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Abstract

Purpose. The purpose of the study is to consider both the features of storms in the attenuation stage as
a factor in the coastal profile restoration after storm erosion, and a potential cause of seasonal
deformations.

Methods and Results. Seasonal morphodynamics of accumulative coastal areas was studied in
the regions both of the Vistula Spit (South-Eastern Baltic) based on the monitoring measurements of
coastal profile performed by the employees of the Shirshov Institute of Oceanology, RAS, from May
2019 to March 2022 and the Oktyabrskaya Spit (western Kamchatka) using the measurement data taken
in 2010-2011. Two indices describing the storm structure are used: the ratio of the attenuation stage
duration to the total storm duration Rt, and the ratio of the median value of storm wave height during
the attenuation stage to the peak wave height of the storm event Rus. The variations in R, and Ry
during a year are statistically analyzed based on the ERA5 long-term wave reanalysis data. It is found
that the R, index does not tend to change on a seasonal scale. When the Ry index is close to one and
changes slightly during a year, the coastal profile does not experience seasonal changes. If Ry, changes
in course of ayear decreasing significantly during the period of more intense waves, the coast
experiences seasonal changes.

Conclusions. The variations in wave intensity during ayear do not always result in the change of
average position of the coastal profile. The key factor may consist in the seasonal trends in wave
parameter changes within a storm cycle. The proposed index Ry can be regarded as a criterion for
the behavior type of sandy coasts on a seasonal scale.
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Introduction and theoretical background of the study

According to existing concepts, seasonal deformations of the coastal
accumulative profile are characterized by the removal of sand sediments to depth
with the isolation of the underwater bar during thestorm season and
the accumulative terrace adjoining to the coast during the season of moderate waves
(Fig. 1). It is believed that the observed sandy coast morphodynamics are indicative
of achange in wave intensity between seasons or are associated with a series of
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storm events (see, for example, [1-4]). At the same time, there are coasts that exhibit
resistance to wave energy fluctuations on a seasonal scale, yet are sensitive to
individual storm events or undergo unidirectional changes over several years [5, 6].
The study of such properties of individual storms or their series that can determine
the nature of coastal profile deformations on a seasonal scale is of undoubted interest
to coastal science. The identification of these properties will allow for the forecasting
of one or another character of morphodynamics of accumulative sandy coasts.
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F i g. 1. Seasonal differences in the sand profile (San Diego, California, USA) (adapted from
[1. p. 41])

The initial documentation of seasonal deformation of the coastal sand profile
was conducted by F. Shepard, who used the California coast * as a case study.
Subsequent studies along this coastline contributed to the formulation of the main
theoretical principles related to deformations of this nature [1, 7]. The main principle
asserts that the fluctuation in wave energy throughout the year causes a change in
the accumulation and erosion modes of the coastal profile. The so-called “winter”
profile (Fig. 1) is essentially an erosion profile, and the “summer” profile is an
accumulation profile or a profile restored after erosion.

It should be noted that the wave conditions of the California coast, where
the study of seasonal deformations of the sandy coast was conducted for the first
time, are characterized by intense waves during the storm season and a relatively
long period of influence by gentle Pacific swell waves during the moderate season.
This phenomenon determines the corresponding differences in the coastal profile
(see Fig. 1). In fetch-limited conditions, where short and steep wind waves
predominate during the storm period and theswell effect is expressed

1 Shepard, F.P., 1950. Beach Cycles in Southern California. Technical Memorandum; no. 20. Beach
Erosion Board, 26 p.
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insignificantly, the limiting states of the profile characteristic of different seasons
may be less contrasting [8, 9].

As previously mentioned, seasonal deformations are associated with
fluctuations in the intensity and steepness of waves throughout the year. The author
of this study proposes a hypothesis that the possible cause of seasonal rhythms in
the accumulative coast morphodynamics is the variable nature of storm events
throughout the year.

A separate storm can be described by the maximum wave parameters and by
the dynamics of changes in these parameters during the full storm cycle — from an
intensive increase in wave heights at the initial stage to complete attenuation at
the end stage. To describe these changes during the full storm cycle, the concept of
“storm structure” 2 was proposed. Storm structure is characterized by the duration
and energy of the waves of the three main stages (phases) of the storm: development,
stabilization, and attenuation. In the event of coastal erosion during the development
and stabilization stage of a storm (the erosive phase), a partial or complete recovery
of the affected area may occur during the attenuation stage (the recovery period).

Sediments removed to a certain depth during the process of wave erosion of
the coastal profile at the storm development and stabilization stage can be displaced
toward the coast at the attenuation stage due to wave transport. This phenomenon
occurs as aconsequence of wave velocity asymmetry during nonlinear
transformation of waves [10, 11]. The greater the intensity of the storm maximum
phase, the deeper the sediments are transported during erosion. In the event of
significantly reduced heights of storm waves at the attenuation stage relative to
previous maximums, the wave transport toward the coast also weakens, owing to
the decreased depth of the wave effect on the bottom. Accordingly, if the energy of
storm waves at the attenuation stage approaches the magnitude of storm waves in
the peak phase, the wave transport intensifies contributing to an increased return of
sediments toward the coast.

This pattern can also be explained by the erosion profile property, which states
that a profile of this nature is formed due to the removal of sediment to depth during
the intensification and stabilization of storms. Theerosion profile and
the accumulation profile, two limiting states of a sand profile, can be correlated with
the dissipative and reflective states of the coastal profile. This correlation is possible
within the framework of the concept of an accumulative coast evolution, which was
proposed by Australian researchers L. Wright and A. Schott [12]. According to this
concept, dissipative profiles are relatively resistant to erosion. However, in cases of
higher wave energy exposure, the dissipative profile becomes susceptible to erosion,
leading to a restoration phase characterized by the accumulation of sediments (see
the area outlined by a rectangular contour in Fig. 2). In cases of lower wave energy,
the accumulation intensity decreases. The intensity of waves in this approach is
estimated using the Dean’s parameter [13]:

2 Dolotov, Yu.S., 1989. Dynamic Settings of Coastal-Marine Relief Formation and Sedimentation.
Moscow: Nauka, 269 p. (in Russian).
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where Hj, is the wave height at breaking; wy is the sediment fall velocity; T,, is
the peak period of waves.

In other words, if wave regime at the stabilization stage can be characterized by
a certain value Q.4 (Fig. 2), and the wave regime during attenuation — by the value
Q, then the intensity of accumulation at this stage will be determined by the value
A Q[14]:
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F i g. 2. Conceptual diagram illustrating the relationship between the type of coastal accumulative
profile (indicative parameter S), the amount of wave energy (the Dean parameter Q) and the relative
intensity of accumulation and erosion (proportional to the arrow lengths). Blue dashed contour
highlights the conditions of intense accumulation at higher wave energy on the dissipative profile
(adapted from [12, p. 114])

When the intensity of the waves at the attenuation stage decreases, A Q <0, and,
according to [14], the greater the difference between the ( and Q.4 values, the lower
the intensity of the accumulative process.

Thus, the aforementioned arguments show that if the waves at the attenuation
stage are closer in intensity to the storm waves in the peak phase, then this
contributes to the restoration of the coastal profile after erosion.

The existing coastal science indicators that describe the storm event structure
are based on characteristics such as wave energy and the duration of certain stages.
Based on the results of long-term observations conducted at six locations along
the Baltic and Black Sea coasts, a storm structure coefficient has been proposed:

% Yurkevich, M.G., 1976. Short-Term Deformations of the Submarine Slope Relief of the Upper
Shelf Zone. In: Lithodynamics, Lithology and Geomorphology of the Shelf. Moscow: Nauka, pp. 257-266
(in Russian).
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where E,, Es, Eg are the total wave energy at the development, stabilization, and
attenuation stages, respectively, expressed as a percentage of the total storm energy.
It is shown that positive deformations are observed at r < 0.7, while negative
deformations are observed at r > 1.2.
The ratio of the duration of the maximum storm phase to the attenuation stage

determines the so-called storm coefficient [15]:

Rs = 12 ®3)
where T, is the duration of the storm stabilization phase; T,, is the duration of
the storm attenuation stage. As the coefficient approaches zero, the role of the wave
attenuation stage becomes more pronounced, thereby reducing the final erosion of
the profile. This pattern is based on observations of the coastal profile dynamics in
experimental wave setups and in natural conditions.

The ratio of the duration of the storm attenuation stage to the total storm event
duration forms the basis of the concept of effective wave height H, [16]. Based on
this concept, an analytical model describing the deformations of the coastal profile
over a full storm cycle is proposed:

He = Hpyax — (Hmax — Hmin)(Tw/TZ)a 4)

where H,,,. is the maximum height of storm wave, H,,;, is its minimum height at
the end of the storm (conventionally designated as 1 m), and T,,, and Ty; are duration
of the attenuation stage and the total storm duration, respectively.

Thus, the theoretical justifications and examples from published sources
demonstrate that the key parameters of storm structure are the duration of specific
stages and the amount of wave energy associated with these stages. In the case of
a prolonged or more “energetic” storm in the attenuation stage, a greater quantity of
sediment will be transported towards the coast by the end of the storm event.

This paper aims to investigate the impact of these variations in storm behavior
during the attenuation stage on the behavior of the sandy coast.

Initial data and methods

In order to achieve the set goal, two specific coastal regions were selected for
study: the Vistula Spit area (South-Eastern Baltic) and the Oktyabrskaya Spit area
(Oktyabrsky settlement, western Kamchatka, eastern part of the Sea of Okhotsk).
These regions are associated with extended barrier forms of the coastal sand bar
type.The differences between the selected regions are that the Western Kamchatka
coast in the Oktyabrskaya Spit area is characterized by tides, with a maximum
amplitude of 3 m [17]. A distinctive feature of this coast is the presence of ice on
the beach from December to May, inclusive. In this regard, changes in relief, typical
for asandy coast and caused by waves, can only be observed from June to
November. In contrast, the coasts of the South-Eastern Baltic are non-tidal, with ice
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in the coastal zone being extremely rare and limited to a period of no more than a few
days.

The average slope of the coastal profile at the Vistula Spit, extending from
the water’s edge to a depth of 7.5 m, is 0.014, and at the Oktyabrskaya Spit — 0.008
(Fig. 3). The coastal profile at the Vistula Spit is complicated by the presence of
a well-defined underwater bar. The classification of coastal accumulative profiles by
the type of prevailing dynamic environment based on the Dean parameter (£2), as
outlined in [12], indicates that both banks are classified as dissipative: Q = 5.13 for
the Vistula Spit and Q = 6.41 for the Oktyabrskaya Spit. To calculate the values of
Q, expression (1) and ERA5 wave reanalysis data for a long-term period were used,
as discussed below.
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Fig. 3. Coastal profiles typical for the regions of the Vistula (a) and Oktyabrskaya (b) spits

For the selected regions, data concerning the dynamics of the coastal profile in
various seasons were obtained. The coastal profile was measured along the Baltic
Sea coast from May 2019 to March 2022 as a part of the monitoring work conducted
by the Shirshov Institute of Oceanology of RAS on the Vistula Spit. On the Sea of
Okhotsk coast, measurements were carried out in 2010-2011 as part of the work
performed to develop recommendations for the Oktyabrskaya Spit protection from
storm erosion [18]. On the coast of Oktyabrskaya Spit, repeated measurements were
carried out only for the above-water part of the coastal profile.
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Fig. 4. Sites of coastal profile measurements: on the left — in the Baltic Sea; on the right — in the Sea
of Okhotsk (coastline site marked with black rectangle is shown enlarged in the inset). Points of wave
reanalysis data unloading are marked with the circles labeled “ERA5”
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The wave conditions were calculated using the ERA5S wave reanalysis data [19]
from the European Centre for Medium-Range Weather Forecasts (ECMWF) for
the calculation points closest to the field observation areas: 54.5°N, 19°E for
the South-Eastern Baltic and 52.5°N, 156°E for the Sea of Okhotsk (Fig. 4).
The ERAS point for the South-Eastern Baltic is located 10 km off the coast (the point
depth applied in the calculations of the ERA5 reanalysis wave model is 54 m), and
the point near the Western Kamchatka coast is 21 km off the shore (the
corresponding depth is 209 m). The wave data studied were collected at 3-hour
intervals. For the Baltic Sea, the ERA5 wave reanalysis data were verified based on
measurements of wave parameters in the coastal zone using the Spoondrift Spotter
buoy [20]. It was revealed that the reanalysis data have quite satisfactory
convergence with the measured wave parameters.

The ERAS reanalysis datasets contain significant wave heights Hg (m) that are
characterized by extreme values. Hs values for individual storm events were
extracted from the wave data time series in the Matlab software environment.
The selection of storm events was based on the criterion of wave height exceeding 1
m and a storm duration of at least 12 h. Storm events for which the development or
attenuation stage is not determined, i.e., the maximum wave height is confined to
the initial or final time point of the storm, were not taken into account. As a result,
1,355 storm events (1979-2020, 42 years) were considered for the South-Eastern
Baltic, and 1,459 storm events (1992-2021, 30 years) for the Western Kamchatka.

To calculate the Dean’s parameter (Q = Hj,/w;T,), the wave height at breaking
Hj, was calculated using the expression [21]:

where H,, is the wave height in deep water (here and below, we use significant wave
height Hg as theH wvalue according to the ERAS5 reanalysis data); L is
the wavelength in deep water, determined by the ratio L = gT?/2m (in this case,
the average wave period T, is used as T according to the ERAS reanalysis data).
The sediment fall velocity (w,) was calculated using the expression [22]:

wg = 0.155d, — 0.0075,

where d; is the diameter of sand deposits. For both coastal areas, an approximate
value of the median diameter of sand deposits on the underwater coastal slope was
determined to be 0.25 mm, according to the works # [23, 24]. The peak period of
waves (T;,) was calculated using the expression [25]

T, = 1.25T,,.

According to the aforementioned theoretical background of the study, the key
parameters of astorm in the attenuation stage are relative characteristics of its

4 Vtyurin, B.1. and Svitoch, A.A., eds., 1978. Recent Deposits and Pleistocene Paleography in Western
Kamchatka. Moscow: Nauka, 122 p. (in Russian).
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duration and wave intensity. For the quantitative assessment of each storm event in
this stage, the following characteristics were determined:

— storm event duration (Ts;, h);

— duration of the storm attenuation stage (T,¢, h);

— maximum wave height of storm (Hg; max, M);

— median value of storm wave height in the attenuation stage (Ha¢ meq, M).

The median value of the storm wave height in the attenuation stage (Ha¢ med) iS
applied to estimate the wave energy due to the fact that the average value is highly
sensitive to outliers. In this case, outliers are short-term peaks or minimums of
the wave height, which will have little effect on the morphodynamics. This is due to
the fact that the coastal profile reshaping is associated with a relatively long-term
wave effect, as demonstrated during experimental studies [21, 26].

The author proposes two special indices of storm structure. The index R;
characterizes relative duration of storm attenuation stage:

T
R, = TA;

The Ry index characterizes the relative value of storm wave energy in

the attenuation stage:
Ry = SAtmed
Hst max

The closer the values of R; and Ry indices are to one, pointed that storm in
the attenuation phase has a higher potential for recovering the coastal profile.
Previously developed approaches to assessing storm structure (expressions (2)—(4))
[15, 16] were applied for developing these indices. Statistical analysis of these
indices is possible due to the use of wave reanalysis data for a long-term period. In
turn, field data on the seasonal morphodynamics of accumulative coastal areas allow
us to verify the results.

Study results

At the outset of the study, an analysis of the seasonality in the storm activity
distribution was performed. The following indices were determined for each month
(Fig. 5, 6):

H,,.x is maximum wave height (m);
Hmax(avg) 1S average wave height from the maximum ones for each storm
event (m);
— t,, is mean duration of storm events (h);
— N, is mean number of storm events;
tmon(avg) 1S monthly average number of hours with storms ( ¢, - Ny,).

A study of two specific water areas revealed common features in the annual
dynamics of storm activity. It was shown that maximum wave heights and their
average values (Hmyax, Hmax(avg)) €xhibit well-defined seasonal variability, with
a minimum in May — July, followed by an increase in wave intensity until November
(Fig. 5).
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Fig. 5. Distribution of Hyay and Hpaxeavg) Values by months: a — for the South-Eastern Baltic; b —
for the Western Kamchatka
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Fig. 6. Distribution of t,,,, Ny, and tpmon(avg) Values by months: a — for the South-Eastern Baltic; b —
for the Western Kamchatka

In the South-Eastern Baltic, similar seasonal variability is also characteristic of
the indices that determine the occurrence of storms: t,,, Np, tmoncavg) (Fig- 6). In
Western Kamchatka, the maximum number of storms (N,,,) is observed in April and
September. In spring, the Western Kamchatka is characterized by the presence of ice
on the beach, and our focus is on the summer and autumn periods. Following
the peak in September, the average number of storms decreases against
the background of increasing in their duration. Nevertheless, relatively high t,, and
N,,, values are observed in October, which, in conjunction with the elevated values
of Hiax and Hmax(avg) allows us to characterize this month as the peak of storm
activity. For the South-Eastern Baltic, all the studied indices exhibit a similar trend,
with a peak in storm activity from November to January.

For quantitative characterization of wave variability during the year, we can use
the index G, /Gq,, Proposed in the work [5], where G is the average value of
the standard deviation of the Dean’s parameter Q for the specified years (Gg,, ) and
months (Gg,,). The higher the value of the index G, /Gq.,,, the more the studied
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coastal area is subject to seasonal fluctuations in wave steepness during the year. If
G0,.,/Oa,, iNdex is close to one, the morphodynamics of a given coast are affected
mostly by individual storms. The calculations performed indicate that
the G, /Ga,, indices for the areas under study are approximately equal, with
values of 1.06 for the Vistula Spit area and 1.006 for the water area of the Sea of
Okhotsk. Thus, according to this index, the coast morphodynamics are mostly
affected by individual storms, rather than by seasonal variation in wave intensity.

The R; and Ry indices proposed in this study were calculated further. Their
values were then compared with the seasonal variation of storm activity. Statistical
processing of R; values for each storm (Fig. 7) revealed that no visible seasonal
differences in the dynamics of this index were indicated during the year. The median
R, value is close to 0.6 for each month for the two water areas under study.

ook
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Fig. 7. Statistical characteristics of the change in index R, during a year for the parts of water areas
of the South-Eastern Baltic (a) and the Western Kamchatka (b) under study
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A statistical analysis of the R, values (Fig. 8) showed that, for the waters of
the South-Eastern Baltic, the differences in the median R}, values across each month
are not statistically significant. The maximum value recorded was 0.86 in July, while
the minimum value was 0.79 from January to March. A well-defined seasonal
dynamic is observed for the Western Kamchatka waters, characterized by
the median Ry values that approach one in June and July (~ 0.85) and decrease to
a minimum by November (~ 0.54). In the Western Kamchatka, a correlation has
been observed between the increase in wave intensity Hsyay, HSmax(avg) (s€€ Fig.
5), storm duration t,,,, N,,, (see Fig. 6) and the average number of hours with storms
tmon(avg) With acorresponding change in the nature of waves in the attenuation
stage. Low Ry values in the autumn season determine the trend towards the final
erosion of the coastal profile for the majority of storm events. This trend has not been
identified in the South-Eastern Baltic region. At the same time, the interseasonal
dynamics of the Ry index for the Western Kamchatka do not correspond to the result
obtained when calculating the G /Gq,, index (according to [5]). This indicates
that coastal morphodynamics are predominantly affected by individual storms, rather
than by the seasonal variation of wave intensity.
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Fig. 8. Statistical characteristics of the change in index R during a year for the parts of water areas of
the South-Eastern Baltic (a) and the Western Kamchatka (b) under study
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Fig. 9. Dynamics of the Vistula Spit coastal profile from May 2019 to March 2022

The results of the Ry statistical analysis for the water areas under study by
month were compared with the data on the sand profile morphodynamics in different
seasons. Over the course of three years (from May 2019 to March 2022), relief
measurements were taken on the Vistula Spit. They revealed that there are no coastal
profile deformations in this section of the coast that can be characterized as seasonal.
Throughout the observation period, acycle involving the evolution of
the underwater bar from a straightened outer one (May 2019) to a crescent-shaped
one with subsequent adjoining to the coast (September 2021) (Fig. 9) was
documented. In March 2022, a new outer underwater bar was formed. However,
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the typical seasonal morphodynamic rhythm, characterized by the coast’s retreat and
the formation of an underwater bar during winter, followed by its subsequent
adjoining to the coast in the form of an accumulative terrace during summer,
remained unidentified.

On the Oktyabrskaya Spit, the relief was measured with less regularily and
exclusively in the above-water portion of the coastal zone. The seaward boundary of
the measurements passed above the waterline, approximately at the maximum wave
run-up during the survey. Nevertheless, the seasonal rhythm of changes in the beach
relief on this coast section was identifiable. The profile measured in June 2011 can
be considered as summer one, since it is located higher in relation to other profiles
and extends towards the sea (Fig. 10). Autumn brings an increase in waves, as well
as beach erosion and the formation of a winter profile. This phenomenon is evident
from the relative position of the profiles taken in November 2010 and September
2011. Thus, during storm seasons (November 2010 and September 2011),
the average position of profile changes and a trend towards erosion is outlined. This
corresponds to lower values of the R; coefficient.
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F ig. 10. Dynamics of the Oktyabrskaya Spit beach from November 2010 to September 2011

Conclusion

Using an example of two regions with different hydrodynamic characteristics
(the waters of the South-Eastern Baltic and the eastern portion of the Sea of
Okhotsk), it was found that seasonal fluctuations in the intensity of sea waves can be
accompanied by varied features of storm events during the attenuation stage. It was
revealed that theratio of the median value of thestorm wave height in
the attenuation stage to its maximum height can vary for different seasons, as
reflected by the proposed Ry index. In turn, the R, index, which characterizes
the relative duration of the storm attenuation stage, does not tend to seasonal
variability.

A more “energetic” storm in the attenuation stage (R values are close to 1) can
be regarded as a contributing factor to the post-storm recovery of the coastal profile.
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Variations in this factor on a seasonal scale can be considered as one of the possible
causes for seasonal deformations in the accumulative relief of the coastal zone.

In particular, the coastal profile deformations that can be characterized as
seasonal were revealed for the sandy coast of the Oktyabrskaya Spit (Western
Kamchatka). In contrast, no such deformations were revealed for the South-Eastern
Baltic. The observed variations in morphodynamics between these two regions are
accompaniedby aregular seasonal variation in the Ry index for the wave conditions at
the Oktyabrskaya Spit and the absence of seasonality in the Ry values for the
Vistula Spit conditions.

It has been demonstrated that the change in wave intensity throughout the year
does not always entail achange in the average position of the coastal profile.
The key factor may be the seasonal trends in the variation of wave parameters within
the storm cycle. In particular, the role of storm wave energy in the attenuation stage
is indicated. The approach we proposed is a variation of approaches to storm
structure analysis suggested by other authors. These approaches suggest that
the duration of the storm and the wave energy amount in the attenuation stage
determine the volume of sediment transported towards the coast.

The proposed approach to assessing individual storm events can be scaled up to
a series of storms or down to an individual season. A group of storms following
the maximum wave intensity can be considered as storms in the attenuation stage,
which can be assessed using the R; and Ry indices adapted to a different time scale.
Thus, based on long-term wave data, we can forecast the coastal profile recovery
after typical seasonal erosions.
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