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Abstract: In the present work the Black Sea wave climate is assessed using a total of 38 years of data
(1979-2016). As a first step, the long-term variations of the main wave parameters were evaluated
using data provided by the European Center for Medium-Range Weather Forecasts (ECMWF).
Based on these values, the nearshore and offshore conditions from the Black Sea were evaluated.
Moreover, the Sea of Azov was also targeted in this study, since in some cases the conditions are
comparable with those of the Black Sea. Going up to the present day, the regional wave climate was
assessed through satellite measurements provided by the AVISO project, at the same time
indicating the differences between these data and the ECMWF reanalysis dataset. In general, the
conditions reported in the northwestern sector of the Black Sea seem to be more energetic,
indicating more frequently the presence of rough conditions. Finally, it can be concluded that the
results presented in the present study cover a broad range of applications in climatological studies
and other types of research related to coastal protection.
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1. Introduction

Global warming and the sea-level rise are clear indicators of climatological changes. There are
increasing voices that consider that these changes are related to human activities, as it has been
estimated that since the Industrial Revolution CO: emissions have increased by almost 40%, which
subsequently raised the global average temperature by almost 0.8 °C [1]. If we discuss the climate
system, we need to mention the interconnected atmosphere and ocean environments, which
constantly exchange water and energy [2,3]. Marine areas seem to be more sensitive to these
variations, revealing the destructive forces of some extreme events, as in the case of Hurricane
Katrina [4]. For low-lying areas, coastal flooding represents a real threat, being caused by the joint
action of wind, waves, and tidal forces, which considerably increase in magnitude during storm
events [5]. Coastal erosion represents another key issue for beach sectors, which can be attenuated
through conventional or innovative protection schemes [6-8].

As expected, the marine environment is defined by large water areas that are difficult to
monitor with moored buoy instruments, which are the property of national or international research
institutes. In discussing the wave characteristics, a common practice is to use past wind data in order
to force a numerical wave model or an artificial neural network to generate hindcast estimations [9].
Various reanalysis projects were developed overtime, of which we might mention Reanalysis I,
maintained by the National Centers for Environmental Prediction/National Center for Atmospheric
Research, or the JRA-55 project developed by the Japanese Meteorological Society. Another major
project is ERA40 (covering 45 years of data: September 1979-August 2002), maintained by the
ECMWE, which was replaced by the ERA-Interim project (started in 1989) that is used in the current
work to assess wave conditions from the Black Sea [10-12].
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The Black Sea is considered a dynamic environment that is subjected to seasonal variations
induced by regional atmospheric features. This basin is considered to be a semi-enclosed sea,
connected to the Mediterranean Sea through the Straits of Dardanelles and Bosporus, located in the
northeast sector of the sea. In terms of the drainage basin, the hydrographic network is the largest
one from Europe. Thus, some major rivers such as the Danube or Don [13] can be mentioned. The
general weather pattern is influenced by North Atlantic cyclones and anticyclones that arrive in this
area of the Mediterranean Sea, while on a local scale the presence of the Caucasus and Crimean
mountains generates mesoscale disturbances. It was estimated that in the case of the Caucasian
cyclones, the surface wind has a northern or northeastern orientation over the land, while a
northwestern pattern was reported over the sea in the vicinity of the Caucasian coast. The lifetime of
the Caucasian vortices was estimated to be around 10 h, covering a horizontal and vertical scale of
100 km and 1.5-2 km, respectively, during which the wind speed may report values in the range of
5-10 m/s [14,15]. On a local scale, the breeze circulation represents another important event that
modifies the bottom layers of the atmosphere, being generated by the diurnal variations of the
sea-land temperature. As expected, the Black Sea circulation is influenced by the presence of the
mountains and by the coastline morphology, with it being estimated that the nighttime breeze is
weaker than the diurnal one [16]. Previous studies suggest that the northern part of the sea reports
more significant wind resources, especially in the vicinity of Romania and Ukraine, where the wind
speed may have during the winter season a mean value of 7.7 m/s and a maximum of 13.2 m/s
[17,18].

The Black Sea wave conditions represent other important resources of this region, around
which various industries are developed, such as tourism or shipping. Various studies have focused
on the assessment of these conditions using data coming from different sources: in situ and satellite
measurements, a reanalysis dataset, and numerical simulations [19-22]. Most of these studies
indicate that the western part of the sea is more energetic in terms of the wave power potential,
which may reach an average value of 7 kW/m, compared to the eastern sector where the energy level
is two times lower [23,24]. According to the in situ measurements coming from the Gloria drilling
platform (located in the northwest of the sea), the wave conditions are defined by average values
located in the range of 1.3-1.6 m, while extreme waves of 8.6 m may occur during the winter [25].
Although the wave conditions from the Black Sea have been intensively studied, most previous
research has focused on the calibration of various numerical models or for renewable studies, which
may be considered a drawback from a meteorological point of view since the long-term variability of
the local resources is not fully understood.

In this context, the purpose of the present work is to provide a more comprehensive picture of
the seasonal and spatial variations of wave conditions in the Black Sea over a longer time period (38
years), while another research direction relates to the forecasting of wave heights from this area
based on historical data.

2. Materials and Methods

2.1. The Target Areas

The Black Sea is characterized by a maximal depth of 2258 m, a water volume of 555,000 km?,
and an area of 423,000 km?, and is considered to be the most isolated part of the global ocean. The
coastline covers a total length of 4125 km, being divided between Romania, Ukraine, Russia,
Georgia, Turkey, and Bulgaria. The sea is defined by an irregular shape, while in terms of
bathymetry the northwestern sector is defined by a shelf area that covers about 25% of the entire sea
and has a maximum depth of 200 m and a width of 200 km [26,27].

Figure 1 presents amap of the Black Sea, and also the reference points considered for
assessment. These were equally divided between four sectors, demarcated with I, II, III, and IV. The
evaluation of the wave conditions in the vicinity of the shoreline is made possible through the
A-group points (Al, A2, ..., Al2), which were previously used [17] to assess the regional wind
conditions for the 10-year time interval 1999-2008.
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The point Gloria is related to a drilling platform located in the vicinity of the Romanian
nearshore (44°31' N/29°34' E), which will be considered to assess the local wave conditions through
in situ wave measurements reported for 2003-2009. The measurements have a 6-h time step
(00-06-12-18 UTC):

Waterdepth

OP2-2143m
OP1-2074m
A4 -1995m
A5 -1936m
A3 -1798m
A8 -1422m
A7 -1044m
A10 —-667m
A6 -91m
A9 —-77m
A12 -64m
Gloria—53m
A11 -43m
A1 -41m
A2 -36m
4 AZ -8m

Latitude (°)

Longitude (°)

Figure 1. Location of the reference points considered in the Black Sea area. Figure processed from
Google Earth (2017). The water depths correspond to the values reported by the NOAA bathymetric
database (https://maps.ngdc.noaa.gov/viewers/bathymetryy/).

In order to identify the wave variations in the offshore areas, two reference points (OP1 and
OP2) were defined in the western and eastern parts of the sea, respectively. Besides the
climatological investigations, the information provided by the nearshore points can be considered
relevant for activities related to coastal engineering works or renewable projects, while the offshore
points may hold interest for marine navigation and sea safety [28,29]. Most of the research effort is
focused on the Black Sea basin, while the conditions from the Azov Sea are less discussed.
Nevertheless, by considering the reference point located in the Sea of Azov, denoted as AZ, it will
also be possible to provide a better understanding of these conditions.

As can be noticed from Figure 1, although the reference points are located close to the shore
they are defined by different water depths, which may reach a maximum of 1995 m in the case of
point A4. A minimum of 8 m is noticed in the vicinity of point AZ, while points OP2 and OP1 stand
out with maximums of 2143 m and 2074 m, respectively.

2.2. The ECMWF Dataset

The first source of data used in the present work is ERA-Interim, supported by the European
Center for Medium-Range Weather Forecasts (ECMWF), which is part of a global reanalysis dataset
obtained through an assimilation scheme. Various wave parameters are computed using a global
version of the WAM (WAve Model) model, which was initially introduced into operations by
ECMWEF in June 1992. Over time various improvements were added, such as the introduction of the
assimilation altimeter data (ERS-1 or ERS-2) or the use of the driving surface wind fields coming
from various satellite missions. Also, satellite data from Jason-1 and 2 other satellites were used for
the operational assimilation of the wave height data in the ECMWEF model [30]. In order to obtain a
more accurate description of the sea state, a full 2D wave energy spectrum (30 frequency bins; 24
directions) is defined, based on the data coming from the ERS synthetic aperture radar (SAR), which
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are characterized by a higher spectral resolution. On a global scale, the model is defined by a
computational grid of 0.36° x 0.36°, but for particular regions, such as the Black Sea, the model is run
on a higher resolution of 0.25° x 0.25° in order to include the shallow water processes [31,32]. At this
point it is important to mention that from the previous comparisons of the ECMWF data with the
buoy measurements, it was noticed that the model tends to underestimate the peak values,
especially those from the higher power class. The “missing” peaks are in general associated with the
quality and temporal resolution of the driving wind database and represent a common issue for
numerical wave models [33].

In general, the significant wave height is used to assess the wave conditions, this parameter
being defined as the mean height (in meters). A detailed evaluation of the wave conditions in the
Black Sea is carried out for the 38-year time interval (1979-2016) of the ECMWF dataset, which is
defined by a time step of 6 h (00-06-12-18 UTC).

As a first step, a direct comparison will be carried out between the in situ measurements coming
from the Gloria drilling platform and the ECMWF data reported for this site. The results are

X

indicated for the interval 2003-2009, being reported in terms of the following statistical index:

(m)—average value indicated for the Gloria in situ measurements; Y (m)—average value indicated

for the ECMWF data; Bias (m)—differences between X and Y ; Root-Mean-Square Error (RMSE in
meters)—measure of disagreement; Scatter Index (SI)—measure of the magnitude of a set of

numbers (RMSE/ X ); Pearson correlation index (R).

The corresponding scatter plots are presented in Figure 2, while a detailed statistical analysis is
presented in Table 1. The Hs values registered at the Gloria station are higher than the ones indicated
by the ECMWEF data, revealing a bias of 0.15 m (in winter) and 0.14 m (total time), respectively. The
RMSE index is frequently used to assess the differences reported between the datasets, using as a
reference the zero value, which represents a perfect correlation. This is not the case, however; a
maximum value of 0.44 m was reported for the winter time compared to 0.40 m indicated for the
total time. For the considered time interval the SI presents values in the range 0.39-0.43, while the R
index is located close to the value of 0.9.
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Figure 2. Scatter diagrams of the Hs parameter corresponding to the in situ measurements (from
Gloria drilling platform) and ECMWEF data, considering the time interval 2003-2009: (a) total time;(b)
winter time. Different colors correspond to different quantities of data in the single pixels. The solid
lines denote the perfect fit to the modeled and measured values and the dashed lines represent the
best-fit slope.
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Table 1. Hs statistics resulting from the in situ measurements (Gloria drilling platform) against
ECMWEF data for the time interval 2003-2009.

Period X(m) Y (m) Bias(m) RMSE@m) SI R
Total time (TT) 0.93 0.78 0.14 0.40 043 0.86
Winter time (WT) 1.11 0.96 0.15 0.44 0.39 0.88

2.3. The AVISO Satellite Measurements

Maybe the best way to identify the natural conditions of the vast marine areas is through
satellite missions. Compared to a fixed in situ station, the benefit of an altimeter mission is that it can
cover an extended area, while the drawback is that the results are available only for the satellite
track; even so, this can be compensated for by combining data from multiple missions. The
principles behind the measurements of the wave heights are relatively simple, involving a radar
pulse sent by the altimeter to the rough sea surface. The beam energy reflected by the water surfaces
is received by the satellite, and in this way it is possible to determine the wave profile based on the
waveform and the amplitude of the return signal. In the case of coastal waters, it is possible that the
altimeter signal can be contaminated by land if we take into account the size of the antenna footprint
[34]. The AVISO (Archiving, Validation, and Interpretation of Satellite Oceanographic Data) project,
initially started in 1986, was considered an important source of high-quality altimeter data. From the
past missions there can be mentioned Geosat, ERS-1, Topex/Poseidon, Envisat, or Jason-1, while
during the present day the following missions are active: Sentinel-3, Jason-3, Saral, HY-2, Cryosat,
and Jason-2 [35]. All these measurements are inter-calibrated and merged, being assembled in a
single global dataset.

In the AVISO project there are included all the altimeter missions designed to operate on
repeated tracks and geodetic orbits. For example, the mission Jason-1 follows a 10-day exact repeat
cycle; mission ERS-1 was defined by a repeat 35-day and geodetic 168-day period orbits, while the
CryoSat mission is defined by a repeat period of 369 days—>5344 revolutions (30 day sub-cycle)
[36-38]. These measurements are processed through the DUACS (Data Unification and Altimeter
Combination System) platform, which is a component of the CNES multi-mission ground segment
(SSALTO). In order to assemble a database, the initial measurements are processed in various
sequences, which involve: acquisition, homogenization, input data quality control, multi-mission
cross-calibration, product generation, merging, and final quality control. During these steps specific
algorithms are applied and the multi-satellite orbit error reduction is computed or a gridded product is
generated [39]. For the Black Sea area, the AVISO wave data will be used, covering the interval
2010-2016, with the available dataset defined by a single measurement per day (00 UTC).

An import aspect related to the satellite missions is the presence of missing values, which
represent gaps in the time series denoted with NaN (Not a Number) [40]. A quality check is carried
out in Figure 3 for all the reference points, taking into account the total and winter time intervals. In
general, most of the values are located below the 5% limit, with a more consistent distribution
noticed during the total time interval.

A much higher value is indicated for point A12, which indicates7.86% (total time) and 6.01% (in
winter), while points A7 and AZ exceed the 10% limit, reaching a maximum of 13.98% (AZ in
winter). As expected, the quality of the results is influenced by the missing values and in general it is
recommended that the NaN percentage does not exceed 10% of the total value [41]. Therefore, in the
case of points A7 and AZ the satellite measurements represent a viable instrument to monitor these
areas.
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Figure 3. Distribution of the missing data (NaN—not a number), corresponding to the AVISO
measurements. The results are reported for the period 2010-2016, being computed for the total and
winter time intervals, respectively.

3. Results

3.1. Evaluation of the ECMWEF Data

In order to assess the long-term variations in Black Sea wave conditions, the 38 years of
ECMWEF data (1979-2016) will be considered for evaluation.

Figure 4 illustrates the distribution of the mean values reported on inter-annual scale for
various time intervals (total and winter time). Figure 4a presents the differences reported between
the maximum and minimum annual values, corresponding to the interval 1979-2016. Excepting
points AZ and A6, most of the variations are located below 0.2 m, with reference point A6 exceeding
these limits only during the winter. On the opposite end, point A9 presents a minimum of 0.07 (total
time) compared to 0.12 m reported in winter. The group points A1-A5 (located in the north) present
smaller variations, indicating values of 0.10-0.12 m (total time) and 0.17-0.18 m (in winter),
respectively. Also, there is a gradual increase in the differences from point A9 (Turkey) to Al2
(Bulgaria) and A1l (Romania), which, for example, during the winter starts at 0.12 m and finally
reaches 0.18 m (in Al).

Since points A6, AZ, and A9 are more representative in terms of these variations, Figure 4b—d
represent the mean annual values while with a dotted line that indicates the absolute average for this
time interval.

The winter season is more variable, as can be observed in the case of the site AZ, where the
values are in the range 0.71-1.27 m. During the interval 1979-1999 most of the values exceeded the
absolute averages, which are set to 0.77 m (total time) and 0.98 m (in winter), and during recent years
(2010-2011) there is a tendency of the Hs values to exceed these limits. In the case of point A6, it can
be observed that the maximum values are located in the interval 1990-2016, and may reach 0.69 m
(total time) and 0.89 m (winter), both being reported for 2004. Regarding point A9, which is located
in the southern area, a maximum peak of 0.8 m is seen in 1992, while in 1999 the values largely
exceeded the absolute mean.
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Figure 4. Inter-annual distribution of the average values based on the ECMWF data, as indicated for
the time interval 1979-2016. The results are related to: (a) normalized values reported between the
maximum variation and the average value; (b-d) annual variations computed for the total and
winter time, respectively, by considering points AZ, A6, and A9.

In order to avoid the influence of outliers, in Figure 5 the 95 percentile index was considered in

the identification of the maximum annual significant wave heights for all the points, which were
grouped according to the reference sector. Since during the winter season the highest values are
reported, only this period was taken into account. The points located in areas I, II, and IV present
maximum values of 3.3 m, 3.5 m, and 3 m, respectively, for 1993, compared to area III, where a 2.4 m

value is indicated for 1987.
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Figure 5. Inter-annual distribution of the Hs—95 percentile values (in meters) based on the analysis
of 38 years (1979-2016) of ECMWF data. The results correspond to the points located in: (a) Area [;
(b) Area II; (c) Area III; (d) Area IV. Values estimated for the winter interval only.
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From the points located in area I, it can be noticed that sites A1 and A3 present in general much
higher values compared to point A2, where the values are located in the range 1.66-2.68 m. As
expected, the offshore points OP1 and OP2 present more important values, which are located in the
range 1.6-2.37 m and 2-3 m, while for the Azov Sea a minimum of 1.64 m was reported.

Figure 6 illustrates the monthly distribution of the differences reported between the minimum
and maximum average values for 1979-2016. Although the winter is considered to be more dynamic,
the differences between the summer and winter are not clearly highlighted by the results. For sector
I, during January and March maximum variations may occur of 1.23 m, especially in the case of
points Al and A3, while during August point Al presents a peak value of 1.11 m. Significantly lower
variations are reported in June, where a minimum of 0.65 m is indicated in the vicinity of reference
point A2. The points located in sector II are in general dominated by the values reported by point
AZ, which during the interval June-September may reach a variation of 1.58 m. This easily exceeds
the winter values, defined by a maximum of 1.17 m (point A4). In the case of sectors Il and IV, the
offshore points OP1 and OP2 report the highest values, indicating a value of 1.27 m for OP1 (in
January) and 1.01 m for OP2 (in July). It can be observed that during July there is a peak, which
modified the monthly pattern. In the case of sector IV this is defined by the following trends: A4—lower
values; A5—values > A4; A6—values > A4 and A5.

One way to estimate the sea state is through the Beaufort scale, which was introduced in 1807
by Francis Beaufort. The scale is divided into 12 classes, starting from C1 (calm) and reaching
hurricane conditions, during which wind speeds of 32.7 m/s can be encountered [42,43]. According
to the values defined in this scale, three sea state conditions were defined for the present study: (A)
Calm sea state (C) — Hs < 0.6 m; (B) Moderate sea state (M) — 0.6 m < Hs < 2.5 m; (C) Rough sea state
(R) - Hs>2.5m.

Hs (m) - diff Hs (m) - di
S — 16—

1 mmaAs |

0.8
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16— : — : =AB 16— —T— =::2 -
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Figure 6. Hs differences (in meters) between the monthly maximum and minimum average values,
corresponding to the inter-annual level. The results cover the 38-year period (1979-2016) of ECMWF
wave data, being reported for: (a) Area I; (b) Area II; (c) Area III; (d) Area IV.

Table 2 presents the distribution of the three classes (in %) for various time intervals, from
which it can be seen that point A7 can be associated with the values reported in the calm area,
compared to point OP1, which registers significant values from the moderate and rough classes. The
three main time intervals (1979-1990, 1991-2000, and 2001-2016) reveal the following general trends:
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(A) Calm values—decreases to the second interval and increases for the third; (B) and (C) Moderate and
rough values—increases to the second interval and decreases to the third.

In terms of the calm values, the maximum of 77.83% is accounted for by point A7 during
1979-1990, compared to a minimum of 25.48% indicated by OP1 for 1991-2000. For moderate
conditions, there are values in the range 69.61-71.84% for points A3 and OP1 for 1991-2000,downto a
minimum of 22.08% reported by A7 in the interval 1979-1990. A maximum of 2.74% and 2.78% is
reported for the rough classes by the reference points OP1 and AZ, respectively.

A similar analysis is presented in Figure 7 for several reference points, with the monthly
distribution taken into account this time. The presence of the summer season (April-September) is
clearly highlighted by the values from the calm interval, while the rough conditions are briefly
noticed during the winter, though site A8 does not report such events. In the case of point Al,
moderate conditions may be present during the summer (values in the range of 41-61%), compared
to the winter, when these values increase to 71-80%.

Table 2. Sea state distribution based on the analysis of 38 years (1979-2016) of ECMWF wave data.
The values (in %) are associated to the following sea states: Calm (denoted with C); Moderate (M);

Rough (R).
Interval 1979-1990 1991-2000 2001-2016 1979-2016
Point C M R C M R C M R C M R
Al 3898 59.20 1.82 29.64 68.13 223 3517 6270 213 3648 6146 2.06
A2 4119 5772 1.09 3166 6725 1.09 39.53 5936 1.11 39.65 59.25 1.10
A3 36.48 6121 231 2776 69.61 263 3089 6662 249 3329 6424 247
A4 39.61 5834 205 299 6785 225 33.09 64.68 223 3588 6194 218
A5 4487 5373 140 347 6381 149 3699 6138 163 407 5778 1.52
A6 63.08 36.59 0.33 4871 51.00 0.29 5222 4738 040 5729 4236 0.35
A7 77.83 2208 009 6213 3774 0.13 68.09 31.83 0.08 72.86 27.04 0.10
A8 66.1 33.88 0.02 5217 4775 0.08 5699 4291 0.10 6134 3859 0.07
A9 619 3792 018 47.02 5272 026 5157 4819 024 56.11 43.66 0.23
A10 56.31 4333 036 4271 56.86 043 4717 5244 039 51.13 4848 0.39
All 49.75 49.67 058 4195 5733 0.72 4855 5048 097 494 4982 0.78
A12 49.64 4912 124 4066 5797 137 4619 5235 146 4796 50.67 137
OP1 3227 6528 245 2548 71.84 268 2725 7001 274 2971 67.66 263
oP2 4771 5138 091 3633 6281 086 38.09 6062 129 4258 56.36 1.06
AZ 4269 5480 251 3376 6346 278 4235 5562 203 4197 5565 238

For the same classes, point A8 presents a minimum of 13% in May, and maximum of 64-67%
during December—February. In the case of the offshore point OP1, the rough conditions may reach a
maximum of 4.5-7.28% during the interval November—February, while in March and October the
extreme events do not exceed 3.47%. Finally, during the summer these conditions account for a
maximum of 1% of the total values.
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Figure 7. Monthly sea states related to the values of the Hs parameter based on the 38-year time
interval (1979-2016) of ECMWF wave data. The values presented in the diagrams are associated with
the moderate conditions, being related to the locations: (a) Al; (b) AZ; (c) AS; (d) OP1.

3.2. Assessment of the AVISO Measurements

Table 3 presents a statistical evaluation of the Hs values reported during the total and winter
time, respectively. In terms of average values, the differences between the reference points are much
smaller. Thus, during the total time these differences may reach a maximum around 0.9 m,
compared to AZ, which this time presents a much smaller value of 0.76 m. During the winter, these
values are distributed around the value of 1 m, with more noticeable conditions being accounted for
by the group points A10-A12 and by point OP1. The values reported by the 95 percentile are half
those of the extreme ones (indicated throughout by the subscript Max).

A more severe difference is reported by point A7, where the maximum is 6.57 m compared to
1.81 m accounted for by the percentile. The distribution of calm, moderate, and rough conditions is
also presented, with the rough values reported by the AVISO measurements for point AZ being
much smaller than the ones reported by the ECMWF data.

The distribution of the mean values on an annual scale is presented in Figure 8, considering all
the reference points. In general, sites A1, A3-A5, A9, A12, OP1, and OP2 present much higher
values, and some seasonal trends have also been reported. During 2011 and 2013 lower values are
reported compared to 2010 and 2012, while during the interval 20142016 the wave heights are
slowly increasing until they reach a maximum in 2016. The following results can be mentioned: (A)
Sector I—point A1 — 1.18 m in 2012 and 2016; (B) Sector II—A4 — 1.12 m in 2016; (C) Sector
II/IV—A9 and A12 — 1.2 m in 2016.

Table 3. Hs statistics that resulted from processing the AVISO measurements for the time interval
2010-2016, taking into account the total and winter time, respectively.

nterval Total Time Winter Time
Point Mean(m) 95th Max C M R Mean(m) 95th Max C M R
(m) @m) (%) (%) (%) (m) (m) (%) (%) (%)
Al 0.86 202 561 255 69.7 1.76 1.12 233 561 516 84.69 3.28
A2 0.78 1.72 521 30.15 67.89 0.94 0.99 204 521 680 8453 1.72
A3 0.85 1.85 511 2652 7235 1.06 1.07 205 511 473 88.67 195

A4 0.82 175 439 2773 71.61 0.59 1.03 197 439 5.08 8875 1.09
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A5 0.78 1.73 3.68 3031 68.17 0.39 0.99 194 368 712 8391 0.78
Ab 0.77 1.77 349 3297 64.76 0.66 0.97 203 349 919 7898 1.25
A7 0.68 1.81 657 3195 5499 1.17 0.95 213 657 10.09 6711 2.19
A8 0.77 1.82 479 3344 6425 1.02 0.96 205 479 954 7805 1.72
A9 0.85 190 4.18 2636 7227 094 1.07 213 418 524 8758 1.80
A10 0.90 199 488 2460 738 1.64 1.13 228 488 449 8797 3.12
All 0.89 197 555 2370 7243 231 1.11 236 555 649 8195 4.22
Al12 0.85 204 556 2217 67.7 242 1.13 244 556 583 7797 445
OPr1 0.90 199 538 2429 7341 195 1.14 229 538 458 87.03 3.67
OP2 0.81 1.82 351 2921 6891 0.82 1.02 2.07 3.51 6.96 8391 1.48
AZ 0.76 1.50 3.22 30.15 5866 0.16 0.86 1.66 3.11 825 69.38 0.23
Hs (m) - mean Hs (m) -mean
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Figure 8. Inter-annual variations of the Hs mean values that resulted from processing the AVISO
measurements corresponding to the time interval 2010-2016.The results correspond to the total time
(TT) and winter time (WT), respectively, being computed for the points located in: (a) Area I; (b) Area
IL; (c) Area III; (d) Area IV.

Figure 9 illustrates the annual distribution of the extreme Hs values, from which it can be observed
that 2012 presents some energetic peaks, such as: A1—5.6 m; A4—4.39 m; All and A12—5.55 m, in
contrast with sector III, where point A7 presents a maximum of 6.57 m in 2010. In general, the values
reported in sectors I and IV are located below the 4 m limit, a minimum of 2.4 m being accounted for by
point A3. For sectors Il and III, the annual values do not exceed 3.5 m, excepting point A9, which has two
peaks at4.18 m (in 2012) and 3.63 m (in 2014), respectively.

The monthly sea state distribution illustrated by the satellite measurements is presented in
Figure 10. By adding up the calm, moderate, and rough values, we can obtain a complete overview
of the sea state (100%), but in the case of the satellite data there is a problem associated with the
missing values, also known as NaN—Not a Number [44]. As can be observed, some points present
no gaps in the time series, such as in the case of A3, A10, or OP1 compared to AZ or A7, an aspect
that can be observed in Table 3. During the winter, and also during April, August, and September,
the values from the moderate classes are dominant compared to the remaining months, when the
heights from the calm interval start to gain momentum.
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Figure 9. Inter-annual variations of the maximum Hs values, available for the seven-year time
interval (2010-2016) of AVISO satellite measurements. (a) Area I; (b) Area II; (c) Area III; (d) Area IV.
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Figure 10. Monthly variations of the sea states according to the seven-year time interval (2010-2016)
of AVISO satellite measurements. Results related to the reference points located in: (al-a3) — Area I;
(b1-b4) — AreaII; (c1-c4) — Area III; (d1-d4) — Area IV.

The rough conditions are visible only during the winter; the month of December is most
variable from this point of view, with values of A1—5%, A3 and A9—4.07%, A10—5.88%, A1l and
OP1—6.33%. For point AZ, there is a tendency to have missing data in the interval January—-April,
when the following percentages are reported: January —18.84%, February —27.8%, March—17%, and
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April—12%. Since the Azov Sea is a relatively small area compared to the Black Sea, these gaps can
be considered a weak point of the satellite measurements, including in this category the costal
sectors defined by a complex orography, such as points A7 or A12. Most of the points follow a
similar pattern, which, for example, in the case of Al is defined by an 87.6% of Hs values from the
moderate interval (in January), which drops to 45.4% in July. Of the offshore points, site OP1 seems to
be more dynamic, indicating during June and July calm values that register a maximum of 47.1%
compared to OP2, where a value of 52.9% is noticed.

4. Discussion

A first analysis is carried out in Figure 11 for the ECMWF data, where the results are presented
in descending order, being based only on the total time values. Regarding the mean values (Figure
11a), the top four points are OP1, A3, A4, and Al, with Hs values exceeding 0.8 m. Close behind is
point AZ (from the Azov Sea), located at0.78 m, which exceeds the offshore point OP2 by only 0.71
m. On an opposite end, we found the group points A6-A9, which present values in the range
0.42-0.57 m, much lower, being registered in the vicinity of site A7, which is located in the eastern
side of the sea. Regarding the 95th percentile, it can be observed that the first position is occupied by
points OP1, A3, A4, and Al, and at this time point AZ with 2.02 m exceeds point Al, which indicates a
value of 1.97 m. On the other hand, we found the same group points A6-A9, which present a maximum
of 1.46 m and a minimum of 1.03 m.

Hs (m) Hs(m)
09 T T

95 percentile

Mean values

0.65 |

0.4

OP1 A3 A4 A1 AZ A5 A2 OP2 A12 A11 A10 A9 A6 A8 A7 A5 A2 A12 OP2 A1l A10 A6 A9 A8
(a) (b)
v )
75 ! I ; - T
F i Calm conditions - Roughcondltlons 1
50 : » 1.4
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(c)

Figure 11. ECMWEF (total time data)—distribution of the significant wave heights for the 38-year time
interval (1979-2016), indicated for: (a) mean values; (b) 95 percentile; (¢) calm conditions;
(d) rough conditions.

Although point OP2 is located offshore, at 1.69 m, this confirms the fact that the eastern part of
the Black Sea is defined by a lower wave energy level compared to the western one. In terms of the
calm conditions (in %), in first place we find the group points A6—-A12 located in the northeast and
northern sectors, which present a minimum of 48% for A12 and a maximum of 73% for site A7.
Much lower values are accounted for by the group points A1-A4, with a maximum of 39.7%, while a
minimum of 29.7% is reported close to point OP1. The rough conditions, as reported by the ECMWF
dataset, do not exceed 3% of the total time, being located between a maximum of 2.63% for OP1 and
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~0% for point A8. Based on these results, three main groups of points can be highlighted, namely:
(A) OP1, A3, AZ, A4, and A1 with values in the range of 2.06-2.63%; (B) A5, A12, A2, OP2, and All
with values in the range of 0.78-1.52 m; (C) A10, A6, A9, A7, and A8 with values in the range of
0.07-0.39%.

Some insights regarding the temporal and spatial variations of the wave conditions are
illustrated in Figure 12 through the AVISO measurements.

In order to highlight the distribution of the storm events in the Black Sea region, the time series
of points Al and A7 were considered for evaluation and to identify some energetic peaks. For point
Al a major event is reported for 8 February 2012, during which a maximum of 5.8 m may be
observed in the western part of the sea, while a minimum of 1.4 m was reported in the eastern sector.
According to the values reported during the next day, the peak of the storm is gradually moving to
the southwest, while in the middle of the basin and in the Azov Sea there are reported Hs values
from the lower classes. Regarding point A7, located in the eastern sector, a maximum peak of 6.7 m
was observed onl17 November 2010. In this case, most of the Black Sea areas present calm conditions,
with the storm being concentrated in the vicinity of the Georgian nearshore. On the next day, the
spatial distribution of the wave conditions had completely changed, with in this case more
important values being reported in the southwest sector (0.6 m) compared to a minimum of 0.2 m
reported in the southeast.

Hs(m)

7 m 08.02.201/2" B 9.02.2012
08.02.2012 S
.

3:*WW ;AJWJ&“]L@_..»W UW tWJ ——
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-]
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Figure 12. Temporal and spatial analysis of the AVISO measurements for the seven-year time
interval 2010-2016, corresponding to the reference points: (al-a3) Al and (b1-b3) A7.

Since rough conditions represent a real threat to offshore and coastal activities, in Figure 13 a
joint evaluation of the annual events reported by the ECMWEF and AVISO datasets for the interval
2010-2016is carried out. The differences between the two datasets are obvious, with no rough
conditions being reported group points A7-A9 according to the ECMWF data. In general, the annual
values are located below the mean values, excepting points A1l and A12, which, based on the AVISO
data, present a maximum of five years above this value.
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Figure 13. Estimation of the rough conditions (in %) according to the ECMWF and AVISO data. The
results are corresponding to annual scale for the seven-year time interval 2010-2016, being indicated
for: (al-a3) — Area I; (b1-b4) — Area II; (c1-c4) — Area III; (d1-d4) — Area IV.

Most of the points present values below 2.5%, with a maximum peak of 6.03% (in 2014) also
being reported for point AZ according to the ECMWEF data. For the AVISO measurements, a
maximum of 3.29% was seen in the case of point Al, which corresponds to 2012. For points located
in sector I, there is a tendency of the ECMWEF values to report higher values, excepting points Al
(2012 and 2014) and A2 (2012), where the AVISO shows more consistent results. Regarding points
from sector II, the ECMWF values are dominant, excepting site A6, where the reverse trend is
observed. Regarding the offshore points, the rough conditions reported by the AVISO data are, in
general, smaller, though in 2013 there seems to be good agreement between the two datasets, which is
also highlighted by the rest of the points.

5. Conclusions

In the current work, a complete picture of the Black Sea wave variability is illustrated by using
both ECMWEF reanalysis data and satellite measurements, considering values reported over the last
38 years (1979-2016). As a first step, a quality assessment of the selected dataset was carried out,
starting with the ECMWF data, which were compared with in situ measurements coming from the
Gloria drilling platform. According to this evaluation, it seems that the two datasets are in very good
agreement, with a Pearson index of 0.86, which is close to an ideal positive correlation.

For the AVISO measurements, it was considered important to identify the presence of the
missing values (NaN) and based on this analysis it was highlighted that points A7 and AZ may
present problems from this point of view.

According to the ECMWEF data, it was noticed that the differences reported on an inter-annual
scale tend to increase slightly from the southern part of the sea to the southwestern sector. From this
point of view, site AZ presents the highest variations, indicating a maximum of 0.3 m during the
winter. In the case of reference point AZ, it can be observed that in the period 1979-1999 the Hs
values in general exceeded the average value, while the opposite trend was reported after this
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period. If we consider the average values as a reference, we see that at points A6 and A9 there is a
constant increase in the Hs values, with this tendency being more visible in 1999-2016.

From the analysis of the sea states it can be observed that in general for group points A6-A10
calm conditions are dominant, compared with the rest of the points, where moderate conditions are
more frequent. If we consider only 1991-2000 we notice that the values reported in the moderate
interval are more important, with a small increase in rough values also being indicated.

As to the satellite measurements, there is no correlation between the water depth and the wave
resources, with more consistent values being reported in the western part of the basin. For example,
point Al, located at a water depth of 41 m, presents for the total time an average value of 0.86 m,
exceeding points located in deeper areas such as A4 (1995 m), A7 (1044 m), or A8 (1422). With a
lower water depth and relevant wave resources, the western part of this basin may be considered a
suitable candidate for a marine renewable project. In terms of the maximum values, it seems that
during 2012 there were more energetic peaks in areas I, II, and IV, while a constant distribution was
noticed in area III, excepting the year 2010, when there was a peak. Regarding the spatial
distribution of the extreme events, it seems that the storm conditions occurring in the western part
are more consistent, while in the eastern sector it is more likely to encounter storm conditions
reported for a relatively short time window.

Based on these results, we can conclude that the Black Sea is a dynamic environment where the
wave energy budget changes on a seasonal or inter-annual scale. These variations bring
opportunities but also challenges, such as i beach erosion due to wave action. Nevertheless, for
navigation and offshore activities, more important are the occurrences of rough events, which
influence in a negative way the safety and productivity of these sectors.
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ACCWA  Assessment of the Climate Change effects on the WAve conditions in the Black Sea
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AVISO Archiving, Validation and Interpretation of Satellite Oceanographic

ERS European Remote Sensing

Hs significant wave height
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NOAA National Oceanic and Atmospheric Administration
R Pearson correlation index
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UTC Coordinated Universal Time
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