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Abstract—Spatio-seasonal variability of long-term trends in

mean and 95th percentile wind speeds for the term between 1979

and 2016, over the Black Sea is presented. Our aim is to contribute

the existing literature by presenting the inhomogeneous spatial

distribution of the long-term trends in both moderate and severe

wind speeds on a monthly basis. The analysis is conducted by using

two different data; European Centre for Medium-Range Weather

Forecasts-ERA-Interim and U.S. National Centers for Environ-

mental Prediction-Climate Forecast System Reanalysis (CFSR) to

perform a comparative analysis. The non-parametric Mann–Ken-

dall and Sen’s Slope methods are used to determine the trends and

their significance over the Black Sea. CFSR winds presented higher

interannual variability than the ERA-Interim. ERA-Interim indi-

cates that annual mean and 95th percentile wind speeds have

decreasing trends down to - 0.17%/year and - 0.20%/year in the

Sea of Azov, while they have an increasing trend up to 0.35%/year

and 0.38%/year in the eastern part, respectively. Results indicate

that wind speeds are increasing over 28% * 36% of the Black Sea

surface area while the wind speeds are decreasing over 2% * 4%

of the surface area. Pacific North American Oscillation presented

an influence almost all over the Black Sea with statistically sig-

nificant correlation coefficients over 0.5. North Atlantic Oscillation

dominates over the southwestern, western and northern Black Sea

with inverse correlation coefficients over 0.6. ERA-Interim and

CFSR data illustrated a similar distribution pattern over the Black

Sea in means of the relation of variations in wind speeds to the

teleconnection indices.

Keywords: Long-term trend, wind speed, Black Sea, tele-

connection, spatiotemporal variability, monthly variability.

1. Introduction

Wind speed is the direct and indirect forcing for

many natural processes such as storms (Zainescu

et al. 2017), and coastal erosion (Healy 2018), ven-

tilation of the water in the marine environment,

coastal circulation (Shepherd et al. 2017), wind-wave

generation (Rusu et al. 2014; Aydoğan and Ayat

2018), etc. Wind speed also affects marine activities

such as seakeeping safety, stabilities of the offshore

structures (Wang and Hwang 2001), marine trans-

portation (Rusu et al. 2018), port operations

(Athanasatos et al. 2014), tourism (Georgopoulou

et al. 2018), fisheries (Masuda et al. 2014), renewable

energy generation (Ganea et al. 2018; Aydoğan

2017), etc. Long-term changes in wind speed at

coastal and offshore regions have great importance on

the sustainability of natural processes and marine

activities.

Long-term trends in 10 m-wind speeds (U10)

have been studied at local (Li et al. 2011), regional

(Troccoli et al. 2012; Jiang et al. 2010), and global

scales (Young et al. 2011). For the evaluation of the

U10 variations at a local scale, local measurement

data is sufficient (Tuller 2004). Regional and global

scale evaluations require homogeneous time series

that cover the study area with proper temporal and

spatial details (Weisse and Gunther 2007). Zheng

et al. (2016) presented spatial and seasonal variations

of annual mean U10 (U10m) for the period between

1988 and 2011, focusing on a study area covering all

of the global oceanic sea surfaces. The researchers

reported that the U10m increased at a significant

overall rate of 3.35 cm/s/year for the period

1988–2011 over the global oceanic sea-surface and

the long-term trend values showed noticeable
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regional inhomogeneity. Sterl and Caires (2005) also

studied spatiotemporal variations in U10 over the

global ocean and reported an increasing trend

reaching up to the rate of 6 cm/s/year for U10m

between 1971 and 2000 based on ERA40 reanalysis

provided by European Center for Medium-Range

Weather Forecasts (ECMWF). Authors found that

99th percentile U10 increases at even a higher rate of

12 cm/s/year over some specific regions.

Long-term changes in U10 over the Black Sea has

also been studied intensively due to the need of both

the sustainable marine activities in riparian countries

and the preservation of its unique natural environ-

ment. Cakiroglu et al. (2017) analyzed measured

wind data at seven coastal stations for the period

between 1970 and 2010 and reported that the U10m

changes at statistically significant rates of 2 cm/s/year

and - 3 cm/s/year over the southwestern Black Sea

and the southeastern Black Sea, respectively. Aydo-

ğan (2017) presented the offshore wind power atlas of

the Black Sea. The author used the ECMWF ERA-

Interim reanalysis (ERA-I) to evaluate offshore wind

energy potential within the basin for the 38 years

between 1979 and 2016. The author compared the

ERA-I data with the in situ measurements from two

coastal station in the southwestern Black Sea and

concluded that ERA-I data well matched with the

observations. Comparison of U.S. National Centers

for Environmental Prediction (NCEP) of National

Oceanic and Atmospheric Administration (NOAA),

Climate Forecast System Reanalysis (CFSR) reanal-

ysis wind data with the in situ measurements at

Gloria platform conducted by Rusu et al. (2018)

reporting that the CFSR reanalysis data give slightly

higher wind speeds than the measured ones at that

location. Ganea et al. (2019) studied the temporal

variations in U10 at six nearshore locations along the

Black Sea coastline based on ERA-I data for the term

1983–2017 in the frame of ‘‘Assessment of the Cli-

mate Change Effects on the Wave Conditions in the

Black Sea (ACCWA)’’ project. Authors reported a

statistically significant decreasing trend with a rate of

1 cm/s/decade in U10m for the northwestern Black

Sea. Akpinar and Bingolbali (2016) analyzed the

long-term variations of wind conditions in 33 coastal

locations along the Black Sea coastline, excluding the

offshore. Researchers used the CFSR wind fields for

the term between 1979 and 2009. They reported that

U10m have statistically significant increasing trends

in the ranges of 0.398 cm/s/year—0.813 cm/s/year

and 0.902 cm/s/year—1.337 cm/s/year, for the

southeastern coasts of the Black Sea and around the

Crimean Peninsula, respectively. Zainescu et al.

(2017) studied storminess along the Danube Delta

Coast since 1949 by analyzing wind data. Authors

also revealed the relation of teleconnection patterns

with the regional variability of sea storms and con-

cluded that the North Atlantic Oscillation (NAO) has

the highest correlation with the storminess of the

Danube Delta Coast, however, for the last 10 years,

the East Atlantic (EA) pattern and the East Atlantic/

West Russia (EA/WR) pattern becomes more notable.

Valchev et al. (2012) aimed to explore the trends for

storminess in the western Black Sea for the years

between 1948 and 2010. Authors conducted the

temporal analysis of the variations of storminess and

concluded that there is no statistically significant

increasing or decreasing trend in the storminess over

the western Black Sea.

Wind fields over the Black Sea basin are influ-

enced by large scale atmospheric circulations

controlled by the Siberian anticyclone, Mediterranean

cyclonic activity, Azores anticyclone, and Island

cyclone. Influence of the Siberian anticyclone mani-

fests itself, especially in winter. In the eastern basin,

dominated large scale atmospheric circulation is

caused by the Azores anticyclone with an increasing

impact during summer (Kubryakov et al. 2019).

Another important cyclonic air flow is the Island

cyclone which effects the wind climate in the Black

Sea throughout the year (Efimov and Anisimov 2011;

Rusu et al. 2014). Different height of mountainous

ridges, North Anatolian Mountains along the southern

coasts, the Caucasus Mountains along the eastern

coasts, and the Crimean Mountains induce important

impact on the windiness of the Black Sea since they

interrupt the winds from the arc from south to east

(Arkhipkin et al. 2014). Lowlands between the

mountains and the narrow valleys cause high-velocity

winds such as Novorossiyskaya Bora, occasionally

(Rusu et al. 2014). Özsoy and Ünlüata (1997)

reported two primary pathways for winter winds; one

is moving northeastward direction over the Sea of

Marmara originated from the Mediterranean Sea, and
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the other one in eastward and southeastwards direc-

tions from the Romania. Detailed atmospheric setting

of the Black Sea basin can be found in Özsoy and

Ünlüata (1997), Surkova et al. (2013), Zecchetto and

de Biasio (2007), and Kostianoy and Kosarev (2008).

Difficulties arise in the comparison and synthesis

of the results due to the different data sources ana-

lyzed and different temporal coverages considered in

the studies so far. Comparative studies for the long-

term trends of wind speeds over the Black Sea

becomes important in this regard. This kind of com-

parative analysis of wind speeds was conducted by

Rusu et al. (2018) along the shipping routes in the

Black Sea. Authors evaluated the wind conditions for

the term between 1 January 1987 and 31 December

2009 based on the CFSR reanalysis data and the

hindcast results provided by a Regional Climate

Model (RCM) that were retrieved from European

Domain-Coordinated Regional Climate Downscaling

Experiment (EURO-CORDEX). Authors reported a

good agreement between two data sources for the

offshore sites and nearshore sites except for the

southern part of the Black Sea. Rusu et al. (2018)

evaluated the long-term trends in 95th percentile U10

(U1095) as well as the U10m and concluded that no

statistically significant trend exists for both time

series within the study period at the selected location

(Gloria platform).

The variations of the wind speeds over the sea

surfaces represent perceptible seasonal differences,

which point out the necessity of seasonal analysis of

wind speeds (Zheng et al. 2016). Seasonal variations

of the wind speeds were also analyzed in recent

studies (Rusu et al. 2018; Aydoğan 2017; Akpinar

and Bingolbali 2016) indicating higher wind speeds

during the winter months and lower wind activity

during the summer months. Based on this finding,

Velea et al. (2014) analyzed the frequency of extreme

winds over the Black Sea surface by focusing on

January for the period 2001–2009. The entire Black

Sea basin was studied and western and northern areas

found to have moderate and strong winds between

2001 and 2009.

Although the wind climate and the storminess in

the Black Sea have been studied widely for different

parts of the basin or some specific locations, the

spatial variability of the long-term trends of wind

speeds, their spatiotemporal variability in a monthly

basis, correlations to the teleconnection indices have

not been examined sufficiently.

In this study, we aimed to contribute the existing

literature by conducting a spatiotemporal analysis of

the long-term trends of U10 over the whole Black

Sea, both in terms of mean and severe states in a

comparative manner by using two different widely

used reanalysis data (ERA-I and CFSR) covering an

extended time period of 38 years, from 01 Jan-

uary1979 to 31 December 2016. Spatio-seasonal

variations of the long-term trends are studied on a

monthly basis to enhance our understanding of the

changes in windiness over the Black Sea. The relation

of the temporal evolution of U10 to climate indices

are analyzed to have an insight into the causes of the

characterized trends.

2. Data and Methodology

2.1. Study Area

The study area delimited by latitudes 40–48�N
and longitudes 26–42�E, covers the Black Sea basin

and the Sea of Azov as shown in Fig. 1. The Black

Sea is surrounded by Ukraine from the north, Russia

from the northeast, Georgia from the east, Turkey

from the south, and Bulgaria and Romania from the

west. Its surface area is 411,540 km2 and its volume

is 555,000 km3 whereas the mean and maximum

depths are 1315 m and 2258 m, respectively. The

total length of the Black Sea coastline is * 3400 km.

The Black Sea is an enclosed basin connected to the

Mediterranean through the Turkish Sea Strait System

consisting of the Strait of Istanbul, the Sea of

Marmara and the Dardanelles and the Sea of Azov

via the Strait of Kerch. The Black Sea basin has

intensive shipping activities between the important

harbors of Europe, Asia, and Africa. The Black Sea is

one of the most isolated divisions of the world ocean

system and as a result of wind activity over the sea,

heavy waves are observed (Onea and Rusu 2012).

Black Sea basin is under the influence of air masses

which come and pass over along various directions,

because of its geographical location. As a conse-

quence of its position, the Black Sea climate is
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affected by continental, polar and marine tropical air

fluxes from several directions. The marine tropical air

mass flow results from southwest winds from the

Mediterranean basin and in the winter, polar air

masses coming from north and northeast lead to low

temperatures and frequent storms over the Black Sea

(Valchev et al. 2010).

Nine study sites are selected to study interannual

variability of the moderate and severe wind conditions

since this data cannot be presented spatially. These

nearshore locations are chosen so that they distributed

almost uniformly along the Black Sea coastline to

cover most of the interannual variability patterns in the

basin. These representative study sites are also chosen

as major harbor locations where important marine

activities are carrying out. Selected nearshore study

sites and corresponding water depths are A (140 m), B

(2100 m), C (1660 m), D (1910 m), E (71 m), F

(12 m), G (1620 m), H (26 m), and I (84 m).

2.2. Data

In this study, two reanalysis data are used to

explore the long-term trends in U10 over the Black

Sea consisting of ERA-I (Dee et al. 2011) and CFSR

(Saha et al. 2010, 2014). Both reanalysis data over the

Black Sea are processed for the same period of time

between 01 January 1979 and 31 December 2016.

Both ERA-I and CFSR assimilates different data

from various sources such as scatterometers, altime-

ters, satellite measurements, in situ meteorological

observations, etc., with 12 h analysis periods. His-

torical information about the various climate

parameters including wind velocities at different

pressure levels, precipitation, evaporation, cloud

cover, snowfall, temperature, spectral wave parame-

ters, mean sea level, and many others can be obtained

for global atmosphere, land and ocean.

ERA-I data is provided by the ECMWF for the

period starting from 01 January 1979 to the present

and the project will be terminated on 31 August 2019.

ERA-I is generated by 4D variational assimilation of

data from various sources. ERA-I uses the stability

function of the bulk algorithm to compute air-sea

fluxes given by Holtslag and de Bruin (1988) and

Dyer (1974). The roughness length for momentum is

computed from the coupled ocean wave model

(Zhang et al. 2016). The near-surface u and

Figure 1
Study area: the Black Sea and the selected study sites
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v components of wind velocity at 10 m height are

obtained from ERA-I with a spatial resolution of

0.7� 9 0.7� (* 80 km) from native T255 spectral

grid and a temporal resolution of 6 h for this study.

CFSR reanalysis data covers the term from 01

January 1979 to the present. CFSR data is derived

from 3D-Var assimilation of the various data based

on a coupled atmosphere–ocean–land data assimila-

tion system. The air-sea fluxes in the CFSR are

derived from the model which uses the roughness

lengths given by Zeng et al. (1998) for heat and

moisture (Zhang et al. 2016). CFSR reanalysis data

has a spatial resolution of 0.312�90.312� (* 38 km)

from native T382 spectral grid and near-surface u and

v wind velocity components are obtained with a

temporal resolution of 6 h for this study.

U10 data is constructed by using the wind

velocity components from reanalysis data. Temporal

and spatial resolutions and temporal coverages of the

reanalysis data used in this study are presented in

Table 1.

To have a comparable homogeneous spatial

analysis of long-term changes in the U10 data, both

reanalysis data are interpolated onto the study area

with a resolution of 0.25o 9 0.25o. The interpolated

value at any grid point is based on linear interpolation

of the values at neighboring grid points in each

respective dimension. The number of the grid points

analyzed in this study is 2048 over the study area for

both reanalysis data. Moderate winds are represented

by U10m and the severe winds are represented by

95th percentile wind speeds (U1095).

2.3. Methodology

To reveal the long-term trends in U10 over the

study area, time series each consisting of 38 values

between 1979 and 2016 are constructed for both

U10m and U1095. Seasonality of wind and wave

climate of the Black Sea has been shown in previous

studies (Rusu et al. 2018; Aydogan 2017; Aydogan

and Ayat 2018). To analyze the seasonality of the

variables, spatiotemporal variations are analyzed for

each month separately, as well as the annual varia-

tions. Hence we constructed 26 time series (12

monthly time series and one annual time series for

both U10m and U1095) each including 38 values at

each grid point for ERA-I and CFSR data. We

analyzed 53,248 (2048 9 26) time series in total.

Analysis results are presented in means of percent-

ages rather than the exact rates of change in U10. U10

values are normalized by each gird’s mean value to

get the relative trend in each time series as shown in

Eq. 1,

U10�
k;t ¼ U10k;t= �Uk; ð1Þ

where U10�
k;t is the normalized U10, �U is the mean of

U10 series being calculated, k is the grid number and

t is the time step.

For each time series at each grid point, trends are

estimated by using Theil–Sen’s estimator and Mann–

Kendall test to detect the variations of the U10m and

U1095 time series. The Mann–Kendall test, intro-

duced by Kendall (1938, 1970) and Mann (1945), is a

non-parametric test that does not require the data to

be normally distributed and has low sensitivity to

outliers in the time series. The Mann–Kendall test is

often combined with the Theil–Sen estimator, which

is used to fit a line through the sample points in the

coordinate system (simple linear regression) by

calculating the median of the slopes of all lines

along with the pairs of the data points (Sen 1968).

Mann–Kendall test (Kendall 1938; Mann 1945) is

an instrument used to test whether a randomly

distributed time series has a monotonic (increasing

or decreasing) trend or not. No trend case is defined

as a null hypothesis against the alternative hypothesis

which means that there is a monotonic trend. The test

evaluates the data values and ordered time series and

compare each data value with all subsequent ones. If

Table 1

Properties of the reanalysis U10 data used in this study

Reanalysis Start date End date Temporal resolution (h) Original spatial resolution The spatial resolution used in this study

ERA-I 01/01/1979 31/12/2016 6 0.7� 9 0.7� (* 80 km) 0.25� 9 0.25� (* 27 km)

CFSR 01/01/1979 31/12/2016 6 0.312� 9 0.312� (* 38 km) 0.25� 9 0.25� (* 27 km)
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a data value is smaller than a later one, a statistic S is

increased by one; on the contrary, S is decreased by

one if a data value is larger than the one at a later

period of time. After evaluating all data values, S

comes out with a final value (Shadid 2011). If the

final value of S is positive, this refers to the existence

of an increasing trend; a negative value of S refers to

a negative trend. S is calculated using Eq. 2;

sgn xj � xk

� �
¼

þ1 if xj � xk [ 0

0 if xj � xk ¼ 0

�1 if xj � xk\0

8
<

:
ð2Þ

S ¼
Xn�1

k¼1

Xn

j¼kþ1

sgn xj � xk

� �

where xj and xk are the data values in time j and k,

respectively (j[ k), (Gilbert 1987).

To evaluate a trend whether it is significant at a
level or not, statistic Z value is used. The null

hypothesis is rejected if the|Z|[ Z1-a/2, where Z1-a/2

is obtained from standard normal cumulative distri-

bution tables (Salmi et al. 2002). Z is calculated using

Eq. 3;

Z ¼

S�1ffiffiffiffiffiffiffiffiffiffiffi
VAR Sð Þ

p if S[ 0

0 if S ¼ 0
Sþ1ffiffiffiffiffiffiffiffiffiffiffi
VAR Sð Þ

p if S\0

8
><

>:
ð3Þ

VAR Sð Þ

¼ 1

18
n n � 1ð Þ 2n þ 5ð Þ �

Xq

p¼1

tpðtp � 1Þ 2tp þ 5
� �

" #

where q is the number of tied groups and tp is the

number of data values in the pth group (Salmi et al.

2002) (Drapela and Drapelova 2011).

In case of the existence of a linear trend for a time

series, a true slope which defines the change per unit

time can be evaluated by using Sen’s slope estimator

(Sen 1968). In Sen’s slope nonparametric procedure,

the linear model is described in Eq. 4;

f tð Þ ¼ Qt þ B; ð4Þ

where Q is the slope and B is a constant.

Q is determined by using each slope of the lines

across all data pairs, Qi (Eq. 5). There are N = n

(n - 1)/2 slope estimates, Qi, for a time series with n

values. The Sen’s slope is found to be the median of

these N values as shown in Eq. 6 (Drapela and

Drapelova 2011),

Qi ¼
xj � xk

j � k
; i ¼ 1; 2; 3; . . .;N; j[ k ð5Þ

Q ¼
QNþ1

2
if N is odd

1
2

QN
2
þ QNþ2

2

� �
if N is even

(

ð6Þ

The calculations for the trend analysis of the U10

data are done by using in house code via the

MATLAB� Environment. The results including

Sen’s Slope and their significance at 95% or higher

confidence level are explored and represented by color

contours on spatial maps. All maps are created by

using Ocean Data View Software (Schlitzer

2019). Also, some key study sites at important coastal

zones of the Black Sea (Fig. 1) are analyzed further to

study interannual variations in the time series.

3. Results and Discussion

3.1. Comparison of Two Reanalysis U10 Data

and Interannual Variability

Comparison of CFSR and ERA-I reanalysis U10

data is essential to provide an understanding of

differences in basic characteristics of two leading

data. For this purpose, long-term averages of U10

over 38 years (1979–2016) are mapped for both

ERA-I and CFSR in Fig. 2. Only the magnitudes are

considered, wind directions are not analyzed. Grid

points based on the native spatial resolution are

indicated with dots on spatial maps in Fig. 2. Land/

Sea mask data are obtained from ERA-I and CFSR

for corresponding reanalysis data and depicted in

Fig. 2. In Fig. 2, the land area is indicated by white

dots where the sea points are indicated by black dots.

Figure 2 shows that the spatial distribution of

long-term averaged of U10 from two reanalysis data

over the Black Sea Basin presents a similar pattern.

Higher long-term averaged U10 values occur in the

center of the Sea of Azov and offshore northwestern

Black Sea. Where the lowest long-term averaged U10

values exist in the eastern part of the basin. For the

land area, the northern part of the Black Sea has

higher long-term averaged U10 values than the south.
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Generally, CFSR gives higher long-term averaged

U10 values in the sea. The Sea of Marmara exhibits

much higher long-term averaged U10 in CFSR data

since it is considered as open sea whereas it is

considered as a land area in ERA-I data. A clear

magnitude difference between the two data is

revealed. The long-term averaged U10 from ERA-I

varies between 1.63 and 6.63 m/s with an average

value of 4.04 m/s (Fig. 2a). CFSR data varies

between 1.74 and 7.35 m/s with an average value

of 4.42 m/s (Fig. 2b). To quantify the magnitude

difference from both reanalysis data the ratio of

CFSR long-term averaged U10 to ERA-I long-term

averaged U10 is computed spatially as illustrated in

Fig. 3.

Figure 3 presents that, the magnitude of the

difference between long-term averaged U10s from

two data is inhomogeneous throughout the study area.

The ratio of long-term averaged U10 from CFSR to

long-term averaged U10 from ERA-I varies between

0.66 and 1.8 with a basin average value of 1.10.

CFSR gives higher long-term averaged U10 values in

most of the study area where the only exceptions are

coastlines along the Crimean Peninsula, and southern

coasts of the Black Sea basin. Ratios smaller than one

occur along the shoreline of the Crimean Peninsula,

Strait of Istanbul and Dardanelles. Highest ratios

exist along the eastern coasts of the Black Sea,

westernmost and southern coasts of the Sea of Azov,

and along the eastern Black Sea coastlines. On land

area, the highest rates of ratio occur in the eastern

part of the study area.

Long-term variations of the U10 are analyzed for

both ERA-I and CFSR reanalysis data, compara-

tively. We evaluated the annual U10m and U1095 time

series for each corresponding grid points during the

study period covering 38 years in between 1979 and

2016. In Fig. 4, time series from the selected study

sites (Fig. 1) are shown to present the interannual

variability in both annual U10m and U1095 over

different parts of the Black Sea.

Figure 4 indicates different interannual patterns in

the temporal long-term evaluations of moderate and

severe U10 values over the Black Sea. Both reanal-

ysis data presents similar interannual variability for

Figure 2
Long-term averaged U10 considering 38 years period (1979–2016) over the Black Sea: a ERA-I, b CFSR. White dots indicate land and the

black dots indicate sea points

Figure 3
The ratio of long-term average U10 values from the CFSR data to

the ones from ERA-I
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almost all the study sites for both annual U10m and

annual U1095. Although the interannual variability

looks similar, CFSR data gives higher annual U10s at

almost all study sites. Higher time-averaged

differences between ERA-I and CFSR exist for the

annual U1095 than the annual U10m reaching up to

3 m/s in B, D and H. Interannual Variability (IV) is

calculated at the selected study sites for both

Figure 4
Interannual variability of annual U10m and annual U1095 at selected study sites (Fig. 1), a A, b B, c C, d D, e E, f F, g G, h H, and i I, j J

3020 T. Çarpar et al. Pure Appl. Geophys.



reanalysis data and both the annual U10m and annual

U1095 as shown in Eq. 7,

IV ¼ U10max � U10min

U10mean
ð7Þ

IV of Differences (IVD) is computed for the

temporal evolution of the differences between ERA-I

and CFSR data as shown in Eq. 8,

IVD ¼ U10CFSR � U10ERA�Ið Þmax� U10NCEP � U10ERA�Ið Þmin

U10ERA�Ið Þmean

ð8Þ

Computed IV and IVD values are shown in

Table 2.

Table 2 shows that the interannual variability of

the annual U10 is slightly smaller than the interan-

nual variability of the annual U1095 based on the

ERA-I data, while they are higher based on the CFSR

data. The highest IV computed in D from both

reanalysis data. Whereas the smallest variability

computed in H from the ERA-I data, and in I from

the CFSR data. These highest and lowest IV patterns

are found to be consistent with annual U10m and

U1095 data, but they are inconsistent between two

considered reanalysis data. Basin-averaged IV is

much smaller with respect to the IVs for the

considered study sites for the ERA-I data. It is

relatively smaller for the CFSR data as well. IVD

presents wider range variability for both annual U10m

and annual U1095 over the Black Sea coastline. The

highest and lowest IVD for annual U10m are

computed at D and I, respectively. It is also revealed

that the variability of differences between two

reanalysis data is much higher for the annual U10m

than the annual U1095.

3.2. Spatial Variations of Long-Term Trends

in Annual U10m and Annual U1095

As it is seen from the interannual variability

analysis of U10 over 38 years at selected sites, long-

term variability is inhomogeneous over the study

area. To study the long-term trends and their spatial

variability, trends of 38 year-long time series of both

annual U10m and annual U1095 are computed at each

grid point over the study area at 0.25� 9 0.25�
resolution. 12,288 (204896) time series in total are

analyzed and results are presented as maps in this

section. Considering that the atmospheric pressures

are the forcing causing wind, we analyzed the long-

term trends in Mean Sea Level Pressure (MSLP) from

both reanalysis data over the same time period

(1979–2016) and the same study area. Long-term

trends in MSLP, annual U10m, and annual U1095 are

shown in Fig. 5. Locations with statistically signifi-

cant trends at 95% or higher confidence level are

depicted by black dots. Time-averaged MSLP over

38 years is also shown as contour maps in Fig. 5a and

b. All trend estimates are computed and presented as

(%/year).

Figure 5 shows that two reanalysis presents

different rates of change in pressure fields over the

study area. ERA-I indicates a decreasing trend in the

MSLP values as shown in Fig. 5a. Especially the

changes in eastern and northeastern parts statistically

significant at 95% or higher confidence level. No

statistically significant increasing trends has been

found in both reanalysis data. The most important

difference between two reanalysis data manifested

itself over the Anatolian Peninsula where CFSR data

shows statistically significant increasing trends in

Fig. 5b while ERA-I shows no significant trend.

Since this increase occurs over land, it can be said

that no significant trend exists over the sea grids for

CFSR data. Long term mean values of MSLP are

consistent between two reanalysis data.

Table 2

Interannual variability coefficients for the selected study sites and

the basin averaged U10

Study site IV IVD

ERA-I CFSR

U10m U1095 U10m U1095 U10m U1095

A 0.17 0.22 0.19 0.20 0.15 0.16

B 0.15 0.19 0.16 0.17 0.14 0.16

C 0.20 0.21 0.16 0.24 0.28 0.33

D 0.26 0.21 0.30 0.31 0.35 0.32

E 0.16 0.21 0.21 0.19 0.19 0.11

F 0.20 0.29 0.24 0.24 0.20 0.10

G 0.15 0.17 0.25 0.26 0.20 0.20

H 0.13 0.16 0.21 0.18 0.16 0.11

I 0.16 0.17 0.15 0.17 0.12 0.09

Basin-averaged U10 0.11 0.10 0.26 0.17 0.24 0.15
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In Fig. 5c and e, ERA-I data shows statistically

significant increasing trends in the eastern part of the

Black Sea and along the coastline of Kizilirmak and

Yesilirmak Deltas for both U10m and U1095. These

increasing trends reach the highest rates (0.35%/year)

along the Georgia coastline. Statistically significant

decreasing trends are computed at the Odessa coast-

line, southwestern coasts and the Sea of Azov

reaching down to - 0.17%/year for annual U10m

from ERA-I. Spatial variation of changes in annual

Figure 5
Spatial variability of long-term trends of a MSLP from ERA-I, b MSLP from CFSR, c ERA-I annual U10m, d CFSR annual U10m, e ERA-I

annual U1095, f CFSR annual U1095 for the study period (1979–2016) over the study area. Black dots indicate locations with statistically

significant trends at the 95% or higher confidence level. Contours indicate the time-averaged MSLP (Pa) in a and b
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U1095 in Fig. 5e presents statistically significant

trends varying between - 0.23%/year and 0.38%/

year in the Black Sea basin. Highest and lowest

trends are computed along the nearshore Georgia, and

the northern coasts of the Sea of Azov, respectively.

Comparison of trend rates of annual mean and annual

U1095 from ERA-I reveals that changes in severe

wind states occur at higher rates than the moderate

wind states.

Long-term trends computed based on CFSR data

slightly higher than the ERA-I for both annual U10m

and annual U1095. Trends in annual U10m varies

between - 0.28%/year and 0.41%/year, spatially as

depicted by Fig. 5d. Statistically significant decreas-

ing trends exist only the offshore parts of the

southwestern Black Sea with rates down to

- 0.21%/year. Statistically significant increasing

trends occur mostly in the sea area along the Danube

Delta coastal zone, the southern and southeastern

coastal strip of the Black Sea basin, and along the

nearshore and offshore zones of Crimean Peninsula.

Statistically significant decreasing trends are com-

puted in the central and northern parts of the Sea of

Azov. Highest decreasing trends in annual U10m

computed on the land area, especially at the eastern

and southern parts of the study area (Fig. 5d).

Figure 5f presents a similar pattern of spatial

variability of long-term trends in annual U1095 with

the one presented in Fig. 5d. Statistically significant

increasing trends manifest themselves over a wider

sea area, where statistically significant decreasing

trends cover a narrower area. An important difference

between Fig. 5d and f exists along the northwestern

coasts of the basin where statistically significant

increasing trends occur in annual U1095. Trends

presented in Fig. 5f varies between - 0.41%/year

and 0.66%/year, indicating the highest rates of

change in a statistically significant increasing trend.

The highest trend rate for the increasing U1095 is

computed to be along the southeastern Turkish coasts

of the Black Sea. The highest decreasing trend in

Fig. 5f is computed over the continental shelf of

Georgia. Figure 5f also indicated statistically signif-

icant decreasing trends in the Sea of Azov.

3.3. Spatio-Seasonal Variations of Long-Term

Trends in Annual MSLP, Annual U10m

and Annual U1095

Seasonal variations are expected in the Black Sea.

To illustrate the seasonality in the data, we con-

structed a time series of mean MSLP, U10m and

U1095 on a monthly basis from both reanalysis data.

The same temporal coverage of 38 years

(1979–2016) is considered for the analysis. Monthly

spatial variations of long-term trends in annual MSLP

is shown in Fig. 6 for the ERA-I reanalysis data.

It is clear that spatial variability of mean MSLP

and the long term trends in MSLP are inhomogeneous

and vary seasonally. Influence of Syberian Anticy-

clone is seen over the eastern basin during winter

according to 38-year means. Results indicate that its

influence has a significant increasing trend for

December. Statistically significant increasing trend

rates reaches up to 0.01%/year over the terrestrial part

of the easternmost study area. Southeastern part of

the study area presents decreasing trends for summer

low pressure systems. These statistically significant

decreasing trends are computed to be - 0.01%/year.

This effect is found for the term from April to

September except August where no significant trend

exist. The influence of the Mediterranean cyclonic

activity is visible for July, August, and September

and exhibit statistically significant decreasing trends

reaching down to - 0.01%/year.

Monthly spatial variations of long-term trends in

annual MSLP is shown in Fig. 7 for the CFSR

reanalysis data.

Figure 7 showed that 38-year long term means of

MSLP are consistent from both reanalysis for almost

all months. Statistically significant decreasing trends

in Mediterranean cyclonic activity has also been

captured by the CFSR reanalysis data whereas the

influence of summer low pressure at the southern part

of the study area presents no significant trends. The

activity of the Syberian anti-cyclone and increasing

trends in its influence has also been captured by

CFSR at almost same rates with that of the ERA-I for

December.

Monthly spatial variations of long-term trends in

annual U10m is shown in Fig. 8 for the ERA-I

reanalysis data.
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Figure 8 illustrates that the Black Sea manifests

clear seasonality in means of long-term trends of

monthly U10m based on ERA-I data. The rates of

trends are found to be in between - 0.56%/year (in

Sea of Azov for month January) and 0.96%/year (in

eastern coasts of the Black Sea for March) over the

study area in months January and March, respec-

tively. Highest positive trends are computed in

Figure 6
Spatial variability of long-term trends in ERA-I MSLP on a monthly basis. Black dots indicate locations with statistically significant trends at

the 95% or higher confidence level
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February and March along the eastern part of the

basin including both the terrestrial and aquatic parts

of the coastal zone. January, April, June, October and

December also present statistically significant

increasing trends at the eastern part of the basin with

lower trend rates. The Sea of Azov manifests

significantly increasing trends in September and in

August partly, where the statistically significant

Figure 7
Spatial variability of long-term trends in CFSR MSLP on a monthly basis. Black dots indicate locations with statistically significant trends at

the 95% or higher confidence level
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decreasing trends are estimated for January, March,

November and December. Other statistically signif-

icant decreasing trends are computed along the

eastern, western and southwestern coasts of the basin

for the months July, November, and December,

respectively. No statistically significant decreasing

trend is revealed at Crimean Peninsula coastal area

while increasing trends are estimated for months

April, August, and September. No significant increas-

ing or decreasing trend is found for month May

except decreasing trends at the central western part of

the basin. By generally saying, U10m values are

found to be increasing at all seasons at the eastern

Black Sea, and decreasing trends exist at the transi-

tion from summer to autumn (for the months August

and September) at the western part. In September

Figure 8
Spatial variability of long-term trends in ERA-I monthly U10m on a monthly basis. Black dots indicate locations with statistically significant

trends at the 95% or higher confidence level
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most of the basin together with the Sea of Azov

presents a statistically significant increasing trend

reaching up to 0.59%/year at Kizilirmak Delta

coastline.

Spatial distributions of trends in annual U10m

from CFSR reanalysis data are mapped and presented

in Fig. 9.

Figure 9 presents the different spatial distribution

of trends in annual U10m from CFSR reanalysis data.

Generally, both decreasing and increasing trends

have greater rates than the ERA-I reanalysis data,

varying between - 0.62%/year (at southeastern part

of the basin for November) and 1.16%/year (at

southeastern coasts of the Black Sea for March).

Generally increasing trends are covering wider areas

Figure 9
Spatial variability of long-term trends in CFSR monthly U10m on a monthly basis. Black dots indicate locations with statistically significant

trends at the 95% or higher confidence level
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existed at greater rates than the statistically signifi-

cant decreasing trends. Statistically significant

increasing trends are computed along the southeast-

ern coasts of the basin for the months March, June,

and September. Dramatically varying trends in the

terrestrial and aquatic region manifested themselves

along the central and southeastern coasts of the Black

Sea for all the months. Around the Crimean Penin-

sula, a consistent statistically significant increasing

trends are revealed for months March, April, June,

July, August, September, and October. Statistically

significant decreasing trends are computed for the

months January, May, November, and December in

the Sea of Azov where the statistically significant

increasing trends are found at a transition from

summer to autumn for months August and

September.

Understanding the long-term variability in severe

U10s is also important to evaluate the climate change

impacts on the storminess of the Black Sea. Long-

term trends in monthly U1095 are analyzed on a

monthly basis for this purpose. The results are

presented in Fig. 10 for the ERA-I reanalysis data.

In Fig. 10, statistically significant decreasing and

increasing trends vary between - 0.57%/year and

0.81%/year within the basin for months July and

March, respectively. On the land area, the highest

increasing trend is computed at the northeastern

coasts at a rate of 1.27%/year. Decreasing trends are

found for February at northwestern coasts, for March

in the Sea of Azov, for May in both sides of Crimean

Peninsula, for July along southeastern coasts, and for

December in the northeastern part. Statistically

significant increasing trends are computed for all

months except May and July. Highest statistically

significant increasing trends are computed for March,

April, and August, along the eastern, northern, and

western parts of the basin, respectively. U1095 from

the ERA-I data are found to be increasing in most of

the Black Sea for March, April, and August.

Decreasing trends in the annual U1095 in Fig. 10,

covers slightly wider area than that of for U10m in

Fig. 8. The coverage of increasing trends is wider for

months January, October, and November and nar-

rower for others. While increasing trends manifest

themselves in a very limited area at the east with

relatively lower rates for January, increasing trends at

higher rates exist at the west at the terrestrial zone

just behind the coastline.

Spatial distributions of long-term trends in

monthly U1095 regarding CFSR data is presented in

Fig. 11 to provide a comparison between two

reanalysis data.

Figure 11 shows statistically significant decreas-

ing and increasing trends varying between -1.50%/

year and 1.10%/year over the study area. It is clear

that severe winds (represented by monthly U1095)

present higher increasing/decreasing trend rates with

respect to moderate winds (represented by monthly

U10m) for each month. Especially the south to

southeast coast arc has the highest increasing trend

rates followed by the highest decreasing trends

behind the coast at the mountainous terrestrial area.

This sharp transition between increasing and decreas-

ing trends does not exist in ERA-I data. Another hot

location is the Crimean Peninsula characterized by

relatively high increasing trends. Comparison of

severe (Fig. 11) and moderate (Fig. 9) winds reveals

that increasing trends along the south and southeast-

ern coasts are higher for the severe winds than that of

the moderate winds while increasing trends for severe

winds are lower than that of moderate winds around

the Crimean Peninsula for all months except October.

3.4. Statistics of the Spatial Distribution of Trends

To study the size of the area having increasing or

decreasing trends for both monthly U10m and

monthly U1095 are analyzed statistically for both

reanalysis data. Results are presented in Table 3.

Only sea points with significant trends are

considered.

Table 3 indicates that both U10m and U1095 tend

to increase over * 36% and * 28% of the Black

Sea surface area considering annual distribution,

respectively. Annual decreasing trends cover a much

smaller surface area between * 4 and * 2% of the

Black Sea surface area based on ERA-I reanalysis

data. Surface area covered by significant trends

(decreasing or increasing) is larger for ERA-I than

that of CFSR for annual U10m. Area covered by

significant decreasing or increasing annual trends for

CFSR narrower with respect to ERA-I for both U10m

and U1095. Regarding the ERA-I, almost no
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decreasing trend in U1095 is visible for almost all

months and annual computations. In general, increas-

ing trends cover wider surface are for U10m than

U1095 if they exist. But significantly increasing trends

exist for only 6 months for U10m whereas they exist

for 8 months for U1095 based on ERA-I data.

Statistically significant decreasing trends exist over

less coverage area than the statistically significant

increasing trends.

Overall the spatial variability of the long-term

trends for both U10m and U1095 in the CFSR data is

found to be greater with respect to ERA-I data during

the analysis especially along the coastlines. We

analyzed time series data for inspecting the reason

for the results. Our analysis indicated that the change

Figure 10
Spatial variability of long-term trends in ERA-I monthly U1095 on a monthly basis. Black dots indicate locations with statistically significant

trends at the 95% or higher confidence level
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in the model land/sea mask data during the transition

from CFSR version 1 to version 2 created some

disturbances in the wind speeds. This effect can be

seen in Fig. 4c and d where the wind speeds presents

a sudden change after 2011 which is the transition

year between the two versions of the models. The

clearest effect is visible over the Crimean Peninsula

where data indicated a decreasing trend at the center

of increasing trends. Although general consistency in

between ERA-I and CFSR wind reanalysis data is

found in means of the spatial variability of the

increasing and decreasing trends, this possible effect

of transition from CFSR version 1 and CFSR version

2 must be considered for the significance of the trends

and the rates of trends.

3.5. Relation of Long-Term Variability of U10

to the Teleconnection Patterns

It has also been a common fact that the wind

climate at any location on the earth is related to the

wind climate at other locations far away. The

Figure 11
Spatial variability of long-term trends in CFSR monthly U1095 on a monthly basis. Black dots indicate locations with statistically significant

trends at the 95% or higher confidence level
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distances between these two locations are generally

huge and sometimes half way around the Earth. The

linkage between the variations in dynamic climate

variables at a region and the fluctuations of a climate

variable such as wind at a remote location described

as teleconnection. Teleconnection patterns link

weather patterns over large distances across the

globe. Atmospheric teleconnections may have an

influence on mean and extreme climate parameters

(temperature, precipitation or wind) on the global or

regional scales and have been used in previous

research, widely (Hasanean 2005). The prominent

teleconnection patterns over the North Atlantic and

their affected regions are; NAO, EA, EA/WR, West

Pacific (WP), East Pacific/North Pacific (EP/NP),

Pacific/North American (PNA), Scandinavia (SCA),

Tropical/Northern Hemisphere (TNH), Polar/Eurasia

(POL), Pacific Transition (PT).

In this study, the relationship between long-term

variations of U10 over the Black Sea and telecon-

nection patterns are also studied. In order to

understand the most influencing teleconnection pat-

tern on the temporal variation of the wind fields of the

Black Sea, correlation coefficients between each

corresponding teleconnection with the U10m and

U1095 are computed for EA (Wallace and Gutzler

1981), EA/WR (Barnston and Livezey 1987), NAO

(Barnston and Livezey 1987), PNA (Barnston and

Livezey 1987), POL (CPC 2011), and SCA (Barnston

and Livezey 1987). Only the simultaneous correla-

tions with no lags are studied. Spatial distribution of

the Pearson’s correlation coefficients (r) between the

considered teleconnection patterns and the annual

U10m and annual U1095 time series during the study

period of 38 years (1979–2016) are presented in

Fig. 12. For the 38 years-long time series treshold

value of r is 0.304 at a 95% confidence level. Only

r values greater than |±0.304| are presented since

they are statistically significant in this analysis.

Figure 12 shows that fluctuations in U10 m cor-

relate all the considered teleconnection patterns more

or less. PNA correlates with the U10m from ERA-I

positively over the whole basin with r values over

0.4. EA/WR, NAO, and POL are inversely correlated

with the U10m based on ERA-I along southern,

southeastern coasts, and nearby the Crimean Penin-

sula with r values over 0.5. In the Sea of Azov,

dominating teleconnection pattern is SCA for both

reanalysis data with r values reaching up to 0.5 for

both ERA-I and CFSR data. CFSR data shows that

the least influencing teleconnection pattern is EA/WR

and its influence exist only along the south to

southeastern coasts inversely with r values reaching

0.3. POL also has an influence along the southern part

of the basin with inverse r values up to 0.5 and 0.4 for

CFSR and ERA-I, respectively. The highest r values

are reached over 0.6 along the south to southeastern

coast by the EA based on the CFSR data. NAO

Table 3

Percentage of grid points where statistically significant negative and positive trends exist in monthly/annual U10m and U1095 over the Black

Sea

ERA-I CFSR

(-) Trends in

U10m

(?) Trends in

U10m

(-) Trends in

U1095

(?) Trends in

U1095

(-) Trends in

U10m

(?) Trends in

U10m

(-) Trends in

U1095

(?) Trends in

U1095

January 4.86 0.12 0 0 4.50 1.20 2.14 2.37

February 0 10.79 7.00 0.59 3.60 2.73 0.24 2.49

March 0.59 29.18 3.91 22.18 0.50 26.3 1.90 18.86

April 0 11.63 0 25.15 0 4.74 1.07 4.74

May 0 0 4.39 0 8.10 0.80 7.24 0.47

June 0 11.63 0 1.30 0 15.54 1.42 6.52

July 7.47 0 4.98 0 3.80 1.07 3.32 0

August 0 0 0 7.47 2.80 8.78 3.44 13.88

September 0 0 0 5.46 0 27.60 0 19.34

October 0 0 0 3.68 0 3.70 0 7.59

November 21.47 0 0 0 23.30 0.50 6.64 0.47

December 9.13 6.64 0.47 0.59 7.10 1.80 4.03 1.30

Annual 3.91 36.42 1.78 28.00 15 12.5 8.90 14.47
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manifests its influence over a wide surface area

covering north and northwestern parts of the basin

with r values over 0.4 for the CFSR data. In general,

CFSR and ERA-I reanalysis data provide consistent

spatial distribution patterns and rates of r values over

the Black Sea indicating the influence of different

teleconnection indices.

It is expected that the severe wind speeds

represented by U1095 may present different

distribution. Spatial variability of the r values

between corresponding teleconnection indices and

the U1095 is presented in Fig. 13 for both ERA-I and

CFSR reanalysis data.

Figure 13 indicates that PNA is the most influen-

tial teleconnection index over the whole basin with

r values reaching over 0.5 and 0.4 at the central Black

Sea for both ERA-I and CFSR. For both ERA-I and

CFSR data, EA has strong influence along the

Figure 12
Correlation coefficients between teleconnection indices and the annual U10m over the Black Sea for both ERA-I and CFSR reanalysis data,

a [ERA-I]–[EA], b [ERA-I]–[EA/WR], c [ERA-I]–[NAO], d [ERA-I]–[PNA], e [ERA-I]–[POL], f [ERA-I]–[SCA], g [CFSR]–[EA], h [CFSR]–

[EA/WR], i [CFSR]–[NAO], j [CFSR]–[PNA], k [CFSR]–[POL], l [CFSR]–[SCA]
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southeastern coasts with r values reaching up to 0.6 at

deltaic coasts in the region. The influences of EA/WR,

NAO and POL along the southeastern and eastern

coasts are also confirmed by both reanalysis with

inverse r values over the 0.4. U1095 well correlated

with NAO inversely along the western coasts with

r values up to 0.6 based on both reanalysis data.

Spatial distribution of the r values between corre-

sponding teleconnection indices and the U1095

presented in Fig. 13 is found to be similar in general

with that of U10 m (Fig. 10) for both ERA-I and

CFSR reanalysis data. The least effective telecon-

nection index is found to be EA/WR with almost no

significant correlation over the sea from both ERA-I

and CFSR.

3.6. Comparison with the Previous Research

Studying the long-term trends in U10m and U1095

over the Black Sea by using both ERA-I and CFSR

Figure 13
Correlation coefficients between teleconnection patterns and the U1095 over the Black Sea for both ERA-I and CFSR reanalysis data. a [ERA-

I]–[EA], b [ERA-I]–[EA/WR], c [ERA-I]–[NAO], d [ERA-I]–[PNA], e [ERA-I]–[POL], f [ERA-I]–[SCA], g [CFSR]–[EA], h [CFSR]–[EA/

WR], i [CFSR]–[NAO], j [CFSR]–[PNA], k [CFSR]–[POL], l [CFSR]–[SCA]
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data enhanced the understanding of how these two

major reanalysis data differ from each other. The

inter-comparison of two reanalysis data is also the

focus of some other researchers. Stopa and Cheung

(2014) compared wind speeds from ERA-I and CFSR

by using the same set of buoy observations from

several locations over the global oceans. They

concluded that both data provide a reasonably good

match with the buoy and altimetry observations. But

ERA-I slightly underestimates and the CFSR slightly

overestimates the measurements. Although no obser-

vational wind data used in this study, our findings

confirmed Stopa and Cheung (2014) for the Black

Sea by showing that CFSR gives approximately 10%

higher long-term average wind speeds than ERA-I

over the Black Sea.

Results of the analysis of the long-term averaged

U10 over the Black Sea from CFSR indicated that the

highest values exist in Sea of Azov and the north-

western offshore parts of the basin. This finding is

found to be consistent with the results presented by

Rusu et al. (2018). The magnitude of the highest

long-term U10 is estimated as 7.35 m/s in this study

where it is reported to be 7.29 m/s in Rusu et al.

(2018). Slight differences caused by the analysis of

different terms. Rusu et al. (2018) studied 23 year

data (1987–2009) whereas it is extended to 38 years

(1979–2016) in the present study. Ganea et al. (2019)

reported statistically significant decreasing trend with

a rate of - 0.01 cm/decade for annual U10m at the

offshore western Black Sea by analyzing ERA-I

reanalysis data between 1983 and 2017 whereas our

findings indicate no significant trend.

The findings presented in this study are in line

with the long-term variations of annual U10 at

selected locations over the Black Sea presented by

Akpinar and Bingolbali (2016) based on CFSR

reanalysis data for 31 years between 1979 and

2009. It is explored that the annual U10m over the

coasts of the Crimean Peninsula represents a signif-

icant increasing trend as 1.33 cm/s/year in the study

period (Akpinar and Bingolbali 2016). In the present

study, U10 on the same location shows a significant

increasing trend as 1.41 cm/s/year for the term

between 1979 and 2016. Besides the authors reported

an increasing trend of 0.71 cm/s/year for the south-

eastern coasts of the Black Sea, where it is in par with

the ones illustrated in the present study as 0.74 cm/s/

year. Severe wind states represented by annual

maximum wind speeds were also investigated by

Akpinar and Bingolbali (2016), however, it is not

possible to make a direct comparison between them

and the results of the present study in which the

U1095 are evaluated.

Zainescu et al. (2017) studied the storm variability

along the north-western coasts of the Black Sea since

1949 and evaluated the influence of different tele-

connection indices. Authors reported a statistically

significant correlation of - 0.76 between the NAO

and the storm variability at Danube Delta coast which

is confirmed by our findings in this study for the

partly different time period between 1979 and 2016

giving r values of - 0.6.

Although the findings of this study well in line

with the previous studies, some slight differences

exist due to the different temporal coverages of the

studies and consideration of different representive

variable (U10max, U1095 or some specific definition

of sea storms combining wind and wave properties).

4. Conclusions

The long-term trends in both mean and severe

wind states over the Black Sea are investigated by

comparing two well-established reanalysis data;

ERA-I and CFSR. Severe wind states are represented

by U1095. The relation of the Black Sea wind climate

to the known teleconnection indices is also studied.

The main findings of this study are summarized

below:

1. Long-term trends of the wind speeds show con-

siderable spatial and seasonal variability. In

general, both U10m and U1095 have been increas-

ing over the eastern part of the Black Sea. This

points out that the Black Sea is inhomogeneous in

means of long-term trends in wind speeds. This

inhomogeneity must be taken into account in site

specific studies instead of using basin averaged

quantities.

2. U10m and U1095 show quite similar spatial

distributions of trends for both ERA-I and CFSR.

But some inconsistencies are revealed between
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ERA-I and CFSR in means of the spatial distri-

bution, rates and significance of the trends,

especially along the coastline. Our analysis

showed that this is occurred due to some local

inconsistencies in the land/sea mask data from

CFSR version 1 and version 2 models. This

feature of CFSR wind data must be considered in

use of wind speed time series covering the

transition year 2011.

3. ERA-I reanalysis data indicates that moderate and

severe wind speeds are increasing over 36% and

28% of the Black Sea surface area, respectively,

while they are decreasing over 4% and 2% of the

surface area, respectively by considering only sea

surface area.

4. ERA-I data indicates that annual U10m and U1095

have statistically significant decreasing trends

down to - 0.17%/year and - 0.20%/year in the

Sea of Azov, while they have an increasing trend

up to 0.35%/year and 0.38%/year in the eastern

part, respectively. This result show that severe

wind speeds change at higher rates.

5. Long-term trends are shown to have strong

seasonality in the Black Sea. The monthly analysis

revealed different magnitude increasing or

decreasing trends in both monthly U10m and

U1095. ERA-I gives the highest increasing trends

along the eastern coast with a rate of 0.81%/year

in month March and along the western coast with

a rate of 0.53%/year in month September for the

monthly U10m. For the severe wind conditions, the

highest increasing trends are estimated southeast-

ern coast with a rate of 0.68%/year for March and

around the Crimean Peninsula with a rate of

0.42%/year for April.

6. Analysis of correlation coefficients between well-

known teleconnection indices and the wind speeds

revealed that EA, EA/WR, NAO, PNA, POL, and

SCA indices have an influence at different levels

and inhomogeneously over the Black Sea. PNA

has an influence almost all over the basin with

statistically significant correlation coefficients

over 0.4. NAO dominates over the western basin

for U10m and much wider area covering the

southwestern, western and northern Black Sea

with invers correlation coefficients reaching over

0.4. Southern coasts are dominated by EA/WR and

POL for both U10m and U1095. Although general

consistency is found between ERA-I and CFSR

especially in means of the correlation coefficients,

slight differences are observed in the spatial

distribution and coverage area of each considered

teleconnection index among the two reanalysis

data.

7. The findings of this study are generally found to

be compatible with the existing literature in means

of long-term trends of wind speeds and the

influence of teleconnection indices over the Black

Sea.
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