
Article Not peer-reviewed version

Extreme Wind Wave Heights and Their

Trends in the Coastal Regions of the

Black Sea

Fedor Gippius *

Posted Date: 19 March 2025

doi: 10.20944/preprints202503.1451.v1

Keywords: Black Sea; wind waves; coastal areas; Black Sea Waves Reanalysis; extreme values; long-term

trends

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/3926272


 

 

Article 

Extreme Wind Wave Heights and Their Trends in the 

Coastal Regions of the Black Sea 

Fedor Gippius 

Department of Oceanology, Faculty of Geography, Lomonosov Moscow State University, Leninskie Gory 1,  

Moscow 119991, Russia; gippiusfn@my.msu.ru 

Abstract: Extreme wind waves occurring during storms are a major natural hazard for the maritime economy 

on the one hand and a driver of various natural processes, e. g. the erosion of coastlines, on the other. Assessing 

the extreme values of wind wave heights and their long-term trends is crucial for coastal and offshore engineer-

ing and climate change studies. This study is dedicated to the values and long-term trends of extreme wave 

heights in the Black Sea. A 73-years long reanalysis is applied for the study. In order to additionally validate the 

reanalysis, data on wave heights form the Saral/AltiKa satellite altimeter is used. 19 locations along the coastline 

of the Black Sea are selected for the analysis of wind wave data. Maximal significant wave heights exceed 8.5 m 

along the southwestern coast of the Crimean Peninsula. Besides, 99.9th, 99th and 95th percentiles of significant 

wave heights are assessed. The long-term linear trends of these values are in general not statistically significant 

except of one location in case of maximal significant wave heights and two locations in case of 95th percentile of 

significant wave heights. 
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1. Introduction 

Wind waves occurring on the surface of any water body are one of the most obvious effects of 

the interaction between the hydrosphere and the atmosphere. They are responsible for the exchange 

of energy between these two mediums and also contribute to changes of the properties of the water 

surface, e. g. the albedo and roughness. In near-shore areas, wind waves can cause the transformation 

of coast and bottom relief and transport sediments. In turn, this influences the benthic and coastal 

ecosystems. 

The Black Sea is an important area for both natural and socio-economical reasons. Having the 

only connection to the World Ocean via the narrow Bosphorus strait, it is one of the largest semi-

enclosed basins in the world. Therefore, the large-scale processes occurring in the ocean have only a 

limited impact on the Black Sea. In particular, the gravity waves observed in the Black Sea (e. g. wind 

waves and swell) are generated only by local winds and do not experience any influence from swell 

waves coming from other seas. 

Regarding the importance of the Black Sea for the economies of the surrounding countries, one 

can state that it is intensely used for shipping and recreation. Besides, oil & gas are extracted on sev-

eral offshore platforms, and fishing and aquaculture are present as well. All these branches of indus-

try are vulnerable to extreme wind waves; therefore, the studies of various aspects of storm waves 

on the Black Sea are crucial both for science and industry. 

An enormous number of research devoted to these issues was made in recent decades. For in-

stance, [1] studied the patterns and variability of storms in the western Black Sea during 1948–2010 

and concluded, that despite some quasi-decadal variability, there are no significant long-term trends 

in the storminess. An assessment of wind wave climate over nearly the same time period, but for the 

entire Black Sea showed an increase of storm activity in the 1960s–1970s, what is linked to negative 

phases of the North-Atlantic Oscillation (NAO) [2]. On the other hand, evidence exist that the NAO 

is predominantly influencing the average values of significant wave height (SWH), whereas maximal 

values are affected by other indices of atmospheric circulation, namely the Atlantic Multidecadal Os-

cillation (AMO) and the Pacific decadal oscillation (PDO) [3]. Moreover, [4] argue that the wave cli-

mate of the Black Sea has a strong dependency on the East Atlantic / Western Russia (EA/WR) index. 
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Another study analyzed the linear trends of mean and maximal significant wave heights along the 

coasts of the Black Sea during 1979–2009 [5]. According to its results, there are significantly decreas-

ing trends of mean SWH in the southwestern part of the Black Sea and significantly increasing trends 

of this parameter off Sochi in the northeastern Black Sea; regarding annual maximal SWH, there are 

no significant trends. The relation between various teleconnection patterns and the storminess in a 

particular region of the Black Sea, namely the Danube delta, was assessed in [6]. While most studies 

deal with extreme wave parameters such as the SWH, wave length etc., [7] focused on the trends of 

SWH and their spatial distribution across the Black Sea over a 38-years long period and concluded 

that the annual average SWH is increasing in the eastern part of the sea, while in the western areas 

there is a negative trend of this parameter. Finally, it is also useful to assess the storm tracks in order 

to understand typical propagation patterns of these extreme events [8]. 

Some studies are focused on studying the aspects of wind waves in limited areas of the Black 

Sea. For instance, [9] studied the extreme waves along the Russian coast of the Black Sea between the 

Kerch Strait and Sochi based on numerical modeling. They assessed the impact of wind waves and 

swell to the total field of storm waves and concluded, that the contribution of these processes is not 

homogenous – wind waves are predominant in the northern part of the studied area, whereas swell 

dominates in its southern part. Another modeling study of wave conditions in the western Black Sea 

is described in [10]. This study is remarkable because the use of several nested computational grids. 

According to their results, maximal significant wave heights in the western Black Sea may exceed 10 

m. Several research is devoted to the assessments of extreme wave conditions according to instru-

mental measurements at key locations [11,12], including the assessment of “killer waves”, which are 

manifestations of nonlinear processes [13]. 

Another frequently used approach are case studies of extraordinary storms, which caused severe 

damage to coastal and offshore infrastructure and shipping, and their atmospheric background. For 

instance, an analysis of the November 2007 storm, which caused several shipwrecks in the Kerch 

Strait is given in [2] and [14]. In November 2023, two storms occurred in the Black Sea and affected 

its south-western and eastern coasts [15,16]. 

Several papers focus not only on the wind waves by themselves, but on their interaction with 

other environmental processes. Thus, in the vicinity of the Danube delta wind waves interact with 

currents caused by river runoff [17] and the shoreline leading to its transformation [18]. In the north-

eastern Black Sea, the sandy Anapa bay-bar is strongly affected by wind waves and alongshore cur-

rents caused by them [19,20]. An assessment of the shoreline changes, which are driven by wind 

waves and other factors along the entire coasts of the Black Sea is described in [21]. 

Finally, some research is devoted to assessments of possible future changes of the Black Sea’s 

wave climate under various Representative Concentration Pathways (RCP) scenarios [22,23]. 

In this study, a 73-years long hindcast database covering the period between 1950 and 2022 is 

applied to assess the extreme wave heights and their long-term trends in 19 key locations along the 

coastline of the Black Sea. The relatively long temporal extent of the hindcast along with its optimal 

validation parameters increases the trust and scientific significance of this research. 

2. Materials and Methods 

There are numerous methods to measure and assess the parameters of wind waves [24]. Many 

of them were applied for the Black Sea. Thus, descriptions of instrumental measurements carried out 

by wave buoys or laser altimeters are given in [11,12,25,26]. Such instrumental measurements are 

reliable due to their high accuracy, but they represent only the wave conditions corresponding to the 

location and time of the installation of the corresponding measuring device. In order to get long-term 

or basin-scale data, the most optimal method is numerical modeling forced by atmospherical reanal-

yses. In case of the Black Sea, the most widely used wind wave models are SWAN [27,28] and Wa-

veWatch, which are commonly forced by winds from the NCEP/NCAR [29,30], NCEP CFSR [31], 

NCEP CFSv2 [32] or ERA5 [33] reanalyses. Moreover, modern reanalyses contain data on wind waves 

as well. However, their spatial and/or temporal resolution isn’t always optimal for research purposes. 

High-resolution data on wind waves can be found in specialized regional reanalyses. 

The main source of data for this study is the «Black Sea Waves Reanalysis» (BLKSEA_MULTI-

YEAR_WAV_007_006; for brevity, the abbreviation BSWR for “Black Sea Waves Reanalysis” will be 

used hereafter) [34]. Data for the period between January 1st, 1950, and December 31st, 2022 was 

extracted. 
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This reanalysis contains data on various parameters of wind waves and swell on the Black Sea, 

which are calculated using the spectral third-generation wave model WAM (Cycle 6). The perfor-

mance of this model is described in, e. g. [35–37]. The atmospheric reanalysis ERA5 [33] is used as 

forcing. The timestep of BSWR coincides with the timestep of ERA5 and is 1 hour. The spatial reso-

lution of BSWR is 1/40° (approx. 2.5 km); data is provided on a rectangular grid. The total amount of 

grid nodes is 74518. Whitecapping and wave transformation in coastal areas are considered. 

A validation is crucial for any modeling product since it is the only way to be sure that the model 

gives adequate results. In this study, following validation metrics are used: the bias, the correlation 

coefficient (R), the Scatter index (SI), the mean absolute error (MAE), the root-mean-square error 

(RMSE). The formulas of these statistical parameters are given in, e. g. [38]. The BSWR was initially 

validated against satellite altimetry and in situ buoy observations [34]. The main parameters of this 

validation are given in Table 1. 

Table 1. Main parameters of BSWR validation according to [34]. 

Parameter Jason satellite altimetry in situ buoy measurements 

R 0.94 0.96 

MAE 0.02 m 0.12 m 

SI 0.21 m 0.21 m 

In order to get an independent assessment of the BSWR’s quality, it was compared against the 

Saral/Altika satellite altimeter data (phases A and B) [39]. The altimeter data was accessed via the 

Radar Altimeter Database System [40]. The timespan of these measurements is between March 2013 

and December 2022. Following measurements were excluded from the initial altimeter database ac-

cording to recommendations given in [41]: 

• measurements with standard deviation of SWH exceeding 0.4 m; 

• measurements carried out less than 10 km offshore; 

• measurements with SWH below 0.1 m. 

Afterwards, satellite measurements with a time difference below 15 minutes from the reanalysis 

term were selected (e. g., satellite measurements carried out between 13:45 and 14:15 were compared 

against reanalysis data corresponding to 14:00). The closest reanalysis node to the observation point 

was selected. Thus, 83920 pairs of SWH values from the BSWR and satellite altimeter were used for 

validation. The principal statistic parameters of this validation are given in table 2. 

Table 2. Main parameters of BSWR validation against Saral/Altika altimeter. 

Parameter Value 

R 0.92 

MAE 0.17 m 

SI 0.26 m 

RMSE 0.23 m 

Bias 0.02 m 

A scatter plot of simultaneous SWH values from the BSWR and from the Saral/Altika altimeter 

is shown in Figure 1. The linear regression shows a slight underestimation of SWH by the reanalysis. 

It is most expressed at higher SWH values. This is, however, a common issue for modelling studies 

[2,38]. 
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Figure 1. Scatter-plot of SWH values from the BSWR and from the Saral/Altika altimeter. 

The quality of data produced by numerical models usually slightly varies from season to season. 

The seasonal variability of the main statistical parameters used for SWH validation is shown in Figure 

2. Thus, the mean bias varies from -0.03 m in November till 0.07 m in April; the MAE is between 0.13 

m in May and 0.21 m in February; the RMSE is between 0.17 m in May and 0.29 m in February; the SI 

is between 0.21 m in December and 0.32 m in August. The correlation coefficient (R) varies between 

0.87 and 0.93, whereas minimal R values correspond to calmer months (May till August). The number 

of observations varied between 6353 and 7875 for each month. 
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Figure 2. Monthly distribution of the main statistical parameters for SWH validation. Upper panel: bias, MAE, 

RMSE, SI. Middle panel: R. Lower panel: N (number of observations). 

According to these statistical estimates, the quality of BSWR exceeds several previous modelling 

datasets, e.g. that presented in [38]. In the latter case the correlation coefficients turned out to be lower 

(0.76–0.85 depending on the SWH measurement instrument). 

In order to assess the spatial variability of wind wave extremes, 19 points located in the coastal 

areas of the Black Sea were selected. The points were selected in a way to achieve a relatively regular 

coverage of the Black Sea coastline. They also correspond to areas of high natural or anthropogenic 

significance (e. g., river deltas, straits, ports, offshore drilling units etc.). These points’ coordinates are 

given in Table 3; their location is also shown in Figure 3. Some of these locations were previously 

used for analysis in [38]. For the points, not the reanalysis nodes closest to the coast were selected, 

but those located at a certain distance offshore in order to take into account possible local effects (e. 

g. the bora winds and corresponding waves in Gelendzhik). 

Table 3. Coordinates of coastal points considered in this study. 

Point # Point name Latitude, N Longitude, E Specific feature 

1 Karkinit pltf. 45.7231 31.8378 Offshore oil & gas extraction; previously used in [38]. 

2 Tarkhankut 45.3460 32.4433 Westernmost point of the Crimean Peninsula 

3 Khersones 44.5833 33.3343 
Vicinity of a major harbor (Sevastopol); key point for several 

previous studies (e. g., [42]). 

4 Katziveli 44.3557 33.9787 

Vicinity of southernmost point of the Crimean Peninsula; 

key point for several previous studies (e. g., [13]); previously 

used in [38]. 

5 Meganom 44.7633 35.0979 Approximately equal distance between adjacent points 

6 Kerch Srait 44.9639 36.5532 
Intense shipping route connecting the Black Sea and the Sea 

of Azov; previously used in [38]. 
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7 Utrish 44.7078 37.3953 
Vicinity of the maritime natural reserve «Utrish»; key point 

for several previous studies (e. g., [26,43]). 

8 Gelendzhik 44.5053 37.9783 
Major resort area; key point for several previous studies (e. 

g., [9,44]); previously used in [38]. 

9 Tuapse 44.0637 39.0567 Major port and industrial area 

10 Sochi 43.5476 39.7275 Major resort area; previously used in [38]. 

11 Sirius 43.3712 39.9387 
Major port and resort area; vicinity of several river mouths 

(Mzymta and Psou). 

12 Hopa 41.4233 41.3833 
Major city and port; key point for several previous studies 

(e. g., [10]); previously used in [38]. 

13 Giresun 40.9393 38.3891 Major city and port; previously used in [38]. 

14 Sinop 42.1233 35.0867 
Major city and port; key point for several previous studies 

(e. g., [10]); previously used in [38]. 

15 Zonguldak 41.4829 31.7596 Major city and port; previously used in [38]. 

16 Bosphorus 41.2665 29.1520 
Intense shipping route connecting the Black Sea and the Sea 

of Marmara; previously used in [38]. 

17 Galata 43.0124 28.0759 Major city and port (Varna); previously used in [38]. 

18 Gloria 44.5200 29.5700 
Offshore oil & gas extraction; key point for several previous 

studies (e. g., [10,45]); previously used in [38]. 

19 Danube 45.1828 29.8111 
Delta of the Black Sea’s most significant river; key point for 

several previous studies (e. g., [6,17,18]). 

 

Figure 3. Location of coastal points considered in this study. 

Timeseries of all available wave parameters were extracted from the BSWR for each of the points 

mentioned in Table 1 and Figure 2. The timestep of these timeseries remained 1 hour. These timeseries 

were further analyzed using following techniques. 

For each point, maximal SWH values and their 99.9th, 99th, and 95th percentiles were deter-

mined separately for every year and for every month. The linear trends of these parameters were 

calculated and their significance was assessed using the Mann–Kendall test [46,47]. 

3. Results and Discussion 

3.1. Spatial Distribution of Extreme Wave Heights 

First, the spatial variability of extreme wave heights will be described and discussed. Figure 4 

shows the spatial distribution of extreme wave heights across the coastal areas of the Black Sea. Re-

garding the maximal SWH, highest values correspond at Khersones and Katziveli – 9.5 and 8.5 m, 

respectively. Maximal SWH within the 7–8 m diapason corresponds to adjacent points in the NW 

part of the Black Sea (Karkinit platform and Tarlhankut), along the coast in the NE part of the sea 
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between Meganom and Gelendzhik, as well as at Bosphorus on the opposite SW edge of the basin. 

Lowest maximal SWH values correspond to the SE part of the Black Sea; thus, this value at Giresun 

is 4.58 m. 

 

Figure 4. Spatial distribution of maximal SWH values (top left panel), 99.9th percentile of SWH values (top right 

panel), 99th percentile of SWH values (bottom left panel) and 95th percentile of SWH values (bottom right panel) 

at the selected coastal points in the Black Sea. 

The spatial distribution of the 99.9th, 99th and 95th percentiles of SWH differs from that of the 

maximal SWH. Thus, highest values of the 99.9th percentile of SWH correspond to the SW and W 

coasts of the Black Sea – they are 4.53 and 4.42 m at Bosphorus and Gloria, respectively. Remarkable 

high values of this parameter – 4.22 and 4.16 m – correspond to Gelendzhik (NE coast) and Khersones 

(N coast). On the other hand, lowest values of the 99.9th percentile of SWH correspond to the SE coast 

of the sea, which coincides with the distribution of the maximal SWH. Thus, the value of this param-

eter at Giresun is 2.78 m. 

Highest values of the 99th percentile of SWH also correspond to Bosphorus and Gloria (3.26 

and 3.16 m, respectively). Unlike the distribution of 99.9th percentile of SWH, in this case the distri-

bution along the N and NE coasts of the Black Sea is more uniform without local maxima. Another 

slight difference is the location of minimal values of the 99th percentile of SWH – it corresponds to 

Sochi (1.94 m). 

Regarding the distribution of the 95th percentile of SWH, its highest values correspond to Glo-

ria (W coast; 2.21 m) and Bosphorus (SW coast; 2.21 m). Local maxima are also observed along the N 

and NE coasts at the Karkinit platform (2.07 m) and the Kerch Strait (2.02 m). Just as in case of the 

99th percentile of SWH, minimal values of the 95th percentile correspond to Sochi (1.29 m). 

Thus, the distribution pattern of maximal SWH values and its highest percentiles are different. 

Whereas highest maximal SWH are observed at Khersones and Katziveli on the SE edge of the Cri-

mean Peninsula, these points are quite moderate in terms of the percentiles. On the other hand, high-

est values of the percentiles usually correspond to points in the western nearshore area (Bosphorus 

and Gloria). This difference can be explained by the fact that the SE edge of the Crimean Peninsula is 

affected by storm waves generated by winds blowing across the entire Black Sea and thus having an 

enormous fetch, which is crucial for the development of wind waves having SWH over 9 m. How-

ever, such events are relatively rare. On the other hand, the SW area of the Black Sea is frequently 

affected by atmospheric circulation causing relatively high waves, which leads to higher values of 

the percentiles in this area. One can compare this explanation with previous assessments of spatial 

distribution of maximal SWH values and the duration of extreme waves. For example, [38] deter-

mined three areas with maximal SWH values in the Black Sea – the SW part of the sea adjacent to the 

Bosphorus Strait, an area along the N coast of the Sea approximately between Khersones and Utrish, 

and an offshore area in the SE part of the sea. On the other hand, [2] assessed the duration of extreme 

high waves (in their case, with SWH ≥ 4 m) and concluded, that such waves are most frequent in a 

quite compact area in the western part of the Black Sea. 
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3.2. Spatial Distribution of Extreme Wave Heights’ Linear Trends 

Besides the extreme parameters, which were discussed previously, it is useful and interesting to 

assess the long-term trends of these values. Analyzing a 72-years long dataset gives a good oppor-

tunity to do so. In this section, a description of the linear trends of maximal SWH values and the 

percentiles of SWH will be given alongside with an assessment of the significance of these trends. 

Figure 5 shows the distribution of linear trends of maximal SWH values and their 99.9th, 99th 

and 95th percentiles. In most points, a positive trend of maximal SWH is revealed. However, a sig-

nificant positive trend is revealed only at Zonguldak in the SW area of the Black Sea. At several points 

in the NW part of the sea (between Galata and the Karkinit platform) and along the SE coast (Hopa 

and Giresun) an unsignificant decreasing trend is identified. 

In case of the 99.9th percentile of SWH, the linear trends at all points are not significant. The 

trend direction is the same as in case of maximal SWH except of two points located on the southern 

coast of the Crimean Peninsula – Katziveli and Meganom. 

In case of the 99th percentile of SWH, all trends are not significant as well. The trends are neg-

ative at all points except of 4 locations in the eastern part of the sea – the points between Gelendzhik 

and Sirius. 

Finally, in case of the 95th percentile of SWH al trends are negative except of a single point – 

Utrish. Besides, the negative trend observed at Bosphorus is significant at 90 % confidence level, and 

the negative trend observed at the Karkinit platforms is significant at the 95 % confidence level. 

 

Figure 5. Spatial distribution of linear trends of maximal SWH values (top left panel), 99.9th percentile of SWH 

values (top right panel), 99th percentile of SWH values (bottom left panel) and 95th percentile of SWH values 

(bottom right panel) at the selected coastal points in the Black Sea. Green upward-looking triangles denote pos-

itive trends; red downward-looking triangles denote negative trends. Cyan-filled triangles denote trends signif-

icant at 90 % confidence level; blue-filled triangles denote trends significant at 95 % confidence level. 

The values of the linear trends are given in Table 4. Among the maximal SWH, the highest pos-

itive trend is observed at Zonguldak (0.79 cm/year); this trend is also significant at 90 % confidence 

level. The lowest trend corresponds to Galata (-0.31 cm/year); this trend is not significant. Regarding 

the 99.9th percentile of SWH, the highest and lowest trends also correspond to Zonguldak (0.44 

cm/year) and Galata (-0.38 cm/year), respectively. In case of the 99th percentile of SWH, the values of 

linear trends are between 

-0.20 cm/year at Bosphorus and 0.06 cm/year at Sochi. In case of the 95th percentile of SWH, the lowest 

trends correspond to Bosphorus (-0.20 cm/year) and Karkinit platform 

(-0.18 cm/year); these trends are significant at 90 % and 95 % confidence levels, respectively. The only 

positive trend in this case corresponds to Utrish (0.02 cm/year); however, this trend is not significant. 
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Table 4. Values (in cm/year) and significance level of linear trends of annual values of maximal SWH and 99.9th, 

99th, and 95th percentiles of SWH at the selected coastal points in the Black Sea. 

 

 

3.3. Assessing Monthly Extreme Wave Heights’ Linear Trends 

Besides assessing the trends of annual extreme SWH values, it is interesting and useful to assess 

their monthly values as well since it can determine specific periods, where the changes in wave con-

ditions are most expressed. Diagrams showing the value and significance of the monthly trends of 

maximal SWH and their 99.9th, 99th and 95th percentiles are shown on Figure 6. Regarding the max-

imal SWH (Figure 6a), significant increasing trends correspond to Bosphorus (point # 16) in 9January 

and February, and to Zonguldak (point # 15) in December. The values of these trends are 0.85–1.05 

cm/year. On the other hand, most expressed significant decreasing trends correspond to points lo-

cated along the N and NE coasts of the Black Sea – Khersones, Katziveli, Kerch Strait and Utrish 

(points 3, 4, 6, 7). The values of the linear trends in this case are -0.96 – -0.78 cm/year. Besides, signif-

icant negative trends were also derived at multiple locations during summer months (June till Au-

gust). Relatively high, but statistically not significant increasing trends correspond to the N and NE 

coastal areas in spring; such trends are most expressed at Utrish (point # 7) and Gelendzhik (point # 

8) in March. Another season with predominantly increasing trends of maximal SWH is autumn. 

Point # Point name 

Maximal SWH trend 
99.9th percentile of 

SWH trend 

99th percentile of 

SWH trend 

95th percentile of SWH 

trend 

value 
Significance 

level 
value 

Significance 

level 
value 

Significance 

level 
value Significance level 

1 Karkinit pltf. -0.12 no -0.30 no -0.20 no -0.18 95 % 

2 Tarkhankut 0.00 no -0.09 no -0.16 no -0.07 no 

3 Khersones 0.34 no 0.01 no -0.09 no -0.08 no 

4 Katziveli 0.34 no 0.00 no -0.12 no -0.13 no 

5 Meganom 0.24 no -0.06 no -0.11 no -0.10 no 

6 Kerch Strait 0.29 no 0.16 no -0.05 no -0.08 no 

7 Utrish 0.11 no 0.19 no 0.00 no 0.02 no 

8 Gelendzhik 0.30 no 0.20 no 0.00 no -0.01 no 

9 Tuapse 0.46 no 0.39 no 0.00 no -0.03 no 

10 Sochi 0.35 no 0.34 no 0.06 no -0.07 no 

11 Sirius 0.42 no 0.35 no 0.04 no -0.08 no 

12 Hopa -0.11 no -0.13 no -0.07 no -0.02 no 

13 Giresun -0.01 no -0.08 no -0.07 no -0.11 no 

14 Sinop 0.32 no 0.20 no -0.13 no -0.16 no 

15 Zonguldak 0.79 90 % 0.44 no -0.09 no -0.12 no 

16 Bosphorus 0.28 no 0.42 no -0.07 no -0.20 90 % 

17 Galata -0.31 no -0.38 no -0.08 no -0.10 no 

18 Gloria -0.01 no -0.05 no -0.12 no -0.09 no 

19 Danube -0.12 no -0.20 no -0.13 no -0.09 no 
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Figure 6. Distribution of monthly linear trends values among the points in the coastal areas of the Black Sea. 

Refer to Table 3 for point numbers. Linear trends, which are significant at any of the 90 %, 95 % or 99 % confi-

dence levels, are marked by squares. Not significant linear trends are marked by circles. The value of the trend 

is marked by the color of the symbol. (a) maximal SWH; (b) 99.9th percentile of SWH; (c) 99th percentile of SWH; 

(d) 95th percentile of SWH. 

The pattern of linear trends of the 99.9th percentile of SWH (Figure 6b) is the same as in case of 

maximal SWH; moreover, the difference in the values of these trends is neglectable and does not 

exceed 0.01 cm/year. 

In case of the 99th percentile of SWH (Figure 6c), the pattern of the trends is slightly different. 

Statistically significant increasing trends in this case correspond to Bosphorus (point # 16) in February 

and Zonguldak and Bosphorus (points # 15 and 16, respectively) in December. The values of these 

trends are within the 0.68–1.05 cm/year range. Most expressed significant decreasing trends were 

recorded in Katziveli (point #4) and at the Kerch Strait (point # 6) in January – they are -0.78 and -0.63 

cm/year, respectively. Besides them, significant decreasing trends correspond to Utrish in January 

and Bosphorus in March, as well as to numerous locations in summer (June till August). 

The trends are less expressed in case of the 95th percentile of SWH (Figure 6d). Thus, the highest 

increasing trend in this case is 0.39 cm/year; it corresponds to Gelendzhik (point # 8) in September. 

Other significant increasing trends are corresponding to Tuapse and Danube in September and to 

Galata in August. On the other hand, the lowest decreasing trend corresponds to Bosphorus (point # 

16) in March; its value is -0.63 cm/year. 

Thus, one can conclude that an increase in SWH extreme parameters is observed in the nearshore 

areas along the SW coast of the Black Sea in winter. On the other hand, a decreasing trend corresponds 

to January and is located in the NE coastal areas of the sea. 

The values of these monthly trends and their statistical significance level is listed in Supplemen-

tary Table 1. Multiannual timeseries of annual and monthly extreme wave parameters and their linear 

trends in the coastal points are shown on supplementary figures 1–76. 
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3.3. Discussion of Results and Conclusion 

The results and conclusions of this study contribute to our understanding of the climate and 

variability of the wind waves’ extreme parameters on the Black Sea. This section is devoted to a brief 

comparison of my results with those of previous studies. 

The spatial distribution of extreme SWH parameters (Figure 4) generally agrees with most of the 

previous studies. Thus, highest SWH values corresponding to points Khersones and Katziveli match 

the pattern of maximal SWH distribution described in [38]. According to the latter study, highest 

SWH are observed in three areas of the Black Sea – the SW and SE offshore areas and an area along 

the Northern coast approximately between Khersones and Utrish. However, according to [38], high-

est SWH values in the Black Sea do not exceed 8.5 m, whereas in the present study highest SWH 

values at Katziveli are 9.5 m. According to [5], highest SWH values are observed close to Bosphorus 

(up to 8.29 m) and off Khersones (7.36 m), which confirms the previously described pattern. The 

differences in the maximal SWH values are, probably, due to different reanalyses used to force the 

numerical wave models and various setup parameters of these models. 

Regarding the linear trends of the extreme SWH values, the most similar previous study is de-

scribed in [5]. That study focused on annual maximal and average SWH values, as well as on corre-

sponding wind speeds, and concluded, that there are no significant linear trends of maximal SWH. 

The results presented in this study generally agree with [5], but a significant increasing linear trend 

of annual maximal SWH was found at Zonguldak in the SW part of the Black Sea. Moreover, this 

study complements the understanding of extreme wave trends by describing not only their annual 

parameters, but also the monthly values. 

A further step in this research can be related to assessing the multiannual variability of the 

trends. In that case, the long-term trends described in this paper will be supplemented by specific 

periods with expressed increase or decrease of extreme wave heights. 

Supplementary Materials: The following supporting information can be downloaded at the website of this pa-

per posted on Preprints.org. Figure S1: title; Table S1: Monthly values (in cm/year) and significance level of linear 

trends of maximal SWH and 99.9th, 99th, and 95th percentiles of SWH at the selected coastal points in the Black 

Sea; Figures S1-S19: Timeseries of annual and monthly maximal SWH values and their linear trends at the coastal 

locations; Figures S20–S38: Timeseries of annual and monthly 99.9th percentiles of SWH values and their linear 

trends at the coastal locations; Figures S39–S57: Timeseries of annual and monthly 99th percentiles of SWH val-

ues and their linear trends at the coastal locations; Figures S58–S76: Timeseries of annual and monthly 95th 

percentiles of SWH values and their linear trends at the coastal locations. 
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