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The shallow sandy shores of the Curonian Spit (the Russian part of the South-Eastern
Baltic) are regularly exposed to storm activity. The Spit foredune serves as a barrier to
protect ecosystems and settlements from dangerous hydrometeorological phenomena.
Consecutive number of storms resulted in intensive erosion of the foredunes as well as in
breaking and flooding of the territories. Quantitative assessment of the beach-foredune
system was carried out using terrestrial laser scanning technology. The evaluation
included pre-storm measurements of the system condition, as well as a series of
post-storm assessments in 2014-2016. This allowed us to obtain multi-temporal, high-
precision digital models of the coastal topography for further morphodynamic analysis.
The foredune experiences the worst slope erosion changes under the cumulative effects
of several events. Prolonged exposure to strong winds of open points, wind surge and
waves leads to erosion of the beach, losses in morphology and a shortage of sands.
As a result, the dissipation of the wave energy decreases, which may cause erosion
of the foredune in some upcoming storm events. This shows that the sequence and
timing of various storm events play an important role in the variability of the entire
system. The use of high-precision distance measurement tools allows to carry out
accurate estimates of sand dynamics in the onshore systems. Such assessments provide
information on the morphological response to repeated storm events, including variable

exposure parameters for taking effective shore protection solutions.
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1. Introduction

The coastal zone, which is an active development
zone, is of high importance for current economic ac-
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tivities. Also the coastal zone of the sea has a high
recreational potential [Kosyan and Pykhov, [199]]
The impact of natural processes on the coastal
zone, as well as anthropogenic activity, leads to reg-
ular changes. Studies of the current coastal zone
dynamics make it possible to identify the most dan-
gerous processes, so that to work out a number of
measures for the coastal preservation. Technologi-
cal development offers new research tools that pro-
vide accurate timely quantitative characteristics of
the dynamics.
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The largest south-eastern coast of the Baltic Sea
coastal accumulative form is the Curonian Spit.
It starts near the city of Zelenogradsk. The spit
stretches north-east, ends in a narrow (400-650 m)
strait opposite the city of Klaipeda [Badyukova et

al., Boldyrev and Zenkowvich, [1982; Gudelis,
1959} Kirlis, Leontiev et al., {1985
Zhindarev et al., [199§].

Natural — man-made origin of the Curonian Spit
foredune is its special feature. Separate fragmen-
tary dunes were joined into a solid protective ridge,
which was restored on several occasions. Drifting
sands used to be fixed with protective sand bar-
riers. From about 1864, the creation of a coastal
dune was defined as a special type of protective
hydraulic structure. The duty of the foredunes
monitoring in 1927 was assigned to the Prussian
hydrotechnical department. On the Curonian and
Vistula Spit, the measures were taken to enhance
the sea-facing slope.

Hazardous hydrometeorological phenomena have
a significant impact on the existing natural geo-
morphological condition of the coastal zone. In-
tense wave activity destroys the natural makeup
of dune complexes, and turns a significant factor
in their development. Seasonal storms observed in
the water area of the Southeastern Baltic Russian
site regularly cause various damage to the exist-
ing dune complexes of the Curonian Spit [Bobyk-
ina and Stont, Ryabkova, Teplyakov
and Boldyrev, . Washout of the composing
material changes their morphology, which boosts
various processes [Harley et al., 2016} Labuz, 2014}
Sigren et al., Weymer et al., 2015). The
method of terrestrial laser scanning allows us to
create a three-dimensional model of the complex
relief, which, when compared, provides the basis
for assessing the dynamics [Brizi et al., Mon-
treuil et al., Szulwic et al., Volkova et
al., . While the monitoring on the territory
of the Curonian Spit on the Baltic Sea was carried
out, terrestrial laser scanning was used to assess the
condition before and after a series of storm events,
which makes it possible to calculate the amount of
loss and accumulation of sandy material that oc-
curred as a result of the storm impact, as well as
redistribution due to activated gravitational pro-
cesses. The effect of a series of storm events on a
shallow accumulative coast was previously studied
for the tidal water coasts [Christiansen et al.,
Claudino-Sales et al., Ferreira, 2005].
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The technology of terrestrial laser scanning al-
lows to obtain highly accurate results and use
3-D modeling, especially for the areas with com-
plex morphology. This technology is used widely
in researching of various natural objects (vegeta-
tion [Bienert, ; water bodies [Hobbs et al.,
, research and monitoring of landslide pro-
cesses [Abelldin et al., Hobbs et al.,
Poulton, ; and coastal zone [Fabbri et al.,
Poulton, Sergeev et al., Volkova
et al., .

2. Materials and Methods

2.1. Terrestrial Laser Scanning
Measurements

The LiDAR technology is based on measuring
the time it takes a laser pulse to go from the emit-
ter to the target and back to the receiver. Then the
distance to the target is calculated [ Wehr and Lohr,
. This principle has been used in various types
of mobile measuring devices, which include marine
laser scanning, airborne laser scanning, and terres-
trial laser scanning.

Two Topcon GLS-1500 topographic laser scan-
ners were used in this research. Topcon GLS-1500
is a pulse laser scanner with a measuring range of
up to 330 m. The accuracy of measuring distances
is up to 4 mm, angles up to 6”. The frequency
of scanning is 3000 Hz (3000 points per second).
The scanner is equipped with a class 1 laser, with
a wavelength of 1535 nm. The result of the topo-
graphic scanner is a point cloud, obtained by com-
bining polar measurements from each of the scan-
ning stations. Point clouds are narrowed through
the back-sight on the reference point. The coor-
dinates of each station and reference point were
determined with Topcon GR-5 GNSS equipment
in the Real Time Kinematic methodology and the
differential measurement mode.

Within this study, a total of 10 complex sur-
veys were carried out at the study sites: 6 at site
“A” (Museum), of which 3 corresponded to pre-
storm conditions and 3 to after storm conditions;
as well as 4 surveys at site “B” (Morskoye), where 2
pre-storm and 2 post-storm scans were performed.
Taking into account the characteristics of the scan-
ning system, the morphology of the coast, the sea
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Figure 1. Locations of the two test sites on the Baltic Sea coast (The Curonian spit).

slope of the foredunes, the height of the embryo e Coordinate station referencing and reverse
dune, and the width of the beach, 3-6 scanning sighting marks using DGPS data obtained
stations were carried out within each survey ([Fig- during field work;

ure 1).

e Filtering disturbances, such as vegetation, as
well as random obstacles (birds, passers-by);

2.2. Processing of the Results and

Morphological Analysis e Export point cloud in ASCII format for fur-

ther analysis in GIS.

The field materials Topcon GLS-1500 were evalu- ~ The digital relief model was built on ESRI
ated in the specialized Topcon Scanmaster software ArcGIS 10.0 using the Natural Neighbor interpola-
and the following included: tion method in raster form and a cell size of 0.2 m,

due to its high density and measurement details

e Consolidation and alignment of individual (less than 3.5 cm in plan between the measurement
measurements of DL by means of reverse points). The construction of digital models was
sighting marks; carried out for the implementation of morpholog-
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Vegetated foredune

Figure 2. Shore morphological classification as result of DEM and aerial photographs

analysis.

ical analysis and zoning. Orthophotographs were
used as support materials. The use of ESRI ArcGIS
10.0, visual interpretation of aerial photographs,
slopes (Slope tool) identified the following in the

sites (Figure 2)):

1. Foredune sea slope (active — site “A”; covered
with vegetation — site “B”). Borders were de-
fined as areas of the largest height gradient of
the digital model surface. [Fabbri et al.,

Mitasova et al., |2005];

2. Embryo dune (site “B”). Embryo dune are lo-
cated in the beach rear part and are signifi-
cantly affected by wave processes (including
storm erosion). They include embryo dune
and incipient foredunes, and interact with the
beach in an integrated system [Bauer and
Sherman, . Embryo dunes are small
in size, usually not exceeding 2 m in height,
and are located in the rear part of the beach.
Their development is caused by the emergence
and growth of pioneer plants, which further
leads to the growth of primary foredunes;

3. Beach. Beaches represent a dynamic part of
the coastal system in accumulative geomor-
phological type of the coast. Beach load de-
posits contribute to aeolian transport along-
shore, as well as to the development of fore-
dunes and embryo dunes; they are affected
by wave activity. In storm conditions in the
beach zone (when the surface slope is not
high), the wave energy is dissipated.

4. Swash (splash) zone, however, is not studied
in this paper.

2.3. Hydrometeorological Data and
Observations

Meteorological data were obtained with the Air
Hydrometeorological Station (AHMS), which is set
28 m above sea level on the OIFP D-6 in the open
coastal part of the marine area. According to the
meteorological measurements of the station, the
average and maximum wind speeds (in m/s) are
calculated at intervals of 2 and 10 minutes, respec-
tively, and the wind direction (in degrees) averaged
over 2 and 10 minutes. Sensor sampling resolu-
tion is 30 sec. Wind direction and repeatability
data were automatically averaged to three-hourly
values. We used data for the period 2014-2016,
corresponding to the temporal boundaries of the
estimated periods of storm activity. During pro-
cessing, the data were reduced to a standard height
of 10 m above sea level [IWMO, . The sea level
and wave height information was obtained from the
level post of the federal hydrometeorological net-
work in the town of Pionersky (the Kaliningrad re-
gion). According to meteorological observations,
storm windroses were worked out on the winds
stronger than 8 points Beaufort scale [Schwartz,
pOvS.

The sea wind directions for the studied areas (az-
imuth of orientations are 314°and 305°) are in the
range of 239°-29° for site “A” and 230°-20° for site
“B”. The alongshore ones were defined as 209°—
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Table 1. Hydrometeorological Conditions During TLS Measurement Periods
Site Period Total Event Dura- Direction  Wind Max Significant  Beach
number  date tion, speed, height wave height inunda-
of hours m/s of the (depth 2 m), tion
storm storm m width,
events surge, m m
“A” Per. 1 6 10.12.14 6 SSW 18 +0.05 0.72 4.0
(Museum) 13.12.14 12 S, W, WSW 19-20.5 +40.11 1.1 16.3
02.01.15 6 WSwW 20.5 +0.31 1.1 24.4
04.01.15 12 NNW 18-19  +0.93 1.1 32.2
11.01.15 18 W 18-19.5 +0.66 1.15 28.6
13.01.15 6 SSW 18 +0.46 1.05 23.0
Per. 2 1 30.03.15 6 SW, WSW 19-23.5 +0.06 0.83 7.3
Per. 3 1 18.06.16 6 W, WSW 20 0 0.91 6.1
“B” Per. 1 6 02.01.15 6 WSW 20.5 +0.31 1.1 16.8
(Morskoye) 04.01.15 12 NNW 18-19  +0.93 1.1 26.3
11.01.15 12 W 18-28  +0.66 0.91 22.7
13.01.15 6 SSW 18 +0.46 1.08 19.3
01.02.15 3 WSW 18 +0.41 0.87 16.5
30.03.15 6 SW 19-23.5 +0.06 0.84 12.4
Per. 2 9 08.11.15 12 WNW 19-19.5 +0.24 0.88 9.1
10.11.15 6 W 20 +0.29 1 10.4
19.11.15 6 WSwW 18 +0.52 1.03 14.1
30.11.15 6 SW 19.5 +0.53 1.13 15.3
04.12.15 6 WSwW 19 +0.32 0.85 11.6
6-7.12.15 24 WSwW 18 +0.56 1.14 14.6
22.12.15 6 WSW 20 +0.58 1.05 26.8
25.12.15 6 WSwW 18 +0.36 0.95 15.5
28.01.16 3 WSW 18 +0.12 1.11 16.0

239°(200°-230°) and also 29°-59°(20°-50°) [Arens
et al., (1995 Walker et al.,[2009)].

Maximum total water level (TWL) was calcu-
lated using equation

TWL = SS + R (1)

Here: SS — storm surge level; Ry — wave run-up.

Wave run-up height was calculated using Mase
[1989] equation calibrated for Southeastern Baltic
Sea using field measurements by Paprotny et al.

[2014] as shown in ({2)):
tan(«)

0.72
VL)

Here: H, — significant wave height, o — beach slope

Raoo, = 1.29H3< 2)

(sin of width and relative thickness relation), L —
wavelength.

Consequently using equations (1) and (2) beach
inundation width was calculated as follows equa-
tion (3)):

BRT
BI = TWL x cot (arctan BW > (3)
Here: TWL — maximum total water level; BRT —
beach relative thickness (difference between shore-
line height and back beach height); BW — beach
width.

The main hydrometeorological parameters that
were obtained for periods of storm activity are the
direction and speed of the winds, the duration and
sequence of exposure, the height of the wind surge,
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Figure 3. Storm windroses durind periods.

significant wave height and related beach inunda-

tion width (Table 1)).

3. Results and Discussion

3.1. Hydrometeorological Conditions of the
Periods

During the periods under study, the hydrometeo-
rological situation was characterized by conditions
that were different in their vectors and structure
(Figure 3).

The second and third quarters of the cardinal
points prevailed in the 1st period of site of “A”,
namely, ESE direction (12.8%), S (12.4%), SW
(11.8%), SE (11.4%). Storm events are charac-
terized by winds of 20-22 m/s. WSW and SW
(one event each) as well as 18-20 m/s in the same
points. There are 2 events of NNW and W direc-
tions with speeds of 18-20 m/s. In this period,
the storms along the coastline get replaced with
storms of open points. The maximum significant
waves height reached 1.15 m, with a surge height
of +0.66 m, while the maximum inundation width
32.2 m was reached at NNW directions.

Period 2 of site “A” is characterized with a pre-
dominance of the W winds with a repeatability of
24.1%, as well as a WNW of 11.7% and a WSW
10.2%. Storm events are connected with W winds
of 24-26 m/s, and also a WSW of 1820 m/s. In
this period, the storm direction from open points
is replaced with an alongshore storm. Beach inun-
dation width do not exceed 8 m.

In Period 3 of site “A”, N wind prevailed at 12%,

W — 11%, and NW — 10.2%. Storm events — W
and WSW points with speeds of 18-20 m/s, single
incidence with weak inundation of 6.1 m.

In Period 1 of site “B”, the wind situation is char-
acterized by the third quarter of point, W (15.6%),
SW — 12.4%, and WSW — 10.8%. Storm events of
NNW directions are characterized by winds of 18—
20 m/s. In W and WSW points, winds of 18-20
are observed six times, 20-22 m/s and 24-26 m/s
once. The maximum inundation width is related to
the NNW wind directions that caused high surge.

Period 2 of site “B” was dominated by W (14.3%)
winds, WSW (10.2%), ESE (10.6%), NW (9.8%).
Storm events of W points of 20-22 m/s once, 18—
20 m/s five times, while SW — 18-20 m/s three
times. The maximum of the beach inundation
width during period is 26.8 m associated with the
WSW direction event.

Based on wind wave field observations, various
fetch-growth law variants are known and discussed
in many papers (e.g. Battjes et al. , Komen
et al. [1996]). They can make the following gen-
eralizations of factors limiting wind-wave develop-
ment:

1. Fetch-limited (wave development is not lim-
ited by the exposure time, but is limited by
the acceleration length);

2. Duration-limited (wave development is not
limited by the acceleration length, but is lim-
ited by duration of the wind forcing).

In view of these provisions, as well as hydrome-
teorological observations, it is obvious that storms
of open points affect the coast due to the greater
length of acceleration, which allows wind waves to
develop. At the same time, short duration events
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Volume
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l-0.15--0.125
B -0.125- 0.1
B -0.1--0.075
[ -0.075 - -0.05
[7-0.05 - -0.04
[ ]-0.04--0.03
[ ]-0.03--0.02
[ ]-0.02--0.01
[ ]-0.01-0.01
[ o.01-0.02
[o.02-0.03
[o0.03-0.04
[o0.04-0.05
[ o.05-0.06
Mo.06-0.07
o.07-0.08

Beach

Foredune
seaward slope

Embryo dune

Vegetated
foredune

Figure 4. Storm forced sand dynamics at sites during periods The volume of beach
changes were obtained from the DEM analysis (Table 2)).

(duration-limited) are also a factor initiating inun-
dation of the beach. Due to the difference of in-spit
position and exposition for site “A” the WSW di-
rection is fetch-limited (10-15 km), while for site
“B” the acceleration length is already 50 km what
could be enough for the waves development.

3.2. Results of Terrestrial Laser Scanning

The measurements obtained during the scan al-
lowed us to construct digital elevation models for

both the studied areas: site “A” (Museum) and site
“B” (Morskoye). Digital models which are coordi-
nate and altitude referenced to DGPS data enabled
to make a comparison of different periods and to
evaluate the changes in the series of hydrometeo-
rological events that occurred ([Figure 4)).

It makes sense to interpret the dynamics of the
beach area under the exposure to hydrometeoro-
logical hazards in the winter of 2014-2015 for both
periods and sites together. Then it is revealed that,
against the background of a fairly intense wave ero-
sion of the beach in section 2 (erosion exceeds ac-
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Table 2. Volumetric Characteristics of the Dynamics in the Beach Zone

Period Erosion, Accumulation, Balance, Total erosion Total accumulation Erosion Accumulation

m?/m? m?/m? m?/m?  volume, m? volume, m? area, m?> area, m?>

Site “A” (Museum)

Per. 1 0.23 0.23 0.00 180.04 297.98 796.72 1315.84

Per. 2 0.05 0.27 0.22 13.94 396.98 274.72 1463.56

Per. 3 0.09 0.24 0.15 182.54 319.92 2023.28 1338.72
Site “B” (Morskoye)

Per. 1 0.36 0.03 —0.33 1131.53 0.16 3163.84 5.92

Per. 2 0.63 0.00 —0.63 1240.62 0.00 1804.36 0

Table 3. Volumetric Characteristics of Dynamics in the Zone of Foredunes and Embryonal Dune

Period Erosion, Accumulation, Balance, Total erosion Total accumulation
m? /m? m? /m? m? /m? volume, m? volume, m?

Site “A” (Museum)

Per. 1 1.37 0.23 —1.14 1100.58 13.32

Per. 2 0.53 0.40 —-0.13 83.43 74.83

Per. 3 0.09 0.07 —0.03 121.50 28.58
Site “B” (Morskoye)

Per. 1 0.13 0.22 0.08 39.27 88.98

Per. 2 0.39 0.09 -0.30 428.10 3.94

cumulation by an order of magnitude) there is no
change in balance at 14 km spot, even with the ob-
vious destruction of the surface coastal ridge. This
may indicate a significant redistribution of sand
material within the “beach-foredune” system under
the impact. Period 2 demonstrates the accumula-
tion of material in the rear and frontal parts, as
well as the erosion of the coastal ridge. In general,
it is obvious that under the storm waves impact,
the beach forms of the relief (in this case, ridges)
get leveled and smoothed under the reciprocating
action of the waves, which results in a strip-like
alternation of erosion and accumulation zones of
various intensity.

The volumetric characteristics of erosion and ac-
cumulation in the foredune zone of site “A” (Mu-
seum), as well as of the embryo dune of site “B”
(Morskoye), according to the results of the DM
analysis, are given in

Volumetric analysis showed that storms have an
impact on the zone of the foredune and embryo
dune if the storm events are frequent and open-

pointed. Some of the eroded material can probably
be redeposited in the beach zone, as well as within
the zone itself. The characteristics obtained during
the assessment can be applied to evaluate the im-
pact on the beach system and the protective dune
ridge.

The volumetric assessment of individual morpho-
logical zone dynamics gives a quantitative idea of
the drifting sands volume in the time interval be-
tween separate measurements, but does not fully
characterize the morpholithodynamic process. An-
other factor is some other processes that alter the
end balance of the moved material.

The morphodynamic volume of changes in the
conditions of storm activity should include only
those changes that directly or indirectly occurred
under the influence of dangerous hydrometeorologi-
cal phenomena. shows an example of calcu-
lating the morphodynamic volume for Per. 1 storm
period taking into account the patterns of erosion
and accumulation distribution. The following fac-
tors influence the total volume of calculated erosion
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Table 4. The Calculation of the Morphodynamic Volume of Sandy Material Storm Movement in Per. 1

(Site “A” (Museum))

Morphological Erosion, Accumulation, Morphodynamic volume Deduced morphodynamic
zone m? m? (storm) volume, m?3/m?
Erosion, Accumulation, Erosion, Accumulation,
m?> m3 m?/m? m? /m?
Beach 180.04 297.98 813.81 931.75 0.39 0.44
Foredune 1100.58 13.32 1087.26 — 1.26 —

in the period:

1. Transportation of sands from the foredunes
during the exposure and its partial redepo-
sition in the beach area while an extensive
accumulation zone gets shaped (increasing of
the beach relative thickness);

Gravitational transportation of sands in the
foredune zone after the end of a storm event
while the accumulation zone develops.

Thus, the volumes of beach erosion, beach accu-
mulation, and the foredune storm erosion are cor-
rected.

1. Erosion of the beach in Period 1. Due to the
displacement of a large amount of sand from
the foredunes and its deposits in the beach
zone, it is possible to determine the actual vol-
ume of storm erosion by the magnitude of the
surface part of the swash zone dynamics. Tak-
ing into account the volumetric erosion of the
coastal ridge (180.04 m?), it was 0.385 m?3/m?
(813.81 m? in total).

. Beach accumulation in Period 1. The accu-
mulation volume on the beach due to the re-
distribution of the eroded foredune material
includes two components: the material neces-
sary to achieve a zero balance of erosion and
accumulation, without the coastal ridge ero-
sion of 633.77 m3; the volume of accumulation
by volumetric assessment of 297.98 m3, that
is, the material that was accumulated over the
volume of erosion during the wave action. The
accumulation of material amounted to a total
of 931.75 m? (0.44 m3/m?).

Foredune storm erosion in Period 1. In the
course of the erosion of the foredune sea slope,
the volumetric assessment defines volumes of

9 of

both the erosion and the accumulation. The
accumulation zone (13.32 m?) in this case
is located at the foot of the eroded slope,
in the vicinity of the intensive erosion zone
(1100.58 m3), which ascribes the origin of this
volume to gravitational redistribution after
the end of the storm impact. Thus, the total
volume of erosion is 1087.26 m? (1.263 m?/m?).

For other periods where there is no obvious re-
distribution of the material, the morphodynamic
volume of the storm movement (if available), which
indicates the movement of sands to either the sub-
merged coastal slope or to the swash zone, is volu-
metrically calculated according to the vectors (ero-
sion or accumulation). Morphodynamic volumes
are presented in

Under the conditions of storm exposure, the
morphological parts of the coast undergo various
changes associated with the movement of the com-
posing material. Such movements result in mor-
phological changes, manifested in a profile change
of the coast. Such changes are very different and
are in a multiple relationship with both external
forces, and its internal structure. Given the volu-
metric assessment, as well as the subsequent cor-
rection and morphodynamic volumes of the beach-
dune ridge system storm changes, probable scenar-
ios of morphological changes under the influence of
storm activity on the Curonian Spit were obtained.

As the analysis showed, the storm impact on
the coastal system becomes evident under the com-
bined effect of hydrometeorological factors.

Foredune erosion with the formation of an ero-
sional scarp (which was typical in the Per. 1, site
“A”) occurs in two main stages. In the first stage,
under the conditions of exposure to storm winds
of open points and storm surge, there is a consis-
tent erosion of the beach (a decrease in the beach

14
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Table 5. Deduced Morphodynamic Volume of
Storm Erosion

Period  Beach, m3/m? Foredune (14 km)
or embryo dune
(42 km), m3/m?
Site “A” (Museum)
Per. 1 —0.39 —1.26
Per. 2 —0.05 -
Per. 3 —0.09 -
Site “B” (Morskoye)
Per. 1 —0.36 —-0.13
Per. 2 —0.63 —-0.39

volume which increases beach inundation width, re-
spectively). Sustained beach erosion is manifested
in the formation and gradual movement of the ero-
sion scarp towards the foredune. In the beach ero-
sion process, the accumulative forms of the beach,
the ridges, are also eroded. Gradual erosion lowers
the beach mark until reaching the storm profile —
the beach acquires small slopes, but does not reach
a flat plane due to the greater dissipation of wave
energy as it moves deeper into the zone. The depth
of the beach storm erosion towards the foredune
much depends on the duration of the impact of the
event (10-12 hours).

The second stage occurs when there is a small
gap between the storm events of the first and sec-
ond stage (7-10 days), as well as the absence of con-
ditions for restoring the accumulative beach profile
and increasing its volume. In Period 1 (site “A”)
the second event occurred within 7 days and was
characterized by 18 hour western storm winds of
18-19.5 m/s, as well as a lower surge (+0.66 m).
Under these conditions, along the storm profile
of the beach, the waves reached the foot of the
foredunes (beach inundation width was more than
28 m), where a small wave-cut notch gradually be-
gan to develop. As the notch deepened the overly-
ing foredune, sands collapsed under the gravitation
and redeposited on the beach under the wave re-
turn motion.

Under the impact of a series of storm events of
lesser intensity (typical for Periods 2 and 3 of site
“A”) accumulative ridges close to the sea edge and
subjected to erosion can both increase the amount
of erosion losses and create an additional barrier to
the wave flow.
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The short duration of intense events (3-6 hours),
even in intense phenomena does not lead to the
development of erosion scarps on the beach, due
to duration-limitation factor. This period becomes
only the inception phase for the development of the
storm profile of the beach and the erosion of the
nearby accumulative forms. We should also note
that the impact of steady prevailing winds of the
western, northwestern and northern points leads
to a fairly homogenious erosion of the beach and
the retreat of its borders. If the number of west-
ern winds grow, this becomes less intensive (up to
—1.2 m), and in the case of northern and north-
western winds, it can reach —11 m, which, however,
is not directly related to storm events.

Storm impact in gentle coastal slope conditions
(30 m isobath is located 27 km from the coastline),
as well as the inherent accumulative coast type of
site “B” commonly result in the erosion of the em-
bryo dune. Foredune remains stable, and is densely
covered with marram grasses.

The impact of the events of open points (for ex-
ample, in Period 1 of site “B” — a six-hour NNW
(18-19 m/s), a nine-hour W (18-19.5 m/s), and
also, with an interval of 29 days, an eighteen-hour
NNW (18-9 m/s)) under these conditions opens
the development of a storm profile and morpho-
logical changes like the erosion of the accumula-
tive beach forms. In the conditions of the win-
ter storms of 2014-2015, two generations of these
forms were eroded in site “B”. The impact on the
embryo dune (still underdeveloped) is insignificant,
mainly in the wash-off of a small amount of sand
with wave swash.

Under another scenario, the steady predominance
of westerly and northwesterly winds causes the ac-
cumulative types of the coast to be vulnerable to
storm effects (beach inundation width was 9-10 m).
As mentioned earlier, the steady winds of these di-
rections cause gradual, homogeneous erosion of the
beach and the encroachment line approach towards
the land edge. In such a situation, early storm pe-
riod witnesses a shortage of available sand on the
beach. Narrow beaches which are not fed by sed-
iments from large slope beaches, see rapid devel-
opment of the beach erosion scarp affected by the
open point winds (e.g. WNW and NNW) even for a
short duration (6-8 hours) and its advancement to-
wards the embryo dune. This shapes a storm beach
profile and opens the embryo dune for erosion. In
Period 2 of site “B” embryo dune erosional scarp
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was developed under the action of a series of short
intense events of the WSW direction (18-21 m/s).

Such a significant difference in storm changes
earlier in different parts of the spit was previ-
ously discussed [Kirlis, . It is related to the
difference in surge height, which is provided by
coastal slope configuration [Babakov, . It is
also associated with the width and slopes of the
beach (wide beaches with significant slopes dissi-
pate wave energy well) [Kirlis, , which, how-
ever, can be seen as controversial when considering
series of storms, when beaches lose shore deposi-
tion during the initial storm events, and new storm
events already affect beaches with a strong deposi-
tion deficit.

Hurricane (extreme) storms, previously recorded
in papers and for which pre-storm and post-storm
morphodynamic observations were made, were ob-
served in 1967 and 1982.

In 1967, a storm of 15-20 hours and a wind speed
of up to 40 m/s caused a wind surge of up to 3 m.
[Kirlis, Shuysky, . Under these con-
ditions, the foredune of site “A” has undergone
erosion in the volume of 0.38 m3/m?, while the
beach of 0.64 m®/m?. In site “B”, the foredune
erosion was 0.33 m?®/m?, the beach erosion was
0.47 m3/m?.

In 1982, a storm of up to 40 m/s of predomi-
nantly a SW direction (alongshore) which lasted 12
days, caused a wind surge of up to 3-3.5 m. [Kirlis,
, which led to the erosion of the foredune in
site “A” to 0.71, and 0.91 of the beach; in site
“B”, the foredune was eroded to 0.27 m3/m? and
the beach to 0.29 m3/m? [Kirlis, Zharomskis,
1982]. This allows to conclude that the duration of
hurricane storms exposure plays a key role. The
alongshore direction of storm winds brings satu-
rated alongshore deposits drift which is reflected
in the dynamics of the spit parts where the un-
derwater bars are developed (section “B”) [Kirlis,
. Comparatively, the intensity of erosion that
occurred during the hurricane storms of 1967 and
1982 does not exceed the intensity of the erosion of
the Period 1 in site “A”, and Period 2 in site “B”
in spite of half the wind force (18-23 m/s against
40 m/s), or a significant difference in the height of
the storm surge (0.94 m against 3 m).

In comparison to earlier observations of storm
periods from July 1975 to July 1976, 26 events
of mainly W-SW directions were recorded. Over
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the period, in site “A” the beach erosion was of
0.3 m®/m?, the foredunes of 0.9 m®/m?, and on
the site “B” it was not observed (for both mor-
phological zones +0.1 m3/m?) [Kirlis et al., [1981].
In the period from July 1976 to July 1977, there
were 18 events of predominantly N-NW directions,
and erosion was observed only on the beach; in the
site “A” it was 0.03 m?®/m?; while in site “B” —
0.06 m3/m? [Kirlis et al., [1981], which, however,
may be associated with the impact of only the lat-
est storm events. Comparison of these results with
the results of this work, as well as the hurricane
storms of 1967 and 1982, allow us to conclude that
a series of storms of non-exclusive strength can ul-
timately cause the erosion of beaches and foredunes
with greater intensity than a hurricane storm which
lasts longer than any of the events of the series.

4. Conclusion

The research focused on the volumetric variabil-
ity of the beach — protective dune ridge system un-
der storm conditions of a synoptic scale. Earlier
estimates of storm dynamics used to be related to
the changes in linear characteristics. The current
study produced highly accurate calculations of the
volume dynamics of sandy material.

Exposed to storm conditions, the morphological
parts of the coast undergo various changes associ-
ated with the movement of the composing material.
Such movements result in a variety of morphologi-
cal changes, manifested in a coastal profile change.
These changes are various and are in a multiple
relationship with both external forces, and with
its internal structure, formed by the previously ap-
plied effects, mainly expressed in beach sediments
volumes. For determining the scenarios of morpho-
logical changes under the influence of storm activ-
ity, the volumes of morphodynamic changes were
obtained based on the volumetric approach.

All this allows the following conclusions:

1. The main factor of morphological variabil-
ity during storm activity is the wave run-
ups and storm surges causing an increase of
beach inundation width. The maximum value
is reached under the influence of the storm
winds of open points of great duration, mainly
of western to northern points, because not
fetch-limited;
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2. Storms along the coastline directions with
high speeds (20-24 m/s) due to fetch lim-
itation cause lower wave run-up and surge
heights. However, these speeds are enough to
start the formation of a storm profile on a part
of a beach. They create favorable topographic
conditions for subsequent storm events (the
reduction of beach in volume and the reduc-
tion of its slope);

3. The foredune erosion during storms of an av-
erage strength occurs due to the cumulative
effect with the occurrence of storm events, be-
ing expressed in two main stages. In the first
stage, conditions are created for the foredunes
to reach the border — a low storm profile of the
beach, and, with sufficient duration or a repe-
tition of the storm event — to reach the bound-
ary of the foredunes, with the formation of a
small wave-cut recess that encourages the col-
lapse of the foredune material. This material
can be redistributed to the beach, while main-
taining its storm profile;

4. For accumulative shores, hazardous conditions
for storm erosion occur when exposed to the
steady winds of open points. This leads to
a reduction in the volume of the beach, ac-
companied by its retreat. As a result of this
process, there is a zone of significant volume
contrast at the border of the swash and beach
zones, which creates morphological prereq-
uisites for the formation of a beach erosion
scarp;

5. A series of storms of an average strength can,
in the end, cause the erosion of beaches and
foredunes with greater intensity than a hurri-
cane storm, which lasts longer than any indi-
vidual event of a series of storms;

6. The average turning point of beach erosion
for initiating the foredune erosion on a 14-
kilometre site is between 0.2-0.4 m3/m?, for
a 42-km site to affect the embryo dune it is be-
tween 0.3-0.6 m®/m?, depending on the size
of the accumulative beach forms.
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