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Abstract: The study investigates cross-shore outer sand bar dynamics in an open-coast non-tidal
beach at the Bulgarian Black Sea due to wave climate. On seasonal to short-term (1–2 years) time
scale, monthly field measurements of the outer bar profiles were related to respective modeled
nearshore wave data. Hereby, seaward-shoreward bar migration was examined depending on the
wave forcing, wave non-linearity, wave transformation scenarios, storms and direction of wave
incidence. Analysis revealed that intra-annually highly non-linear waves were responsible for outer
bar displacement, while the direction of migration depended on wave period, duration of conditions
with wave steepness >0.04, angle of approach and total duration of storms. Short-term bar evolution
was mainly governed by wave height and storms’ parameters as the angle of approach and duration.
The correlation between the outer bar location and wave height annual variations initiated the first
for the explored Black Sea region examination of possible connection between wave height’s temporal
fluctuations and the variability of climatic indices the North Atlantic Oscillation (NAO), the Atlantic
Multi-decadal Oscillation (AMO), the East Atlantic Oscillation (EA), the Arctic Oscillation (AO), the
East Atlantic-Western Russia (EA/WR) and the Scandinavian (SCAND) patterns. According to the
results the inter-annual outer bar location may vary depending on periods of maximum annual wave
fluctuations, which in turn predominantly depend on indices the EA (4–5, 10–11, 20–30 years), the
EA/WR (2–4, 9–13 years) and the NAO (15 years).

Keywords: wave climate; nearshore bars; field data; cross-shore bar migration; wave conditions;
wave non-linearity; storms; teleconnection patterns; Black Sea

1. Introduction

The nearshore environments of mild-sloped sandy beaches are often characterized
by the presence of a variety of morphological features, as most common are sand bars.
Typically, they are shore-parallel, crescentic or irregular shoals [1]. Sand bars are often
found at depths less than 10 m and within or just seaward of the surf zone, whose width is
influenced by variations in the incident wave climate. Over the years, many mechanisms
have been proposed to explain bar formation [2], which eventually were placed into
three main groups [3]: breakpoint-related mechanisms [4,5], infra-gravity wave-related
mechanisms [6,7] and self-organizational mechanisms [8,9]. The presence of sand bars in the
coastal zone is of significant importance for sandy beach morphodynamics since they act as
a storage of sediments and as a natural protection by dissipating high wave energy during
storms by breaking, thus limiting coastal erosion and flooding hazards [10,11]. These
morphological features may exert a significant impact on the nearshore hydrodynamics
due to their cross-shore and long-shore geometry and location [12,13]. Moreover, studying
the sand bar dynamics allows identification of important physical processes that control
coastal evolution, and thus enrich the understanding and knowledge about sediment
transport in the coastal zone [14].
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Nearshore bathymetry varies on a spectrum of time scales ranging from inter-annual
(longer than a year) to intra-annual (equal to or shorter than 1 year). Intra-annual time
scales include the seasonal cycle and shorter fluctuations associated with passing storms
and weak to calm wave conditions [1]. The strong seasonal variability of wind and wave
climate drives sandy beaches to exhibit strong seasonal morphodynamic cycles [15]. They
are associated with sediments being eroded from the foreshore during high waves, forming
storm or winter beach profile [16] followed by recovery during lower energy conditions
(swell or summer profile). Typically, these seasonal cycles in beach morphodynamics are
reflected in the submerged beach profile with “sandbars building and migrating offshore
during storm conditions, and deflating and migrating onshore during low-energy swell
conditions” [15]. Cross-shore sand bar migration, resulting in beach profile changes is
associated with “imbalance between the cross-shore sediment transport driven by wave
non-linearities (orbital velocity skewness and asymmetry), undertow and the gravitational
downslope effects” [17]. The offshore sandbar migration is attributed to breaking of large
storm waves over the bar with a dominant offshore bed return flow-induced sediment
transport. On the other hand, its slow onshore migration takes place in between storms
due to a dominant onshore sand transport driven by wave non-linearities during weakly to
non-breaking wave regimes across the bar [17,18]. Meanwhile, frequent changes in wave
intensity may exert minor bar displacements reflecting its relative stability in the nearshore
zone [19]. In the last decades the seasonal sandbar migration has been studied using in
situ measurements and numerical modeling in [15,20–25]. Despite that, the nearshore
morphological evolution on seasonal time scales is still poorly understood since field
observations have been limited due to difficulties and expense of working in nearshore
environments [15,23]. Over the years, nearshore morphodynamics on different coastal
stretches along the Bulgarian Black Sea coast has been investigated via field measurements
and numerical simulations. On inter-annual time scale in [26,27], on seasonal and monthly
basis in [28,29], and due to individual storms in [30–35].

The inter-annual variability of sand bar migration has not been sufficiently studied
due to lack of long-term continuous field observations in various coastal environments. At
present, sand bar migration is much better investigated and understood at the medium-
term time spans, i.e., less than 10 years. It is reported that there are migration cycles (return
periods) of about 3–4 years [11,36] and 2–5 years [37]. It is assumed that the decrease
of the return period is associated with more energetic wave conditions [36]. According
to an analysis of bathymetric data collected for 30 years on the Terschelling coast the
long-term evolution of sand bars has characteristic stages: generation, seaward migration
and decay, and this cycle has periods up to 10–20 years [38]. Investigations of long-term
bar behavior based on nearshore profiles’ measurements performed for nearly 30 years
along the Holland coast have revealed strong alongshore bar variability [39]. Regions
of homogeneous Large-Scale Coastal Behavior (LSCB-regions) controlled by different
hydrodynamics, or sediment and morphological structure were selected. The length sizes
of the LSCB-regions are from 5 km up to 42 km. The change between LSCB-regions occurs
sharply at distances shorter than 2 km. Such alongshore variability also does not allow
determination of clear patterns of long-term variability trends on barred shores. In the
model proposed in [40] a short-term (months) dynamical processes in the coastal zone are
used to predict medium-term bar displacements. The model reproduces well enough the
seaward bar migration, but do not explain bar generation stage, because of the influence
of wave climate on the medium-term bar migration and because the nearshore sediment
transport is not completely understood.

The first study that has associated the sand bar migration with changes in the climatic
indices (the North Atlantic Oscillation in particular) is [41]. They confirmed the existence
of such connection based on 15-year time series of Argus video images on the evolution of
the submerged profile in the Perranporth beach. In [42], on the example of the Black Sea,
it was shown that coastal wave climate is rather heterogeneous and different parts of the
coast can correlate in a different manner with variations in the climatic indices, i.e., having
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different periods of long-term fluctuations. This can also cause heterogeneous variability
in the bar’s migration along the coast.

Thus, the primary objective of the study is to investigate inter- and intra-annual
cross-shore outer bar migration and their dependence on the regional wave climate on
the example of an open-coast non-tidal beach at the western Black Sea coast. Description
of the study site is given in Section 2. Section 3 introduces data sets of beach profile field
measurements (Section 3.1), numerically modeled wave forcing (Section 3.2) and their
statistical processing. Results are discussed in Section 4. Section 4.1 presents examination
of the intra-annual bar evolution on the grounds of variability of wave forcing and non-
linearity, storms and direction of wave incidence. Section 4.2 explores the inter-annual
bar evolution and reveals main periods of its middle and long-term variability due to
changes in the main climatic indices affecting the wave climate of the coastal region under
consideration. The conclusions follow in Section 5.

2. Study Site

The study site is located in the southern part of Kamchia-Shkorpilovtsi beach, which
is the largest and longest (≈14 km) sandy beach along the Bulgarian Black Sea coast
with well-developed dunes and the presence of two rivers—Kamchia and Fandakliyska
(Figure 1).
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northeast quarter are the most frequent in the western Black Sea. Having the largest fetch, 

Figure 1. Description and location of the study site. The satellite view shows the location of the field
site on the Bulgarian Black Sea coast and indicates the positions of the research station ‘Shkorpilovtsi’,
the pier, and the state of the crescentic bars (dashed grey line) along the coastline on 24th September
2009; white diamond—extraction point of the climatic wave data, depth 17 m; white star—same
for wave time series, depth 4.4 m; data sources: the Black Sea basin map was taken from free maps
platform [43] and the satellite image was acquired by Maxar Technologies, USA [44].

The coastal area is open to the winds and waves of the eastern half. Strong seasonal
variability is the most remarkable feature of the wind and wave climate. Winds from
the northeast quarter are the most frequent in the western Black Sea. Having the largest
fetch, they trigger the most severe storms. The northeastern winds prevail over the study
area. In general, the southeastern winds are less significant in terms of storm intensity.
Following the wind pattern waves approach the shore mostly from the northeast, east and
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southeast as the impact of waves coming from northeast and east is much more pronounced.
Thus, a large amount of the waves approach the shore in the normal generating intensive
cross-shore water circulations as compared to relatively weak long-shore wave-driven
currents [45]. Based on wave hindacast data the maximum significant wave height can
reach up to 5 m at depths of about 20 m [46]. The beach is formed due to the accumulation
of erosive and fluvial sediments and has a positive sediment budget since it is constantly
fed by sediments from both rivers, as well as from a well-developed ravine and gully
system [47]. Morphological conditions of the adjacent coastal zone are rectilinear shoreline
with almost parallel isobaths and nearshore crescentic bars (Figure 1).

The study site area near the mouth of Fandakliyska River is equipped with two field
research facilities: a research station ‘Shkorpilovtsi’ and a 230 m-long pier constructed
perpendicularly to the shore, thus covering the most dynamic part of the coastal zone
(≈200 m). It rises 7 m above the mean sea level and water depths at its sea-end vary between
4–5 m (Figure 1). Therein, at depths 0–10 m the mean slope of the seabed is 0.02–0.025,
while for depths 10–20 m it is 0.006 [48]. Reflection coefficient estimated for different parts
of the shore is of the order of 10−2–10−3, which means that the reflection of the waves at
this dissipative coast has practically no effect on their heights [49]. The shoreface around
the pier usually features one inner sand bar at distances 40–60 m and depths 0.5–2 m [50]
and an outer crescentic sand bar at depths 3–5 m and distances 110–200 m. On the upper
submerged profile (depths <2.5 m), over 95% of bed sediments are composed of coarse
to medium-sized sands (0.3–0.76 mm), which mostly consist of quartz (96%), while the
remaining 4% are represented by fine shell particles (CaCO3). As depth grows, their content
decreases, and at 8–10 m depth over 90% of the sediments consist of particles less than 0.25
mm in size [45,47].

3. Materials and Methods
3.1. Field Data: Cross-Shore Profiles

The morphodynamics of the outer bar was analyzed using discrete measurements
of beach profile depths collected along the pier. In the last decades, such measurements
were made during a number of international field experiments ‘Shkorpilovtsi 2007, 2016,
2018’ and within the MICORE project in 2008–2010. Each survey extended from a base
point marked as zero at the shore-end of the pier out to typical depths of 4–5 m. The base
point was a reference marker in the determination of the offshore distance and it does
not coincide with elevation zero of the beach profiles. The data were collected with either
a metal pole or a rope lot, as both devices have markings at every 10 cm. The accuracy
of both measuring methods is approximately commensurable, as reported accuracy for
the metal pole is about 10 cm [51]. The measurements were made at points of known
coordinates distanced at every 2 m by lowering the metal pole (rope lot) from the pier
deck. In 2008–2010 measurements were acquired only with the metal pole. In 2007, 2016
and 2018 cross-shore profiles were surveyed on a daily basis for about a month, usually in
October [50]. In 2008–2010 measurements were done predominantly once a month [32].

The dataset collected in 2008–2010 was used to study the intra-annual morphodynam-
ics of the outer bar. During these monthly measurements, the summer surveys were less
frequent, while in winter the regularity depended primarily on meteorological forecasts,
giving preference to calm seas or very weak swell. In total, 33 cross-shore profiles were mea-
sured: one profile in November 2008, 25 profiles in January-December 2009, six profiles in
January–April 2010, and one profile in August 2010. For this period, the average shoreline
position was approx. 29 m away from the pier base point. The profiles were subjected to
additional processing. The mean slope of each profile was determined as tanβ [52] taking
into account only its submerged part, i.e., from elevation zero down to the last measured
depth. Thus, for 2008 tanβ = 0.034, while the average tanβ for 2009 and 2010 is 0.039 and
0.045, respectively. Preliminary analysis of the transects revealed that in 2008–2010 the
outer bar was localized at distances 130–220 m off the shore at depths 3.5–4.5 m. Having
this in mind, profile depths from elevation zero down to a 100 m-offshore distance were
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removed in order to ease the determination of bar characteristics. The remaining data were
subjected to smoothing by Moving Average method with factor 5 for correction of potential
errors due to applied measuring technique. The smoothed data series were used to define
the deepest shoreward point (fore-bar depth) and the shallowest shoreward value (bar
crest) in order to isolate its entire form. It should be preliminary commented that offshore
distance available for performing cross-shore measurements was limited by the pier’s
length. Thereby, in some cases, the last measured profile points with the smallest depths
were considered as bar crests, e.g., data for March–July 2009. Outer bar characteristics
used for analysis of its intra-annual dynamics were bar profile, bar crest offshore distance,
depth above the bar crest (bar location depth) and bar height, determined by subtraction of
fore-bar depth from the depth above the crest.

3.2. Modeled Data: Wave Parameters

Wave fields at the study site were simulated by the SWAN (Simulating Waves Nearshore)
Cycle III spectral numerical wave model, which is based on wave action balance equa-
tion [53]. The regional wave climate was reconstructed by means of hindcasting for a period
of 62 years. More specifically, the available hindcast data for 1948–2006, obtained using
wind fields from the regional climate model REMO (Regional Atmosphere Model) [54] were
complemented by simulations for 2007–2010 making use of the Global Forecast System’s
(GFS) analysis winds [55] to encompass the study period. Both sources of wind forcing
are based on atmospheric reanalysis of the National Centers for Environmental Predic-
tion (NCEP) having horizontal resolution of 0.5◦. The model was run in a non-stationary
mode as numerical simulations had 32 frequencies and 36 directional bands. Two nested
SWAN regular grids were set to compute the wave fields in the Western Black Sea shelf and
nearshore domain off Kamchia-Shkorpilovtsi beach with horizontal resolution of 1/30◦ and
400 m, respectively. Boundary condition for the SWAN runs were provided by the WAM
(Wave Model) output. More details on both models set-up and validation can be found
in [46,56]. Thus, long-term numerical simulations secured availability of multi-annual time
series of various wave parameters with temporal resolution of one hour.

To analyze the role of regional wave climate on the inter-annual outer bar dynamics
the annual 99th Quantiles (Q99) of significant wave height Hs and peak period Tp were
calculated from 1948–2010 hindcast data for deep water location (depth 52 m) in front of
the study site. For intra-annual analysis, two data sets were needed. First set served to
establish how 2009–2010 wave conditions related to the regional wave climate. Therefore,
multi-annual monthly Q99 of Hs and Tp were evaluated based on the full time span of
the hindcast, while monthly Q99 of the same parameters were determined only for 2009
and 2010. In both cases the source data for quantiles estimation were extracted for location
offshore the pier in a zone of weak transformation of waves at 17 m depth (Figure 1).
Hourly time series of Hs, Tp and mean direction of wave propagation Dm in November
2008–August 2010 were made available to support detailed analysis. The second set of
wave data aided assessment of 2009–2010 bar’s dynamics in close vicinity to its location.
To this end, initial sea states (wave parameters’ time series and monthly Q99 values) were
transformed from 17 to 4.4 m depth—a position located at the end of pier (Figure 1).
The transformation was performed using the XBeach (eXtreme Beach) model [57] on a
cross-shore profile located along the pier on a grid with variable cell sizes and resolution
increasing from 7.3 m at the offshore boundary up to 1 m at shore. The input boundary
conditions were provided from the SWAM modeling and the XBeach model was run
in stationary mode without calculation of sediment transport and morphology update.
Model output was post-processed to extract significant wave heights Hs, spectral peak
wavelengths Lp and wave steepness Hs/Lp. According to recent studies [58] the efficiency
of the SWAN model is very high in deep and transitional waters, and it should not be used
for shallow water applications. The XBeach, on the other hand, is used for computation of
nearshore hydrodynamics, as in stationary mode it resolves physical processes as wave
propagation, directional spreading, shoaling, refraction, wave breaking, etc. [57]. The
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preference to work with the 99th quantile of wave parameters was based on the concept
that the position of the nearshore bars is closely related to the position of the breaker line(s),
which in turn depends on the severity of wave conditions [4]. Thus, when considering the
outer bar, it is only expected to be in the breaker zone during severe storms [10], and as
pointed out in [59] large offshore waves are required to induce the outer bar into activity
and cause significant morphological change.

4. Discussion of Results
4.1. Intra-Annual Sand Bar Evolution
4.1.1. Morphodynamics of the Seabed Relief

As stated in the field site description the nearshore area around the pier features a
double bar profile. Bars’ morphodynamics over time could be easily traced in a cross-shore
plane if presented in chronological order of all field measurements (Figure 2).
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Considering the surveys in 2007, 2016 and 2018 the inner bar evolution could be
observed at offshore distances 40–60 m, as during each of these field campaigns at least
one storm event has occurred. In 2008–2010, this zone has widened up to 30–70 m. Ac-
cording to recent studies at the site, the inner bar has a storm origin and commonly exists
in the surf zone on a time scale of a few days [60]. Depending on the wave regime, it
develops during the storm’s initial stage and eventually adjoins the shore while storm
attenuates [61]. Analysis of wave and profile data from 2007 and 2016 confirmed the bar
formation due to wave breaking by plunging and the combined effect of waves and un-
dertow [50,62], while responsible for its onshore migration are processes of wave breaking
switching from plunging to spilling and periodic energy exchange between non-linear
wave harmonics [60,62].

The dynamics of the outer bar is quite remarkable, as well (Figure 2). It shows a
variability concerning its form, its (a) symmetry, and its offshore and depth location, which
is not only inter-annual but annual to seasonal (2008–2010), and even could be observed
within a single storm event, as in October 2016. According to the measurements, over the
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years the outer bar is always present, and its evolution and displacement commonly occur
within distances of 110–220 m at depths 3–5 m. The closest to the shore the sand bar was in
2007 and 2016 at distances 110–190 m and 120–210 m, respectively, and it was localized at
depths 3–4 m, while in 2018 it was farthermost off the shore at 150–220 m (depths 4–5 m).
On the grounds of measurements in 2016, the beach profile deformations were studied
during different stages of the reported storm (Hs ≈ 4.5 m), considered as seasonal due to
estimated return period of 1 year [61]. The results stated that the outer bar built during
the stages of the maximum storm intensity, which led to the formation of a typical storm
profile. Storm’s attenuation stage, i.e., wave parameters’ gradual decrease contributed to
the natural process of the beach foreshore recovery, while a slight shoreward shift of the
outer bar and increase of the depth above its crest were registered. Based on the same
data, [50,62] reported that the growth and displacement of the outer bar depend on the
breaking type and location of the breaking zone within the nearshore area. Large storm
waves breaking by plunging and wave asymmetry variations with respect to the vertical
axis [63,64] trigger initial and further outer bar development, while shifts of the breaking
area by plunging entail respective bar crest relocations.

The availability of regular monthly seabed measurements in 2008–2010 gave oppor-
tunity for more detailed analysis of the outer bar dynamics on annual and seasonal basis
(Figure 3).
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Figure 3. Intra-annual morphodynamics of the outer sand bar: (a) chronological seabed relief changes in November
2008–April 2010; colors and symbols of bar crest positions correspond to profile groups as described below in the caption
text; vertical magenta lines—beginning of each year, horizontal white line—reference winter bar crest location defined
from 2009 data; (b) outer bar profile envelopes of temporal variations (sweep zones) for November 2008–October 2009 (left
panel) and November 2009–August 2010 (right panel), Hs and H/L—seasonally averaged monthly maximum values of the
parameters at depth 4.4 m; black lines with triangles—winter pro-files, red lines with circles—summer profiles, and blue
line with diamond—transitional profiles; heavy black line with triangles—last measured profile prior to the abrupt seaward
bar shift, heavy red line with circles—first profile after the bar’s displacement to its summer location.
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As previously mentioned, during this period the sand bar migrated within depths
≈ 3.5–4.5 m and offshore distances 130–220 m. Changes of bed relief and crest positions
show that the outer bar’s intra-annual variations followed a certain repetitive seasonal
pattern (Figure 3a). It was characterized by the bar’s presence closer to the shore in
winter at distances 180–200 m followed by an abrupt seaward shift to larger depths at
distances ≈ 210–220 m for spring-summer season, and again a gradual return to its win-
ter location.

It was evident that such bar crest dynamics was accompanied by changes in the bar’s
form (Figure 3b). After inspection of the measured transects in November 2008–August
2010 and taking into account the seasonal pattern, three groups of profiles were determined
according to their similarity in shape:

• Winter profiles, corresponding to sand bar shoreward location in November 2008
(2009)–February 2009 (2010);

• Summer profiles, corresponding to its farthermost positions offshore as in March–July
2009 and March–April 2010;

• Transitional profiles, representing the gradual bar displacement (August–October
2009 and August 2010) back to its winter position in the nearshore zone.

The proposed “winter-summer” distinction is rather based on the seasonality of the
outer bar profile evolution discussed herein, than on the classical concept of seasonal beach
profiles—winter and summer ones [16]. Moreover, the possibility to distinguish the group
of transitional profiles is connected with the wave regime seasonality in general, which
is not an abrupt transition from summer low-energy regimes to winter high-energy ones,
but rather a process of gradual wave energy increase in a form of a series of subsequent
storms [65].

In the first seasonal cycle of bar migration in November 2008–October 2009 (Figure 3b,
left panel) each of the introduced profile groups is very easily distinguished, keeping rela-
tively uniform slightly asymmetric shapes in comparison to the next season in November
2009–August 2010. Regardless of its slight cross-shore migration the bar remains relatively
high, as its height varies between 0.99–0.66 m without significant change of its location
depth from ≈3.6 m to ≈3.9 m (Table 1).

Table 1. Outer bar average characteristics for different profile groups for November 2008–August 2010.

Profile Type Winter Profiles Summer Profiles Transitional Profiles

Seasons Nov 2008–Feb 2009 Nov 2009–Feb 2010 Mar–Jul 2009 Mar–Apr 2010 Aug–Oct 2009 Aug 2010
Bar crest average offshore distance (m) 193 191 217 208 202 204 1

Bar crest average depth (m) 3.65 4.02 3.91 4.4 3.92 4.29 1

Average bar height (m) 0.99 0.6 0.78 0.35 0.66 0.29 1

1 Real profile characteristics for August 2010.

During the second seasonal cycle in November 2009–August 2010 (Figure 3b, right
panel; Table 1), regardless of partial availability of data, it is evident that the pattern of
intra-annual bar evolution is being repeated, but from shoreward shifted location of origin.
Even though, only the winter profiles are relatively uniform in shape, generally all profiles
are more symmetric. At the beginning of the second cycle, the initial average bar height
was 0.60 m and as the repetition of migration pattern proceeded the offshore bar relocation
was accompanied by significant bar crest erosion, thus, increasing the average depth above
the crest to 4.4 m. A common feature for both seasonal cycles is that in winter the sand bar
has larger heights than in spring-summer season.

4.1.2. Bar Evolution due to Wave Parameters and Non-Linearity

The initial steps to analysis of the annual and seasonal bar evolution were to examine
the dependence between bar crest locations in 2009–2010 and wave parameters such as
significant wave height Hs, peak period Tp and wave steepness Hs/Lp (Figure 4).
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monthly positions of the outer bar crests for 2009–2010.

The analysis comprised an estimate of 2009–2010 wave conditions in comparison to
the regional wave climate and whether either of the years was more energetic than the
others. To this end, monthly Q99 of Hs and Tp for 2009–2010 were compared to the same
annual monthly Q99 for 1948–2010 (Figure 4a,b). Results show that in general, 2009–2010
wave parameters do not exceed the climatic ones. Exceptions concerning wave height are
higher estimates for April 2009 and March 2010, and a commensurate value for September
2010. Wave periods follow the same tendency plus higher estimates for June 2010. As for
the comparison between the years 2009 and 2010, it appears that on average wave heights
are commensurable (1.5 m in 2009 vs. 1.61 m in 2010), but a bit longer wave periods (7.1 s)
were present in 2010 as oppose to those in 2009 (6.9 s).

The comparison also shows that bar crest position depends on variations of all wave
parameters throughout the year. It keeps the same displacement pattern during both years
and a clear dependence is seen not only on wave height, but also on wave period and
steepness. Winter storms with larger wave heights (periods) and Hs/Lp ≈ 0.04 erode the
profile moving the sand bar offshore (Figures 3 and 4d). Summer storms with lower heights
(periods) and Hs/Lp < 0.03 are not capable to induce shoreward bar migration, which is
done in the autumn when steepness again increases up to 0.04. Thus, as per Figure 4d in
November–February 2009 (same for 2010) the bar crests are found at distances 195–200 m,
while at the end of the season the bar is moved offshore (≈220 m) and remains stable
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during March–July 2009 and March–April 2010. Shoreward bar’s shift toward its winter
location was initiated by storms in August–October 2009 and August 2010.

It is of interest to further examine which values of wave steepness (Hs/Lp) correspond
to the positions of the bar crest in the coastal zone. For that purpose, crest offshore distances
were set against steepness values of the transformed monthly Q99 waves for 2009–2010
(Figure 5).
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According to the presented results steepness 0.03 could be introduced as a threshold
to support differentiation between bar’s stable position and its relocations within the
nearshore area. Thus, for Hs/Lp < 0.03, as in summer months May–August 2009 and
August 2010, the sand bar was stable and located offshore, while for Hs/Lp ≥ 0.035–0.04
the bar crest was found either offshore (≈220 m) or closer to the coastline, or migrating
within distances 170–210 m (Figures 3 and 4). Additionally, wave steepness for January–
February 2009 (same for 2010) was higher than for November–December 2009 due to lower
wave heights at the end of 2009.

As next, it was necessary to examine for which steepness values the bar remains stable
or is subjected to displacement. Another parameter affecting wave steepness and non-linear
evolution of waves in the coastal zone is the mean slope (tanβ). Depending on the Irribaren
number, non-linear wave transformation may proceed by four characteristic scenarios [49].
The scenarios are distinguishable for the periodicity of wave energy exchange between the
first and the second non-linear harmonics, as the slope affects the number of periodic cycles
and the growth of the second harmonics, which in turn influence the sediment transport
along the profile [60].

Using the criterion for realization of the scenarios [49] a dependence was sought
between the wave steepness and the mean slope (Figure 5b). As per criterion, for mean
slope tanβ > 7(Hs/Lp)3/2 waves in the nearshore zone transform by either of two scenarios,
i.e., amplitudes of the second harmonics grow only very close to the shore (S1) or remain
small along the entire coastal zone (S3). Results in (Figure 5b) state that for waves in
May–August 2009 and in August 2010 scenarios S1 and S3 are applicable. According to
the hindcast data these waves have Hs/Lp < 0.03, the average monthly Hs varies within
0.67–0.86 m and the average monthly Tp is between 5.1–5.6 s. Based on 2007 field data, the
influence of scenario S3 on the morphology of the submerged profile was explored in [60]
on a case of a wave regime with significant height 0.6 m and peak period ≈ 5 s measured at
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the pier’s end. These results confirm the validity of a wave parameters’ range introduced
above. Moreover, for this scenario only the inner bar profile was subjected to deformations
and significant shoreward relocation, while changes on the outer bar were minor. Thus,
absence of large second harmonics and spatially small periods of energy exchange dictate
weak non-linearity of waves over the outer bar, which contributes to its relative stability in
the spring-summer months.

On the other hand, for tanβ < 7(Hs/Lp)3/2 wave transformation proceeds according
to one of the other two scenarios, i.e., amplitudes of the second harmonics reach their
maxima within the coastal zone (S2) or second harmonics already have large amplitudes
upon entering the coastal zone (S4). Such highly non-linear scenarios are valid for data
pairs in January–April 2009 and September 2009–April 2010 (Figure 5b). According to
hindcast data, steepness of these waves varies between 0.035–0.04, the average monthly
Hs: 1.48–2.12 m and the average monthly Tp: 6.7–9.1 s. Once again on the basis of 2007
field data, the influence of scenario S2 on the evolution of the submerged beach profile was
studied in [60,62] for a wave regime with significant height 1.1 m and period 7 s measured
at the pier’s end. They established that at the length of each full period of energy exchange
between the first and the second non-linear harmonics erosion occurs on the seaward bar’s
slope with sediments being transferred to its shoreward front either for the inner or the
outer bar. Furthermore, if the contribution of the undertow and the transition from S2 to S3
is considered, such periodic energy exchange can lead to bar’s significant shift toward the
shore and changes in its symmetry [60].

To draw a more precise conclusion about the waves capable to act on the bar’s stability
or displacement, threshold values for Hs and Tp were determined by setting the monthly
Q99 Hs and Tp (depth 4.4 m) against the bar crest offshore distances. This resulted in
definition of Hs ≈ 1 m and Tp ≈ 6 s. Having this in mind, it was assumed that waves
responsible for cross-shore bar migration transform according to scenarios S2 or S4 and
have steepness >0.03, Hs > 1 m and peak periods over 6 s.

Therefore, it might be suggested that the summer profiles and the relevant bar’s
stability are aided and contributed by the influence of weakly non-linear waves (scenarios
S1 or S3), while winter and transitional profiles, as well as bar’s migration are governed by
strong non-linearity of waves represented by scenarios S2 or S4.

Next in line was to examine whether any combination of wave parameters render
influence on the bar’s movement. To this end, we considered the distribution of bar
crest positions against the average monthly data of Hs, Tp and Hs/Lp (depth 4.4 m)
for January 2009–August 2010. In addition, a reference bar crest distance of 196 m was
determined, based on the most frequent profile measurements in winter 2009 (Figure 3a).
The comparison showed that in January–April 2009 and September 2009–April 2010 for
similar wave steepness values ≈ 0.04 the bar crest was localized either close or away from
the shore with regard to the reference line (Figure 3a). As for the other wave parameters, it
became evident that to a narrow interval of steepness values (0.035–0.04) corresponded
a wide range of wave heights: 1.48–2.12 m, respectively periods: 6.7–9.1 s. Despite the
time scale discrepancy in the compared data, it was concluded that regardless of the
similar steepness values waves that cause the bar crest to shift seaward are higher and with
longer periods than those moving it in the opposite direction, which is especially valid
for January–April 2009 (2010)—Figures 3a and 4. However, these general findings do not
justify in completion the observed intra-annual bar evolution. This implied the necessity to
investigate the influence of individual storms and their characteristics on the cross-shore
bar crest relocations during January–April 2009 and September 2009–April 2010.

4.1.3. Influence of Storms and Wave Incidence Angle on Bar Dynamics

The analysis was based on hourly time series (SWAN model output transformed to
4.4 m depth) of parameters Hs, Tp and Hs/Lp for November 2008–August 2010, which
were chronologically collated with bar crest positions. It was obvious that discrepancies in
the temporal resolution of modeled and measured data introduce difficulties in definition
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of direct causal connection between particular wave events and monthly measurements
of the bar profiles with pre- or post-storm identity. Therefore, we applied the thresholds
for scenarios with strong non-linearity (Hs > 1 m, Tp > 6 s and Hs/Lp > 0.03) to the time
series in order to identify individual storms or sequences of storms that might be claimed
responsible for the cross-shore bar migration.

Application of the thresholds showed that in summer months of 2009–2010 waves
corresponded to scenarios S1 and S3 and wave conditions caused minor changes to bar
height at its farthermost position at ≈ 220 m (Figure 3). However, influenced by the
first autumn storms in September 2009 having characteristics valid for scenarios S2&S4
(Hs ≈ 1.5 m, Tp ≈ 6.5 s, Hs/Lp ≈ 0.04), the sand bar began to move towards the shore
reaching its reference location of 196 m in November 2009. The following storm events (Hs
≈ 1.5–2 m, Tp ≈ 7–9 s, Hs/Lp > 0.04) caused minor back-and-forth bar crest shifts of 10–15
m. This state retained up to mid-storm season (January–February), when a storm occurred
causing the bar crest initial shoreward displacement. For 2009, such a storm was in January,
while for 2010 in February (Figure 3b). The subsequent heavy storm: in February for 2009
(Hs > 2 m, Tp ≈ 8 s, Hs/Lp ≈ 0.04) and in March for 2010 (Hs ≈ 2.2 m, Tp ≈ 9 s, Hs/Lp ≈
0.045) caused the maximum bar crest offshore shift to its spring-summer location increasing
significantly the depth above the crest (Figure 3a,b; Table 1).

Such approach contributed to the definition of individual storms that were deemed
responsible for the shoreward/seaward shifts of the bar (Table 2). The hourly time series
for each storm or sequence of storms were additionally processed, keeping for analysis
only the data fulfilling the thresholds for non-linear scenarios, i.e., Hs > 1 m, Tp > 6 s and
Hs/Lp > 0.03. Afterwards, wave parameters of each storm were averaged to a single value
in order to make a comparison between wave steepness values, significant wave heights
and peak periods for each storm group (Table 2).

Table 2. Average wave parameters fulfilling the thresholds for scenarios S2&S4 for storms responsible for outer bar displacements.

Storm Groups (SG) Hs (m) Tp (s) Hs/Lp Duration of Wave Conditions
with Hs/Lp > 0.04 (h)

SG1: Storms moving the outer bar shoreward (January
2009, September–October–November 2009, January 2010) 1.59 6.7 0.036 66

SG2: Storms moving the outer bar seaward (February
2009, December 2009, February–March 2010) 1.7 7.2 0.037 121

It appeared that in 2009–2010 storm conditions for each group were rather similar,
although waves in SG2 are slightly higher, steeper and with longer periods. The importance
of wave height and period for shore profile changes at the site were studied by means of
numerical modeling in [66,67]. They revealed that the typical scenario of wave action on
the beach profile regardless of the season is characterized by erosion near the shoreline
and accumulation of sediments seaward. The general trend is that the higher the storm
waves and longer the periods the larger the shoreline erosion and the further the seaward
accumulation of sediments. For same storm waves with shorter periods, the sediments
move closer to the shore. However, a significant difference was noticed concerning the
time duration of wave conditions for which Hs/Lp exceeded 0.04 (Table 2). For storms
causing bar’s seaward shift (SG2) these conditions lasted as twice longer (121 h) as those
moving the bar closer to the coast (66 h). This suggests that not only steepness and wave
period should be taken under consideration in analysis of bar behavior but the duration of
these conditions as well.

To examine the role of wave incidence angle on bar migration hourly time series of
mean direction of wave propagation Dm (depth 17 m) for November 2008–August 2010
were used. As previously, the time series were subjected to the threefold criterion for
scenarios S2&S4 to analyze only the data fulfilling these conditions on three time scales:

• Storm season, November 2008–April 2009 and September 2009–April 2010;
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• Storm groups, as per Table 2;
• Monthly storms, here, three months with the most severe wave conditions were

selected from each storm group SG1&SG2.

Results are presented in Figure 6 using rose charts for each time scale.
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During season 2008–2009 (Figure 6a), waves predominantly were approaching in
normal to the shore (E-ENE), while in 2009–2010 oblique incidence dominated (NE-ENE).
So, for the present case an assumption was made that waves coming at an angle to the coast
contribute to bar being moved shoreward due to the presence of long-shore currents, while
those approaching in the normal move the bar seaward, mainly governed by non-linear
transformation of waves, when they propagate to the coast. Confirmation was found in
results concerning the other two time scales. For Storm groups (Figure 6b) waves displacing
the bar shoreward have a more oblique approach (NE-ENE) than those moving it seaward.
The assumption was verified at the time scale Monthly storms (Figure 6c,d) because storms
causing bar shoreward displacement have a distinct NE approach as opposed to storms
moving it seaward (ENE to ESE).

Another factor affecting the outer bar movements is the duration of storms. For both
time scales Storm groups and Monthly storms (Figure 6b–d) the storms coming from NE-
ENE and moving the bar shoreward have shorter durations than the storms approaching
from E-ENE and shifting the bar offshore. These duration differences do not exceed 20–30%,
which means that the impact of storms balance the bar’s cross-shore migration during the
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winter season, causing the bar crest to move back-and-forth with respect to the reference
distance of 196 m (Figure 3a). As for the time scale Storm seasons results show (Figure 6a)
that for season 2009–2010, when the dominant direction of wave approach was NE-ENE
the duration is 17.7% longer than the duration in season 2008–2009. These findings were
also considered with regard to displacements of the bar crest (Figure 3a). To this end, we
determined the maximum cross-shore offsets of the crest from its reference distance. The
analysis showed that for storm season 2008–2009 bar’s seaward offset is larger (19.87 m)
than its offset to the shore (8.24 m). An opposite situation was detected for storm season
2009–2010, when bar’s seaward offset equals 11.93 m, while its shoreward displacement
is 26.17 m. Therefore, the predominance of oblique wave approach and the longer storm
duration in 2009–2010 may have caused the shift of the bar’s evolution pattern toward the
shore in 2010 (Figure 4d).

Thus far, it may be concluded that intra-annual outer bar evolution follows a seasonal
pattern of cross-shore migration, which is mainly governed by scenarios of transformation
of highly non-linear waves, and the direction of its off/onshore displacement depends on
wave period, duration of wave conditions with steepness >0.04, angle of wave approach
and total duration of storms. Annual bar evolution, on the other hand, depends on wave
height and storm’s parameters as angle of approach and duration.

4.2. Possible Periods of Inter-Annual Outer Bar Evolution due to Variations of Wave Climate

According to analysis in Section 4.1, the location of the outer sand bar predominantly
depends on variations of 99th Quantile of the significant wave heights (Q99Hs). As pre-
sented in Figure 4 for different years (2009 and 2010) annual variations of bar location
depend on the annual variations of Q99Hs, i.e., whether maximum waves were higher or
smaller throughout a given year. The fluctuations in wave heights and wave climate de-
pend on wind conditions (wind climate), the variations of which depend on teleconnection
patterns determined through the values of the corresponding climatic indices.

Based on long-term data for the Black Sea it was revealed in [68,69] that on a large
time scale the indices the Atlantic Multi-decadal Oscillation (AMO), the North Atlantic
Oscillation (NAO) and the East Atlantic-Western Russia (EA/WR) have significant influ-
ence on the fluctuations of maximum annual wave heights. On a decadal time scale and
less, variations of maximum annual wave heights might depend on the NAO, the Arctic
Oscillation (AO), the EA/WR, the East Atlantic Oscillation (EA) and the Scandinavian
(SCAND) patterns [68,70–72].

In order to determine any periodicity in variations of the maximum annual wave
height analysis was conducted to reveal a connection between temporal fluctuations of
the Q99Hs and variations of the main climatic indices for the Black Sea study region. The
following indices were considered: the NAO, the AMO, the EA, the AO, the EA/WR
and the SCAND. Their dimensionless values were taken from the National Oceanic and
Atmospheric Administration (NOAA) of the USA [73]. Variations of the Q99Hs for a
deep-water point (depth 55 m, Figure 1) offshore the study site and selected climatic indices
are shown in Figure 7.

Results show that the maximum annual wave height fluctuates in time around a mean
value of 3.04 m. The analysis did not reveal any significant linear trend toward decrease or
increase of wave height in time. Minimum wave height was found to be 2.04 m, while the
maximum was equal to 4.28 m.

Wavelet analysis by the Morlet wavelet function, representing the temporal evolution
of frequency spectrum shows that fluctuations of the maximum annual waves have non-
stationary nature (Figure 8, upper panel). Frequency interval 0.08–0.2 [1/year] is of a
particular interest, since trends for both increase and decrease were observed therein.
Additionally, fluctuations of amplitudes (Figure 8, lower panel) vary in time, as well. Most
stable are the temporal variations in frequency interval 0.05–0.03 [1/year] corresponding
to periods of 20–30 years. However, there is an insignificant trend toward decrease of
fluctuation frequency in time.



Geosciences 2021, 11, 206 15 of 21

1 
 

 
Figure 7. Variations of (a) 99th quantile of the significant wave height and (b) the North Atlantic Oscillation (NAO), (c) the
Atlantic Multi-decadal Oscillation (AMO), (d) the East Atlantic Oscillation (EA), (e) the Arctic Oscillation (AO), (f) the East
Atlantic-Western Russia (EA/WR) and (g) Scandinavian (SCAND) patterns for 1950–2010.
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A previous study by [68] has shown that fluctuations of climate indices are also non-
stationary, which makes it impossible to apply the classic correlation analysis to determine
the relation between them and the wave height variations. However, a methodology to
correlate two non-stationary process based on wavelet analysis was developed in [68,72].
According to this method, mutual correlation functions were calculated between the same
frequency scales of two wavelet decompositions, which gives the advantage of having both
correlation coefficients and frequencies, where these coefficients have the largest values.

Wavelet correlation coefficients (with time lag = 0) of the maximum wave height
variations for selected climate indices are presented in Figure 9. If one considers that
correlation coefficient >0.4 represents good correlation between geophysical processes,
then for large (multi-decadal) time spans of 20–30 years variations of wave heights depend
on indices the EA and the SCAND, respectively. Fluctuations corresponding to 10–15 years
depend on the EA/WR (9–13 years), the EA (10–11 years), the AMO (13 years), the NAO
(15 years) and the AO (15–16 years). There are also fluctuations of the order of few years
that depend on the EA (4–5 years), the EA/WR (4 years), the AMO/AO (3 years), the
SCAND and the EA/WR (2 years).

According to the presented analysis, it may be suggested that the Q99 of the wave
climate in the coastal region under study at all time spans would be influenced the strongest
by the EA and the EA/WR climate indices. Additionally, strong influence might be expected
due to variations of indices the AMO, the AO and the SCAND. Significant correlation was
established for the NAO index (0.5), but only for variations with time span of 15 years.



Geosciences 2021, 11, 206 17 of 21Geosciences 2021, 11, x FOR PEER REVIEW 17 of 21 
 

 

 
Figure 9. Wavelet correlation coefficients for fluctuations of maximum annual wave height and 
climate indices: the North Atlantic Oscillation (NAO), the Atlantic Multi-decadal Oscillation 
(AMO), the East Atlantic Oscillation (EA), the Arctic Oscillation (AO), the East Atlantic-Western 
Russia (EA/WR) and Scandinavian (SCAND). 

Thus, it could be expected that mean inter-annual location of the outer bar crest may 
vary depending on periods of maximum annual wave fluctuations, which in turn pre-
dominantly depend on climate indices the EA and the EA/WR. For example, 9 years peri-
odicity of autumn bar location possibly connected with EA/WR can be seen in Figure 2 for 
years 2007 and 2016. 

5. Conclusions 
A study has been conducted examining inter- to intra-annual nearshore bar dynam-

ics on the open-coast of Kamchia-Shkorpilovtsi sandy beach at the Bulgarian Black Sea as 
influenced by regional wave climate, making use of field measurements of seabed mor-
phology, numerically modeled wave data at different time scales and examination of the 
influence of different telecommunication patterns. 

It has been shown that in 2009–2010 on an intra-annual time scale the cross-shore bar 
(crest) migration followed a certain repetitive seasonal pattern, mainly determined by 
non-linear transformation of waves in the coastal zone. During summers, the bar retained 
its stability farthermost off the shore due to weakly non-linear and low-energy wave re-
gimes. At the same time, the most active in the view of crest displacements are autumn-
winter and winter-spring periods in both years, as closest to the shore the outer bar was 
in winter with minor seaward and shoreward shifts near its reference location. It has been 
revealed that highly non-linear wave regimes and scenarios of waves transformation are 
responsible for cross-shore bar migration having wave steepness >0.03, significant height 
over 1 m and peak period more than 6 s. Even though these threshold values were deter-
mined based on hindcast monthly average data their validity has been supported by re-
cent scientific studies at the site, as drawing of more precise thresholds could be secured 
by regular wave and beach profile measurements and analysis. Furthermore, the results 
on the influence of storms on the bar migration revealed that direction of crest displace-
ment primarily depends on the wave period, the duration of wave conditions with Hs/Lp 
> 0.04, angle of wave incidence and total duration of storms. Thus, among the studied 
storms having rather similar average significant heights, those moving the outer bar sea-
ward had longer periods (7.2 s), twice as long duration of retained over 0.04 steepness 

Figure 9. Wavelet correlation coefficients for fluctuations of maximum annual wave height and
climate indices: the North Atlantic Oscillation (NAO), the Atlantic Multi-decadal Oscillation (AMO),
the East Atlantic Oscillation (EA), the Arctic Oscillation (AO), the East Atlantic-Western Russia
(EA/WR) and Scandinavian (SCAND).

Thus, it could be expected that mean inter-annual location of the outer bar crest
may vary depending on periods of maximum annual wave fluctuations, which in turn
predominantly depend on climate indices the EA and the EA/WR. For example, 9 years
periodicity of autumn bar location possibly connected with EA/WR can be seen in Figure 2
for years 2007 and 2016.

5. Conclusions

A study has been conducted examining inter- to intra-annual nearshore bar dynamics
on the open-coast of Kamchia-Shkorpilovtsi sandy beach at the Bulgarian Black Sea as
influenced by regional wave climate, making use of field measurements of seabed mor-
phology, numerically modeled wave data at different time scales and examination of the
influence of different telecommunication patterns.

It has been shown that in 2009–2010 on an intra-annual time scale the cross-shore bar
(crest) migration followed a certain repetitive seasonal pattern, mainly determined by non-
linear transformation of waves in the coastal zone. During summers, the bar retained its
stability farthermost off the shore due to weakly non-linear and low-energy wave regimes.
At the same time, the most active in the view of crest displacements are autumn-winter
and winter-spring periods in both years, as closest to the shore the outer bar was in winter
with minor seaward and shoreward shifts near its reference location. It has been revealed
that highly non-linear wave regimes and scenarios of waves transformation are responsible
for cross-shore bar migration having wave steepness >0.03, significant height over 1 m and
peak period more than 6 s. Even though these threshold values were determined based
on hindcast monthly average data their validity has been supported by recent scientific
studies at the site, as drawing of more precise thresholds could be secured by regular wave
and beach profile measurements and analysis. Furthermore, the results on the influence
of storms on the bar migration revealed that direction of crest displacement primarily
depends on the wave period, the duration of wave conditions with Hs/Lp > 0.04, angle
of wave incidence and total duration of storms. Thus, among the studied storms having
rather similar average significant heights, those moving the outer bar seaward had longer
periods (7.2 s), twice as long duration of retained over 0.04 steepness (121 h), lasted by
≈20% longer and were predominantly approaching from E-ENE, as opposed to storms
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with more oblique angle of incidence NE-ENE displacing the bar shoreward. On annual
basis the bar evolution was found the be mainly governed by wave height and storms’
parameters as angle of approach and duration, since the predominance of oblique wave
incidence and longer storm duration in 2009 could be responsible for shoreward shift of bar
evolution pattern and increase of depth above its crest. It is appropriate to comment that
according to [74] seasonal fluctuations of individual profiles could be as pronounced as
alongshore variations of a rhythmic seabed topography, which recently has been confirmed
in [15] based on field observations and numerical modeling.

Results concerning the possible connection between the temporal periodicity of Q99Hs
and variability of the climatic indices showed that for all time spans, the regional wave
climate would be most influenced by the EA and the EA/WR indices. Thus, it is expected
that mean inter-annual outer bar location may vary depending on the periods of maximum
annual wave height fluctuations, which in turn predominantly depend on the climate
indices the EA (4–5, 10–11, 20–30 years) and the EA/WR (2–4, 9–13 years), but also may be
affected by the AMO (3, 13 years), the AO (3, 15 years) and the SCAND (2, 20–30 years).
The presented results for the first time demonstrate a connection between the climatic
indices and the nearshore bar position for the Bulgarian Black Sea coast.
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