wavelength band was adopted to contain the most im-

portant components ranging between 19 h,< 23 m . The

spectral analysis for the second component (35 X< 70

m) identifies the peak withi? ~ 47 m and band of 40m £, <

57 m. The choice of not only a peak valuelgf, but also inclu-

sion of a certain wavelength band in its description, originates

from the fact that the shoreline must continuously adapt to ran-

dom and dynamically changing hydrodynamic conditions. The
Fig. 16. Shoreline forms observed at CRS Lubiatowo bands were thus defined upon the assumption that they should

cover spectral estimates equal to at least 60% of a particular

Soon after storms, particularly when swell prevails, apagieak maximum. We deem wavelength bands to be more repre-
from sections of regular smaller cusps, larger shoreline undsentative for the analysis and assessment of cusp morphology
lations with wavelengths of about 100-300 m are formed (Fighan single numbers of peak wavelengths. The adopted sam-
16b). This distance corresponds approximately to the theiing rate Az = 8.5 m) put a limit for identification of the
present surf zone width. These forms show both larger dimeshortest cusps with wavelengths of just a few metres. For fil-
sions and greater persistence. The greatest stability thougdrs extracting longer wavelengths 70 mX8 < 135 m, 136
is demonstrated by less regular embayments, whose shorerdi< X4 < 270 m and 275 m X5 < 545 m the correspond-
mensions are in the order of a kilometre and their cross-shareg peak values weré? ~ 71 m,LE ~ 170 m andL? ~ 354
amplitudes measure several or tens of metres or so. The charrespectively. Thé.? andLL, values can be interpreted as the
acteristic wavelengths of rhythmic shoreline undulations fdbasic multi-scale components describing shoreline rhythmicity
10 records of shoreline configurations are presented in Tduring calm periods for wavelengths ranging between 20 m <
ble 1. They were obtained from spectral analyses of indiE. <550 m.

Table 1
Wavelengths of rhythmic shoreline undulations and deepwater wave parameters registered at CRS Lubiatowo in 2001 and 2003
No Date Surveyed shoreline Samp. Wavelengths of rhythmic forms in sections [m] Deepwater wave parameters
[d/mly] length [m] int.[m] 51000 500-1000 200-500 50-200 <50 H, [m] T, [s]

1 30/08/01 2500 50 500 160 0.3-0.6 4.1-5.4

2 04/10/01 2500 16 1600 0.7-1.3 4.2-5.2

3 17/04/03 2500 10 1600-2000 80 23 Unrecorded Unrecorded
4 16/07/03 700 8.5 170 19,40 Unrecorded Unrecorded
5 17/07/03 2400 10 1500-2000 120, 65,54 40 Unrecorded Unrecorded
6 03/09/03 2400 10 1600-1900 250 85, 120 0.5-1.0 3.7-5.3

7 03/10/03 2400 8.5 1600-1900 0.3-1.1 3.5-4.8

8 19/10/03 7500 67.5 2000 280 0.4-1.2 3.7-6.0

9 12/11/03 7800 41 1650 340 185 0.2-0.3 2.6-3.6

10 26/11/03 2500 9.5 1700-1900 240 70 Unrecorded Unrecorded
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4. Concluding remarks riod of gravity wind waves that predominate at the Lubia-
The major conclusions on the obtained achievements are sum{OW0 beach. The sub-harmonic edge waves, as well as syn-
marised below: chronous edge waves (with the period equal to the period of
wind waves), are believed to generate small shoreline forms,
— Gravity wave models worked out in the Lagrangian ap- |ike peach cusps.
proach can be easily applied to simulation of different | ong term shoreline migration was found to consist of three
shallow-water wave phenomena including wave behaviour standing waves with periods ranging between 7-8 years up
in the swash zone and orbital motion in the whole mod- {5 several decades and wavelengths between 1000 m and
elled area. Additionally, using the Lagrangian point of view 1600 m. Each of them is present in the whole study area
some no-linear effects like non-sinusoidal wave shape andgjthough only one is a dominant feature at any given loca-
a wave driven current can be obtained already in the linear tjon. They represent forced shoreline response to the wave
approach. climate; due to coincidence of periods the wave With- 8

— Due to presence of the bar system, waves are subject to mulyears can originate from the influence of the North Atlantic
tiple breaking which causes wave energy dissipation and ggcijlation.

reduction of wave height. Thus, the bars protect the shore

and the beach from the erosive impacts of storm waves. Tm%knowledgements. The paper comprises results of funda-

spatial distribution of energy dissipation largely depends Ofhental research carried out within the thematic programme no.

deepwater wave heigh_t. 2 of IBW PAN, which is hereby gratefully acknowledged.
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