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Abstract. In this study we describe the wind wave fields in advantage of this technique is its flexibility relative to the
the Black Sea. The general aims of the work were the esformulation of initial conditions, the calculated parameters
timation of statistical wave parameters and the assessmeiind the resolutions — both temporal and spatial. Another ad-
of interannual and seasonal wave parameter variability. Thevantage of modelling studies is the possibility to perform
domain of this study was the entire Black Sea. Wave paramhindcast and forecast calculations using archived or forecast
eters were calculated by means of the SWAN wave model orwind fields. Operational wave forecasting on different spatial
a 5x 5km rectangular grid. Initial conditions (wind speed scales is a state-of-the-art field in which numerical modelling
and direction) for the period between 1949 and 2010 werds used (e.g. Ponce de Léon et al., 2012).
derived from the NCEP/NCAR reanalysis. According to our  Traditional in situ measurements do not possess these ad-
calculations the average significant wave height on the Blackiantages, as they are usually performed during relatively
Sea does not exceed 0.7 m. Areas of most significant heavghort survey campaigns and/or by means of gauges at loca-
sea are the southwestern and the northeastern parts of the st@ns that do not permit obtaining data over the whole domain
as expressed in the spatial distribution of significant waveof interest. However, such measurements are very important
heights, wave lengths and periods. Besides, long-term anas they are the only way to validate and calibrate the models.
nual variations of wave parameters were estimated. Thus, lin- Much attention has been devoted to the study of ocean
ear trends of the annual total duration of storms and of theitwave climate and its recent variability. This research is car-
quantity are nearly stable over the hindcast period. Howeverried out on a variety of both temporal and spatial scales.
an intensification of storm activity is observed in the 1960s—Thus, a part of the research is dedicated to global wind and
1970s. waves climate (Peterson and Hasse, 1987; Sterl et al., 1998).
However, more or less regional hindcast studies prevail in
this field, e.g. studies of the Northern Atlantic Ocean (Kaas et
al., 1996), European seas (Soares et al., 2002) and their con-
1 Introduction stituent parts (Soomere, 2005; Dodet et al., 2010; Charles et
S ~_al., 2012b). Finally, numerous studies have been focused on
Any human activity in the off-shore or coastal areas is di- 35sessing the mechanisms of changes in wave climate and its
rectly affected by the ocean. To settle, live, work and plan inyg|ation with atmospheric circulation indices (e.g. Kushnir et
these areas requires data on the marine climate. As the oceagp 1997: Lionello and Sanna, 2005; Charles et al., 2012a).
and their shores are used more and more intensely for a va- giorms are the most hazardous manifestation of combined
riety of purposes, such as marine transport, offshore miningyind and wave action. They may cause severe damage both
operations and recreation, these data have to meet more aRgsnore and on land (Alexander et al., 2005; Matulla et al.,
more exact.ing requirements. A regular distribution'in time 2008). Marine storms are the subject of numerous studies.
and space is a great advantage of any data set, as it makesdh, example, a statistical assessment of storms off the east-
more con\_/eni_ent to use for further purposes than randomlys i coast of the USA during a period of more than 40 years
scattered in situ data with a short time span. is presented by Dolan et al. (1988). Changes in storm activ-

Nowadays, numerical modelling seems to be the most apyy, quring recent decades were discussed in detail. However,
propriate method of generating such data sets. The main
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Figure 2. Bathymetry of the study area. Depths are in metres. Red dots indicate validation points.

no significant storminess change has been observed in thtfic description of a storm event was by Ivashintsev (1855),
German Bight since 1876 (Schmidt and von Storch, 1993)attempting to analyse a devastating storm which occurred
On the other hand, a 40-year wave hindcast carried out foon 14 November 1854 in the proximity of Balaklava and
the Northern Hemisphere indicated a rise of significant waveSevastopol — two harbours on the extreme southwest of the
height in the Northeast Atlantic (Wang and Swail, 2001), Crimean Peninsula. This gale was remarkable because nearly
which was found to have a correlation with the NAO index. 30 English warships forming the Sevastopol siege during the
Similar results are reported in the proceedings of the Euro-Crimean War sank during this storm.
pean scientific group on Waves and Storms in the North At- More or less fundamental research of the wave climate of
lantic (The WASA group, 1998). the Black Sea started in the second half of the 20th century in
the USSR with the development of the stochastic approach in
wind wave studies. The theoretical background is developed
2 Overview of wave regime studies of the Black Sea in e.g. Putz (1952), Darlington (1954), Munk (1955), Good-
knight and Russel (1963), Pierson and Moskowitz (1964),
Various aspects of wind waves in the Black Sea have beeis|ukhovskij (1966) and Davidan et al. (1978). The results of
widely studied by researchers from nearly all surroundingapplied studies are summarized in several monographs and

countries. These investigations were carried out in the moshandbooks, such as Rzheplinskiy (1969) and Simonov and
active way during the latest decades, but several case studi@§tman (1991).

were made much earlier. Probably the first detailed scien-
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Figure 4. Scatter plot of observed and modelled 5-day average
SWH [m] at points 1, 2 and 3.

Significant wave height [m]

Furthermore, a detailed description of the multiannual trends
in the storm parameters over the western Black Sea is given
by Valchev et al. (2012).

The energetic potential of wind waves in coastal and
offshore water areas has been well documented in recent
decades (e.g. Clément et al., 2002; Cornett, 2008; Falcéo,
2010). Regarding the Black Sea, the problem of predicting
and assessing the energetic potential of waves in various ar-
eas of the basin is discussed in the works of e.g. Rusu (2009),
Akpinar and Kémdurcl (2012) and Galabov (2013).

The present paper highlights some results of a mod-
elling study of wind wave parameters and their variability
in the Black Sea during more than 60 years based on the
NCEP/NCAR reanalysis data (Kalhay et al., 1996), which
has not previously been applied as forcing for wave simu-
Days lations covering the entire sea. The goal of this study was
to assess modern climatic parameters of wind waves in the

Figure 3. Time series of observed and modelled 5-day averageg,ck Sea and to determine their spatial, annual and seasonal
SWH [m] at point 1 (top), 2 (middle) and 3 (bottom). variability
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I\_lc_>wadays su_ch resea_rch is continued by the Ukrainian sci Study area, data and methods
entific community. Studies of Komarovskaya et al. (2007),
Efimov and Komarovskaya (2009) and Polonsky etal. (2011)3.1  Study area
are examples of investigations in extreme and climatic
parameters of the whole sea. Another traditional researciThe domain of the presented study is the entire Black Sea.
field is coastal studies, e.g. in bays and straits, such as lvanoVhe Black Sea is a quasi-enclosed basin of the World Ocean
et al. (2009) and Alekseev et al. (2013). located between 41 and 48 and 27 and 42E. It is con-
Another region frequently studied for local cases is thenected to the Mediterranean Sea through the Sea of Marmara
Danube delta and the adjacent Romanian coast. The impaéind the Bosporus and Dardanelles straits in its southwest-
of wave-induced currents on the coastal transformation isern part and to the Sea of Azov through the Kerch Strait in
discussed by Dan et al. (2009). A numerical study of interac-the opposite northeastern one. Another feature of the Black
tion between currents generated by the Danube outflow an&ea is its steep continental slope and very narrow continental
wind waves is described by E. Rusu (2010); variability of shelf — except of the northwestern and western areas. Thus,
wave parameters and their statistical distribution propertiegshe greater part of the sea is a basin with a relatively flat
are regarded as a result of wave impact. A demonstration obottom relief and depths exceeding 2000 m. Furthermore, a
oil spilling forecast during offshore accidents through numer-great part of the Black Sea’s coast is surrounded by moun-
ical modelling in this region can be found in L. Rusu (2010). tains — the Balkans, the Pontic Mountains, the Caucasus and
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Figure 5. Maps of calculated average significant wave height [m], Figure 7. Maps of calculated average significant wave height [m],
wave length [m] and period [s] in winter. wave length [m] and period [s] in summer.
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Figure 6. Maps of calculated average significant wave height [m], Figure 8. Maps of calculated average significant wave height [m],
wave length [m] and period [s] in spring. wave length [m] and period [s] in autumn.
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the Crimean mountains. This feature generates specific winapplied for numerical hydrodynamic studies of the Black Sea
patterns in the coastal areas of the sea. An expanded descrifArkhipkin et al., 2013).
tion of the whole Black Sea system can be found in Ozsoy Continuous wind forcing is needed for the calculation of
and Unluata (1997) and Kostianoy and Kosarev (2008). wave parameters. For this purpose wind speed series (decom-
The general atmospheric circulation in the region is in- posed tax andv components) at 10 m height above the sea
fluenced by the configuration of the Azores and Siberiansurface were selected from the NCEP/NCAR reanalysis. This
high-pressure areas and the Asian low-pressure area. Thuganalysis contains hindcast values of various meteorological
in winter northeastern winds with speeds of 7—-81h pre- parameters dating back to 1948. The temporal resolution of
vail. Eastern winds with speeds of 5-7 mtsare predomi- this data set is 6 h, while the spatial one is 18if6the lon-
nant only in the southeastern areas of the sea. On the othgitudinal direction and 1.9046n the latitudinal one. Data
hand, northwestern winds prevail in summer with typical corresponding to the study domain were selected and inter-
speeds of 2-5nT¢ in coastal areas and 3-5 misoffshore.  polated on the computational grid. This reanalysis was cho-
Wind speeds decrease in general from west to east (Dobrasen first of all due to its enormous temporal extent, which is
volskij and Zalogin, 1982). significantly larger than most other analogues. A validation
Besides this, local (mesoscale) winds, such as sea breezesf,wind data at 10 m height from the NCEP/NCAR reanalysis
mountain—valley circulation, slope winds, foehns and boraagainst measurements performed at standard meteorological
have a remarkable impact on the atmospheric circulatiorstations and voluntarily on vessels in the investigated region
pattern in the coastal areas of the Black Sea. The speed a$ given in Kovzova (2006).
breezes varies between 1-3n $or onshore and 3-5m$ One should note that the use of low-resolution wind data
for offshore ones. Bora events are much more expressive witlas forcing may lead to blurred simulation results, especially
wind speeds reaching 25-30 mtson the coast (Kostianoy in coastal areas. However, we believe that for the current

and Kosarev, 2008). goals (namely the assessment of wave parameters in the en-
tire Black Sea) and with the current computational grid the
3.2 Data usage of NCEP/NCAR is acceptable.

The initial data used in this study may be divided into two 3.3 Wave model
general groups: data on the bathymetry and coasts of the
Black Sea and wind data in the studied domain. Wave parameters were calculated by means of the third-
An accurate bathymetry data set is needed to create a diggeneration spectral wave model SWAN (Booij et al., 1999;
ital model of the bottom topography. This data set must beRis et al., 1999). This model is widely used all over the world
suitable for the chosen numerical grid resolution for further for the calculation of wave parameters on various scales (e.g.
calculations. Already available bathymetry versions (e.g. theGorrell et al., 2011; Rusu et al., 2008; Van Ledden et al.,
ETOPO database) do not represent the bottom relief of th€009; Zijlema, 2010). It was also implemented in several
Black Sea in an adequate way. For example, maximal deptiBlack Sea studies (e.g. Akpinar et al., 2012; Polonsky et al.,
values in some of these databases exceed 2400 m, which #)11; Valchev et al., 2012). Version 40.81 of the model was
approximately 200 m deeper than the actual deepest point iapplied. Calculations were carried out in third-generation
the sea. In order to create a reliable data set a hydrographimode. Exponential wave growth was described according to
chart of the Black Sea issued by the Main Naval and OceanoKomen et al. (1984). Bottom friction was parametrized by
graphic Administration of the Russian Ministry of Defence a constant JONSWAP spectrum (Hasselmann et al., 1973).
in 1996 was used. The scale of this chartis 1 : 2500 000. IsoTriad wave—wave interactions and diffraction were also con-
baths corresponding to depths of 20, 50, 100, 200, 500, 1508idered. The computations were carried out continuously for
and 2000 m are plotted on the chart as well as 514 separatevery year. “Hot-files” containing wave parameters calcu-
points with corresponding depth values. lated during the last 3 days of a year were created to launch
The scanned image of this map was processed by mearthe computations for the next year. The directional resolution
of the Golden Software MapViewer package. As a result,was T. In the frequency-space there were 21 logarithmically
a database containing geographic coordinates of points andistributed divisions between 0.7 and 1 Hz. The time step of
corresponding depth values was created. Afterwards gecthe computations was 30 min. At every time step values of
graphic coordinates of all collected points were transformedsignificant wave height, wave period, mean length and direc-
to Cartesian ones and the irregularly distributed depth valuesion were calculated at the nodes of the computational grid.
were interpolated onto the nodes of a rectangular grid withThese parameters were stored in the model’s output file every
a spatial resolution of & 5km. In order to avoid computa- 3h.
tional errors, small bays and capes having sizes roughly equal In order to validate the calculations satellite altimetry data
to the grid cell size were smoothed. Thus, a ¥2242cell  were used. The altimeter products were produced and dis-
matrix was created, which was used as the computationaiributed by Aviso bttp://www.aviso.altimetry.f), as part of
grid in the study (Fig. 1). The same database was previouslyhe Ssalto ground processing segment. These data consist of
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Table 1. General statistical parameters of calculated against observed SWH values.

Point no. 1 2 3
Coordinates 43N,31°E 43 N,3#E 4P N,37PE
Maximal observed 5-day average SWH 3.2363 2.8370 2.6223
Maximal calculated 5-day average SWH 1.9205 2.0455 1.5582
Average observed 5-day average SWH 0.8908 0.8569 0.8211
Average calculated 5-day average SWH 0.6368 0.6576 0.5745
Minimal observed 5-day average SWH 0.0708 0.1293 0.1389
Minimal calculated 5-day average SWH 0.1300 0.1427 0.1568
Deviation between  Maximal 1.6690 1.5245 1.5400
observed and Average 0.3423 0.3144 0.3256
calculated 5-day Standard deviation 0.3061 0.2817 0.3006
average SWH Minimal 0.0007 0.0039 0.0017
Correlation coefficient (95 % confidence) 0.7258 0.7149 0.7022

5-day averaged SWH values with a spatial resolution°of 1 4 Results and discussion

Three offshore locations corresponding to nodes of the Aviso

grid were selected for validation (Fig. 2). Simulated SWH 4.1 Spatiotemporal patterns of wave parameters
values at these locations were averaged over the same time  distribution

periods as the Aviso data. Data corresponding to the entire

year 2010 were selected for the validation. Some numericaj, order to assess the features of the spatiotemporal distri-
parameters of the comparison are presented in Table 1; plokytion of wave parameters their average and maximal pa-
ted time series and scatters of averaged modelled and me@;smeters corresponding to every season — winter (December—

§ured SWH values are shown in Figs. 3_and 4. The compargepryary), spring (March-May), summer (June—August) and
ison demonstrates that modelled SWH is usually somewhag, ;;umn (September—November) — were calculated.

lower than observed SWH — the average deviation between ayerage wave parameters are at a maximum in winter.
these values varies between 0.31 and 0.34 at various points,—.hus, maximal values of average wave height correspond-
The overall patterns of observed and modelled SWH are Siang to the period between December and February exceed
ilar — the mean correlation coefficient between AVISO andg g5 m. Areas of most expressed storminess in terms of all
SWAN data is of 0.71. Nearly all individual storm peaks are gyerage values correspond to the central part of the basin
also observed in both data sets. The mentioned deviationg-ig. 5). The same spatial pattern is also observed in the dis-
may be caused by the coarse resolution of the wind forcingyipytion of average wave parameters corresponding to spring
and possible underestimations of reanalysed wind speed valriq 6). However, their values are significantly lower. For in-
ues. Moreover, the relief surrounding the Black Sea also ha%tance, maximal average SWH does not exceed 0.65 m, with
an impact on the offshore wind conditions, which can be not,,,aximal wave length 6.5m and maximal wave period 2.4s.
represented in the reanalysis in the most accurate way. Simirhe most blurred wave fields correspond to summer (Fig. 7).
lar modelling features with low-resolution forcing as the in- |, this season, average SWH exceeds 0.5m only in a very
put are discussed by Akpinar etal. (2012). compact area in the eastern Black Sea. The distribution of
Other examples of SWAN validation against in situ mea- gyerage wave parameters on the remaining surface of the
surements performed by various gauges including waveg|ack Sea is much more uniform than in all other seasons.
buoys, an Acoustic Doppler Current Profiler and radars in-an intensification of wave processes is observed in autumn
stalled in the region of Novorossijsk and Gelendzhik is given rig. 8). During the period between September and Novem-
in studies of Myslenkov and Arkhipkin (2013) and Ivonin et per the typical spatial pattern with highest waves correspond-
al. (2013). According to these results, the correlation coeffi-ing 1o the central area of the sea is restored. In this season
cients vary between 0.64 and 0.92. The RMS error betweetg“,erage wave heights exceed 0.7 m, average wave length ex-
measured and observed values is between 0.2 and 0.49 M. ~eeds 7m and average wave period exceeds 2.55s.

The temporal distribution of monthly average wave param-
eters is shown in Fig. 9. The seasonal trends are the same
as these above. However, a result that can be derived from
these data is the significant interannual variability of average
wave parameters. For instance, the deviation between max-
imal and minimal average SWH in November is 0.67 m. A
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Figure 9. Monthly average values of significant wave height, wave
length and period. Grey lines correspond to individual years, red
lines show average values corresponding to the entire hindcast pe-
riod.

slight decrease of this difference can be observed in summer
(e.g. 0.4m in June). The same patterns are typical for other
wave parameters too.

Both spatial and temporal features of the distribution of
maximal wave parameters are similar to those of average pa-
rameters. Thus, maximal SWH (over 6.5 m) as well as wave
lengths (over 55 m) and periods (over 7 s) correspond to win-
ter and autumn (Figs. 10 and 13). Also, areas with largest
waves in winter correspond to the southwestern region of the
Black Sea, whereas these areas in autumn correspond to the
northeastern region. In spring (Fig. 11) and summer (Fig. 12)
wind waves are not as intense as during other seasons — max-
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/ Figure 10. Maps of calculated significant wave height [m], wave
length [m] and period [s] maxima in winter.

E
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imal SWH does not exceed 6 and 4.5m, respectively. TheFigure 11. Maps of calculated significant wave height [m], wave
most stormy area moves to the central parts of the sea and tength [m] and period [s] maxima in spring.

the southern Crimean coast during these seasons.
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Figure 12. Maps of calculated significant wave height [m], wave Figure 14. Maps of calculated significant wave height [m], wave
length [m] and period [s] maxima in summer. length [m] and period [s] maxima.

£ 500 800 700 800 %00 1000 1200

“E

28 30 32 34 36 38 40

Figure 15.Wind speed [m3] and direction during the storm event
Figure 13. Maps of calculated significant wave height [m], wave in November 2007. The three locations of maximal calculated SWH
length [m] and period [s] maxima in autumn. during the storm are indicated by symbol.
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Figure 16. Maps of calculated significant wave height [m], wave 2
length [m] and period [s] at 6h UTC, 11 November 2007. The lo- 27
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Figure 17. Time series of significant wave height, wave length and

. o wave period at the point indicated on Fig. 16 in for the period be-
The overall maximal wave parameter distribution is Shown,een 1 and 20 November 2007.

in Fig. 14. As already mentioned, two areas with most ex-
pressed storminess are determined in the Black Sea — one is
south-western and the other is northeastern. Results of a sinshelf area in the Black Sea. Thus, wave growth is limited by
ilar wave hindcast study performed by means of the SWANthe action of bottom friction here. In general, maximal wave
model, but forced by the JRA reanalysis for the period be-heights decrease towards the coasts similarly to the average
tween 1979 and 2008, are presented in Polonsky et al. (2011heights. However, the northeastern coast is periodically af-
According to those results, there is also an area spreadinfected by storm waves higher than 6 m.
from east to west across the Black Sea with SWH exceed- One of such storms was observed on 11 November 2007.
ing 7.5m (which is approx. 1 m higher than according to It caused serious damage to numerous vessels and coastal
our data). At the same time, waves in the offshore southeastacilities in the Kerch Strait and adjacent regions. This event
ern area of the sea are even more expressed according to thes reproduced by the presented hindcast as well. This storm
cited study and their significant height can be over 12 m. Thiswas caused by the transition of a cyclone from the Balkans
statement contradicts both results of the present paper anelastwards, which resulted in prevailing western winds with
studies of individual storm cases in the western Black Seaspeed values exceeding 20 M sover the entire Black Sea
Thus, as reported by Galabov and Kortcheva (2013) maxima(Fig. 15). Thus, the fetch length was comparable with the
SWH observed at the Shkorpilovtsi location during the “Bul- whole longitudinal extension of the basin (approx. 600 km).
garian storm of the century” in February 1979 according toHighest waves generated by such combination of wind forc-
instrumental observations was of at least 5.8 m. On the otheing and fetch length were observed at 06:00 UTC at the point
hand a numerical simulation of this storm using the SWAN with coordinates 43.6/MN, 35.82 E. According to our calcu-
model and ERA-Interim reanalysis (Dee et al., 2011) men-lations, their SWH was of 6.52 m with corresponding wave
tioned in the same paper demonstrated maximal SWH valuekength 58.6 m and period 7.4 s (Figs. 16 and 17). The predom-
of 4 m, which is close to our results. inant wave directions during this storm event were ESE and
The calmest areas of the sea are its southeastern and nort8E (Fig. 18). This storm was the most significant one in the
western parts. The first one is not strongly affected by thenortheastern part of the Black Sea at least during the whole
impact of cyclones, whereas the second one is the widesgear 2007. Maximal SWH reached during it was approx.
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75 % higher than during other storms, which occurred in h
January and February (Fig. 19). Regarding the wave direc2 ||l | |
tion, three predominant sectors can be determined, namel 2 — '
W, NE and SE. Meanwhile highest waves (with SWH ex- .
ceeding 3 m) are associated with the SE and ESE direction — T T T T
(Fig. 20). 0 50 100 150 200 250 300 350
. . Days

The same storm event was previously studied by
Bukhanovskij et al. (2009) also by means of the SWAN Figure 19. Time series of significant wave height, wave length
model, but on a coarser rectangular grid. Our results shovand wave period at the point indicated on Fig. 16 in 2007. Orange
satisfactory agreement with those published previouslydashed lines indicate the period between 1 and 20 November.
Thus, absolute values of SWH are over 6 m in the northeast-
ern area and below 3 m in the western and southeastern areas
of the sea. The spatial patterns of SWH distribution are alsdle for the wind pattern. There are two prevailing types of
nearly identical. large-scale sea level pressure (SLP) fields causing storms

In order to define areas affected by the most severe stormgver the Black Sea (Surkova et al., 2013). These types are
the cumulative duration of waves with SWH higher than revealed by clustering analysig (neans) from the set of
some certain threshold was analysed. Two threshold SWHSLP fields only for storm days with SWH4 m. One SLP
values were selected: 2 and 4 m. The spatial distribution opattern is characterized by a cyclone over the Black Sea or
this parameter is shown on Fig. 21. In the case of waves witmearby. The appearance of the cyclone is accompanied by
SWH exceeding 2 m the distribution of its total duration is a quick propagation of a trough from Scandinavia and the
characterized by a maximum in the central area of the BlaclBaltic Sea. At the same time, high atmospheric pressure pre-
Sea to the southwest of the Crimean peninsula. This area igails to the west of the Black Sea region. Such a situation
influenced by nearly all cyclones passing over the Black Seamay lead to strong northwestern, western and southwestern
On the other hand, waves with SWH over 4 m have a cleawinds (Fig. 22). The second pattern is characterized by the
trend to be observed predominantly in the western Black Seatrough of atmospheric pressure spreading from the eastern
Their total duration in the opposite northeastern area is onlyMediterranean towards the Black Sea and often forming a
half of it. local cyclone over the Black Sea (Fig. 23). Its further move-

The spatial distribution of the storminess intensity can bement to the north is blocked by the vast high-pressure cen-
explained by the atmospheric circulation which is responsi-tre over eastern Europe. Under the influence of the southern

period [s]

4 —
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Figure 21. Total duration [days] of waves with SWH exceeding 2
and 4 m over the entire hindcast period.
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Figure 22. Composite of SLP anomaly corresponding to the first
weather regime of storm days [hPa].

Figure 23.Composite of SLP anomaly corresponding to the second
weather regime of storm days [hPa].

An estimation of wave heights possible once in 100 years
was performed using the initial distribution method as de-
scribed by Lopatoukhin and Boukhanovsky (2003) and based
on the data set of calculated wave heights. According to this
assessment, waves with SWH over 14 m may occur in an
offshore area surrounding the Crimean peninsula from the
southwest, south and southeast (Fig. 24). The spatial pat-
tern of highest waves is similar to the distribution of average
SWH, in winter and autumn in particular.

4.2 Temporal variability of Black Sea storminess

Some results concerning the average storminess parameters
on the Black Sea were derived during this work. The pres-

trough, northeasterly, easterly and southeasterly winds arence of waves higher than 2m during several output time
predominant over the Black Sea. When an independent Blackteps was considered as a storm event. In total, more than
Sea cyclone is generated at the periphery of the trough, th&500 such cases were observed. The average duration, area
pattern of wind direction over the sea is more complicatedand track length of storms were identified. The area of a

and can be opposite in different parts of the sea.

www.nat-hazards-earth-syst-sci.net/14/2883/2014/

storm was calculated as the quantity of grid cells with SWH
over 2m. In order to define the path length of a storm the
distance between grid nodes with maximal SWH during two
consequent time steps was calculated. Afterwards, these val-
ues were summarized for every individual storm event. The

Nat. Hazards Earth Syst. Sci., 14, 2888, 2014
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NAO index

7
o Table 2. Quantity and average duration, area and path length of
‘ storms.
% . ‘ Maximal  Quantity Average Average area Average path
12 | N/ T T - ‘ SWH [m] duration [h] [kn?] length [km]
& 2<h<3 1091 17.53 61135 218
3<h<4 327 36.43 172246 506
4<h<5 76 50.17 239343 597
] h>5 19 68.68 259047 672
200 L : | : | : | : | : | : | Total 1513
1950 1960 1970 1980 1990 2000 2010 Mean 23-90 96 568 305

Year

Figure 25. Interannual variability of the NAO index and total storm

duration per year, its linear trend-0.62 hyear?), and 95% (dark  approximately the middle of the 1970s. Other stormy years

grey) and 99 % (light grey) confidence intervals. corresponding to negative NAO values are 1995, 2001, 2005
and 2010.

Such results generally match the data on storminess trends
storms have also been ranked depending on the maximal caét the western coast of the Black Sea described by Valchev
culated wave height. The results of this analysis are presenteet al. (2012), where also a decreasing trend of storminess ac-
in Table 2. tivity is stated. Moreover, the alternation of relative calm and

Storm cyclones over the Black Sea are connected with thetormy periods as well as the increase of storminess in ap-
global atmosphere circulation patterns. A connection withprox. 1960-1975 is a typical feature not only for the Black
the NAO index (November—March) shows that periods with Sea, but also for other European seas, e.g. the North and
the lowest NAO index are accompanied by higher stormi-Baltic Seas as shown by Matulla et al. (2008).
ness (Figs. 25 and 26). Thus, the correlation coefficients be- Finally, the seasonal distribution of storm events was as-
tween the NAO index and the storm duration and quantity aresessed. The maximal value of total average storm duration
—0.35 and-0.25, respectively. This may be interpreted as acorresponds to winter months, January in particular. How-
decreasing influence of the Azores anticyclone’s ridge overever, most prolonged heavy storms with wave heights ex-
the Mediterranean and Black Sea allowing local cyclone in-ceeding 5 m do not meet this peculiarity and are observed in
tensification. February. The calmest season of the year is summer. Cases of

The interannual variability of total storm duration and wave heights exceeding 4 m were found only in July, whereas
of the number of storms over the period 1949-2010 wasstorms with waves over 5m high were not observed from
analysed. The linear trends of these series show a negligiApril to September at all (Fig. 27).
ble decrease of both annual duration and quantity of storms
——0.62hyear! and—0.02 storms year. At the same time
itis possible to determine a period of relative high storminess
in the Black Sea. This period spans from the early 1960s until
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