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Purpose. The paper is aimed at studying the relationship between the wind regime and the wind stress 
curl in the Black Sea and the long-term changes in the large-scale sea level pressure field in winter 
months. 
Methods and Results. The data on wind speed and sea level pressure in January – February from 
the NCEP/NСAR reanalysis for 1948–2018 are used. Based on the 6-hour data, the synoptic 
conditions accompanied by high and low values of the wind stress curl in the sea were determined. 
The synoptic situations in which a vast anticyclone is located north and northeast of the sea, and 
the area of low pressure – to the southwest of the sea in the Mediterranean region, are accompanied 
by the northeast and east winds, and by the cyclonic curl predominance. On the contrary, passing of 
the cyclones to the north of the sea and increase of pressure to the south and southwest are followed 
by the westerly and southwesterly winds, and by the anticyclonic curl predominance. Extremely high 
monthly mean values of the cyclonic curl were observed in those years, when the area occupied by 
the Siberian anticyclone increased and expanded westward, so that the Black Sea was on 
the southwestern periphery of its spur. Extremely low values of the anticyclonic curl were noted when 
the Azores anticyclone area expanded to the Mediterranean region. The wind stress curl changes on 
the multidecadal scales have shown its relation to the global changes in the field of the sea level 
pressure and the sign of the pressure anomalies at the low latitudes. 
Conclusions. The opposite sign of the surface pressure anomalies to the northeast and southwest of 
the sea is accompanied by the highest values of the wind stress curl. 
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Introduction 
In order to analyze the seasonal and long-term variability of current velocity 

and vertical mixing in the Black Sea, the information on the external wind forcing 
variability is required [1]. The seasonal variation of the Black Sea circulation 
intensity largely depends on the wind curl value above its water area [2, 3]. 
An increase in cyclonic wind curl in winter leads to an intensification of the Rim 
Current, which has a cyclonic sign, and its weakening in summer is accompanied 
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by a weakening of the current velocity, its disintegration into two gyres or 
a number of of eddies [4, 5]. A positive relationship between the intensity of 
surface currents and wind curl was also revealed for interannual variability based 
on the analysis of time series of current kinetic energy [6]. 

The value and sign of wind curl distribution above the sea are determined by 
the background large-scale synoptic situation, as well as regional orographic 
and thermal effects [3, 6–8]. The Black Sea can be located in the center 
or at the periphery of large-scale cyclones and anticyclones moving from the west 
[9–11]. In addition, synoptic cyclones formed at the Mediterranean Sea can pass 
and intensify above the sea [9]. Due to regional orographic effects, and in 
particular the wind flow around the Caucasus Mountains, the mesoscale cyclonic 
formations, mainly forming in the eastern part of the sea, appear [12, 13]. Seasonal 
variations in the contrasts of buoyancy fluxes in the atmosphere above the sea and 
the surrounding land also contribute to wind curl. In winter, due to the warmer sea, 
this contrast leads to an increase in cyclonic curl [2, 3, 14, 15]. 

Statistical analysis of the wind data revealed the presence of a relationship 
between the value and spatial distribution of wind stress curl with the direction of 
the wind prevailing above the sea [16–18]. This dependence is largely related to 
the small size of the sea, the presence of high extended mountains on the Black Sea 
eastern and southern coasts and mountains on the Crimean Peninsula (Fig. 1, a) 
[3, 8, 19]. The velocity shear arising from the wind flow around the mountains 
leads to the occurrence of the wind field inhomogeneity and the appearance of curl. 
The flow around the Caucasus Mountains by the most frequent northeastern winds 
in the region leads to the fact that in the eastern part of the sea, almost throughout 
the year, the cyclonic curl of the wind prevails with the highest values in the winter 
season. This effect is noted in [7, 13, 17] based on the data of regional models, 
reanalyses [20, 21] and satellite scatterometers [22, 23], regardless of the data 
resolution (Fig. 1, b – e). The predominance of cyclonic curl in the eastern part of 
the sea is also revealed when analyzing its long-term variability [24]. 
The magnitude of curl is also affected by the wind velocity value due to an increase 
in the velocity shear during strong winds [13]. 

In its turn, the direction of the prevailing wind flow above the sea is 
determined by the position of large-scale cyclones and anticyclones [9, 10]. In [9] 
on the base of synoptic maps for 10-year period 1946–1955, it was demonstrated 
that each wind direction corresponds to a certain large-scale distribution of surface 
atmospheric pressure. 

In this study, the problem for determining the regional features of 
the relationship between the distribution of surface pressure and the curl of 
the wind stress in the Black Sea according to data for January – February is posed. 
For this purpose, a chain of relationships is analyzed: large-scale synoptic situation 
– wind direction – wind stress curl. The analysis of situations in which extreme 
values of curl occur is carried out. The inter-decadal variability of the surface 
pressure anomaly fields is analyzed. 
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F i g.  1. Orography of the Black Sea region based on the ETOPO2v2 data 
[https://www.ngdc.noaa.gov/mgg/global/etopo2.html] (a); multiyear mean distribution of: the wind 
stress curl [17] based on the NCEP/NCAR data for 1948–2018 (1.905 × 1.875°) [20] (b) and the ERA 
Interim data for 1979–2016 (0.75 × 0.75°) [21] (c), the wind curl [13] based on the QuikSCAT data for 
2000–2009 (12.5 × 12.5 km) [22] (d) and the ASCAT data for 2010–2016 (12.5 × 12.5 km) [23] (e) 

 
The selection of data for the reanalysis study was determined by 

the requirement for the series duration. As a rule, long series of reanalysis data 
have low spatial resolution. A preliminary comparison [18] of the interannual 
variability of the basin-averaged wind stress curl obtained from the reanalyses data 
(with different spatial resolution and different row length) NCEP/NCAR 
(1.905 × 1.875°, since 1948) [20] and ERA Interim (0.75 × 0.75°, since 1979) [21] 
demonstrated a high consistency of the results, which provided the use of 
NCEP/NCAR reanalysis data. 

 
Research data and methods 

In this work the following NCEP/NCAR reanalysis data for 1948–2018 [20] 
were used: 

– 6-hour wind velocity data at 10 m above the sea level with 1.905 × 1.875° 
spatial resolution and 6-hour surface pressure data with 2.5 × 2.5°spatial resolution 
for an area limited by 30–60° N and 10–60° E, including the Black Sea region; 

– monthly average data on surface pressure with 2.5 × 2.5° spatial resolution 
over the entire territory of the Earth. 

For each 6-hour period, the wind stress )τ,τ( yx=τ and its curl τzrot were 
calculated and the direction of the prevailing wind over the sea was determined. 

Wind stress was calculated using the aerodynamic formula VVτ daCρ= , where 

aρ  is the air density; dC  is a dimensionless coefficient of the sea surface 
resistance; ),( vu=V  is wind velocity (m/s). The coefficient dC  was calculated 
using the formula from [25]. 
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The wind stress curl yx xyz ∂∂−∂∂= ττrot τ was calculated at the grid 
nodes, which are the centers of the squares in which the initial wind data are 
located. The basin-averaged were calculated in the area bounded by 50 m isobath. 

The direction of the prevailing wind over the sea was determined by averaging 
u and v components of wind vector ),( vu=V according to the data falling on 
the sea area. The direction of the obtained vector was tied to one of 8 main 
directions: north (C), north-east (NE), east (V), southeast (SE), south (S), south-
west (SW), west (W) and northwest (NW). Thus, a specific wind direction was 
assigned to each 6-hour wind stress curl field and sea level pressure field. 

The average sea level pressure fields corresponding to the winds of main 
geographic directions were calculated based on the grouping of 6-hour fields with 
a certain wind direction and their subsequent averaging. Also, by averaging, 
the values of the sea-averaged wind stress curl corresponding to each direction 
were calculated. The occurrence frequency of situations with the wind of certain 
direction was calculated as a percentage of the total number of situations. 

The statistical significance of the difference in pressure anomalies in separate 
time periods was determined based on the use of the Student's t-test for two 

independent samples: ( ) nssxxt 2
2

2
121 )( +−= , where 1x , 2x  are the mean 

values of the anomalies; 2
1s , 2

2s  are the variances; n is the number of years in 
periods. 

 
Mean large-scale pressure fields  

corresponding to the winds of main directions 
Here we consider the relationship between the prevailing wind over the Black 

Sea and the large-scale distribution of the sea level pressure using the data with 6 h 
interval. 

Mean pressure fields calculated for each wind direction are characterized by 
a certain position of large-scale anticyclones and cyclones (Fig. 2). Winds of 
the northern, northeastern and eastern directions are formed on the periphery of 
anticyclones located to the northwest, north and northeast of the Black Sea, 
respectively. At this time, a low pressure area is located to the south and southwest 
of the sea. Southeastern winds are formed when the anticyclone area is located 
eastwards of the Black Sea, and southerly winds – when the anticyclone area is 
located eastwards of the Caspian Sea. At this time, westwards of the Black Sea 
a low pressure area is located. The south-western and western wind flows above 
the sea are due to the location of extensive cyclones over the European territory, 
while high-pressure area to the south-eastwards and southwards of the sea are 
located. The location of anticyclones in European territory to the west of the Black 
Sea is accompanied by the northwestern winds above the sea. 
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F i g.  2. Multiyear average sea level pressure field (top left figure) and average sea level pressure 
fields corresponding to the winds of the main geographic directions (indicated by the arrows) in 
January – February 
 

In all these cases, the sea is located in the boundary zone between the areas 
with high and low sea level pressure (Fig. 2), and the wind velocity depends on 
the magnitude of the pressure gradient. 

Despite the fact that the average sea level pressure fields were constructed 
from a long series of data for January – February 1948–2018, the obtained results 
are in good agreement with the types of synoptic processes identified in [9, 10] 
using synoptic maps for 10-year period 1946–1955 without division into seasons. 
Thus, the direction of the wind flow above the sea is determined by large-scale 
synoptic processes, and the resulting pressure fields are typical distributions 
corresponding to the winds of the main geographic directions. 

 
Relationship between the wind stress curl and wind regime 

Now we consider the relationship between the basin-averaged curl and 
the wind direction based on 6-hour wind velocity data. 

On average, the largest positive curl values (cyclonic curl) are observed at 
the winds with an eastern component in the velocity vector (table). The maximum 
value is observed during the northeastern winds, mainly due to the occurrence of 
inhomogeneity in the wind field when flowing around the Caucasus and Pontic 
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mountains [8, 17]. The greatest anticyclonic (negative) curl takes place at the winds 
with a westerly component, with a maximum during western winds, which is also 
due to the orography of coastal regions. The curl, which is close to zero, is 
observed during southern winds. 

 
Winter wind directions frequency, basin-average wind stress curl rotzτ in January – 

February, and correlation coefficients R between their time series in 1948–2018 
 

Wind direction Wind directions frequency, % rotzτ ×10–7 N/m3 R 

N 13.9   0.53   0.04 

NE 18.2   1.81   0.77 

 E   9.1   1.72   0.75 

SE   6.2   0.75   0.37 

S 10.2   0.18   0.01 

SW 17.1 –0.48 –0.57 

W 13.5 –0.87 –0.70 

NW 11.9 –0.47 –0.54 

NE + E 27.3   1.78   0.87 

SW + W 30.6 –0.65 –0.77 

 
Further we will consider the relationship of curl with the frequency of 

the winds of the main geographic directions based on the analysis of their time 
series. 

Interannual variability of wind directions frequency. Time series of 
the average frequency of the winds of the main directions for January – February 
are given in Fig. 3. The occurrence frequency of winds with the easterly (Fig. 3, a) 
and westerly (Fig. 3, b) components in the velocity vector has opposite tendencies 
of variability, namely: the frequency of the northeastern, eastern and southeastern 
winds in the period under consideration was higher in the 1960s and early 1970s 
and less high – since the mid-1980s. The opposite tendency is observed for 
the winds with a westerly component in the velocity vector. The frequency of 
northerly and southerly winds varies little over long time scales. 

Interannual variability of wind stress curl. Winter interannual fluctuations of 
the basin-averaged curl (Fig. 4, a) are in good agreement with the variability of 
total frequency of the northeastern and eastern winds and are in an antiphase with 
the total frequency of the south-western and western winds (Fig. 4, b). 
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F i g.  3. Interannual variability of wind directions frequency (%) in January – February (smoothing 
curves are the polynomials of the 5th degree) 

 
 

 
 

F i g.  4. Interannual changes of: the basin-average wind stress curl values (a); total frequency of 
occurrence (%) of the northeastern and eastern (NE + E), and southwestern and western (SW + W) 
winds (b); the difference in the surface sea level pressure values in regions A and B (see Fig. 5) (c) in 
January – February (smoothing curves are the polynomials of the 5th degree). Time periods 1951–
1956, 1969–1974, 1989–1993 and 1997–2002 are indicated by numerals 1, 2, 4, 5, respectively; 
the sets of years on the top of the figure – by numerals 3 and 6 
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In the mid-1950s and from the late 1960s to the mid-1970s the wind stress curl 
values were higher compared to the period from the late 1980s to the early 2000s, 
which indicates the presence of variability on climatic scales. 

The correlation coefficients calculated between the time series of monthly 
average values of wind stress curl and wind frequency have high positive values 
for the northeastern (0.77) and eastern (0.75) winds and high negative values for 
the western (–0.70) and southwestern (–0.57) winds (table). The correlation 
coefficients with the northern and southern winds are close to zero. The calculation 
of the correlation with the total frequency of the eastern and north-eastern, as well 
as the western and south-western winds led to an increase in the correlation 
coefficients to 0.87 and –0.77, respectively. 

Thus, the northern, northeastern, western and southwestern winds make 
the greatest contribution to the variability of the wind stress curl in the Black Sea. 

 
Wind stress curl relationship with the large-scale pressure field 

In order to determine the types of synoptic processes in which an increase or 
decrease in cyclonic curl in the sea takes place, a map of the spatial distribution 
of the correlation coefficients between the monthly average series of the sea-
average wind stress curl and the pressure series at 2.5 × 2.5°grid nodes for 
January – February (Fig. 5) is created. 

 

 
 

F i g. 5. Distribution of the correlation coefficients significant at the 99%-confidence level between 
the time series of the wind stress curl in the Black Sea and the sea level pressure in January – 
February for 1948–2018. Region 45–60° N and 34–50° E is denoted by A, region 25–40° N and 10–35° 
E – by B 
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The area with positive values of the correlation coefficient is located to 
the north, northeast of the sea with the center in the European part of Russia, with 
negative values – on the territory of the Mediterranean Sea and the northern part of 
the African continent. The maximum value of positive correlation is 0.84, negative 
–0.57. This result is in good agreement with a similar calculation performed 
according to the ERA Interim data in [13]. 

The obtained distribution corresponds to the type of synoptic processes 
accompanied by northeastern and eastern winds (Fig. 2), in which, on average, 
cyclonic wind stress curl prevails over the sea (Table). The distribution with 
the opposite sign of the correlation corresponds to situations with western and 
southwestern winds (Fig. 2), in which the anticyclonic curl prevails, on average, in 
the sea. Taking into account that high curl values are on average observed in 
alongshore areas when the wind flow around mountains (Fig. 1, b – e), it can be 
noted that the obtained relationship between the curl values with certain synoptic 
situations and a certain wind direction is mainly due to the orographic factor. 

The time series of pressure gradient calculated as the difference between 
the average pressure values in the regions with the maximum correlation 
coefficients (denoted by letters A and B in Fig. 5) is shown in Fig. 4, c. Its 
correlation with the wind stress curl in the sea is 0.9. 

 
Baric fields at high and low values of wind stress curl 

Further, the average large-scale pressure fields, which correspond to 
the extreme monthly average values of the wind stress curl, are analyzed. From 
the curl time series in Fig. 4, a, two periods, 1951–1956 and 1969–1974, 
containing high curl values and two periods, 1989–1993 and 1997–2002, 
containing low values were selected. We also selected two sets of years with 
extremely high (1954, 1956, 1963, 1965, 1969, 1972, 1974) and extremely low 
(1983, 1989, 1992, 1997, 2000, 2002, 2007) wind stress curl values. For these 
periods and years, average pressure fields within the range 0–90° N, 100° W – 
150° E with the center in the Black Sea region (Fig. 6) were plotted. Monthly 
average pressure data were used. 

In the periods and years with wind stress curl high values (denoted by 
numbers 1, 2, and 3 in Figs. 4 and 6), the regional distribution of the mean sea level 
pressure corresponds to the types of synoptic processes with a predominance of 
northeastern and eastern winds above the sea (Fig. 2). 

During these years, the size and depth of quasi-stationary baric centers above 
the North Atlantic (Azores High and Icelandic Low) decrease, and the area 
occupied by the seasonal Siberian High increases northward and expands to 
the east and west, covering the entire Asian and Eastern European part of Russia 
(Fig. 6). In such a baric environment, the Black Sea is located on the southwestern 
periphery of the Siberian High spur. Cold continental air from the center of Eurasia 
is brought here under effect of eastern winds. The Caucasus Mountains prevent 
their direct penetration to the Black Sea, which contributes to the formation of 
sharp temperature gradients between the sea and the land northwards of the eastern 
part of the sea and may be accompanied by an intensification of the monsoon 
effect, which makes an additional contribution to cyclonic curl. 
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F i g.  6. Sea level pressure field in January – February averaged for the periods: 1 – 1951–1956; 2 –
1969–1974; 4 – 1989–1993; 5 – 1997–2002, and for the years: 3 – 1954, 1956, 1963, 1965, 1969, 
1972, 1974; 6 – 1983, 1989, 1992, 1997, 2000, 2002, 2007  
 

In periods and years with wind stress curl low values (indicated by 
numbers 4, 5, and 6 in Figs. 4 and 6), a decrease in the area occupied by 
the Siberian High is observed. Its northern boundary shifts to the south, and 
the pressure decreases at the European part of Russia (Fig. 6). The zone of 
the Icelandic Low effect is expanding to the northern part of Europe, the one of 
the Azores High – to the Mediterranean region. During such periods, the Black Sea 
is located on the eastern periphery of the Azores High spur. The high pressure strip 
connects the Azores High and Siberian High, located southwards of the sea. This 
pressure distribution provides the generation of winds with a western component in 
the velocity vector (Fig. 2). They bring warm air from the Atlantic into the region, 
softening winters, reducing sea–land temperature gradients, and thereby weakening 
the monsoon effect. 

 
Multi-decadal variability of large-scale fields  

of sea level pressure anomalies 
In order to analyze the causes of curl climatic variability, 30-year fields of sea 

level atmospheric pressure anomalies for 1951–1980 and 1981–2010 (Fig. 7, a, b) 
from the mean long-term field (Fig. 7, c) are considered. During the period under 
consideration, a change in the sign of the anomalies was observed in the northern 
and southern parts of both hemispheres. Further we will analyze the variability in 
the Northern Hemisphere. 
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F i g.  7. Mean for 1951–1980 (a) and 1981–2010 (b) fields of the sea level pressure anomalies and 
mean for 1948–2018 sea level pressure (c) in January – February; statistical significance of 
the differences in the pressure anomalies between (b) and (a) at the 99%- and 95%-confidence levels 
(pink and red show positive difference between the anomalies, blue and navy blue – negative one) (d) 
 

In 1951–1980 in a vast territory northwards of 40–50° N positive sea level 
pressure anomalies prevailed, and the area with negative anomalies occupied more 
southward territory, up to the equator (Fig. 7, a). This corresponds to a more 
frequent passage of anticyclones to the north of the sea, while the number of 
cyclones increased southwards of the sea (Fig. 2). This situation was accompanied 
by an increase in the frequency of winds with an eastern component in the velocity 
vector (Fig. 3; 4, b) and an increase in the positive wind stress curl (Fig. 4, a). 

In 1981–2010 period in the northern part of the Northern Hemisphere, 
negative atmospheric pressure anomalies prevailed, in the southern – the positive 
ones (Fig. 7, b). This distribution corresponds to an increase in the number of 
cyclones in the northern part of the hemisphere and anticyclones in the southern 
one (Fig. 2). This was accompanied by an increase in the frequency of winds with 
a western component in the velocity vector (Fig. 3; 4, b) and a weakening of 
the cyclonic wind stress curl (Fig. 4, a). 

The areas with significant differences between the pressure anomalies in 
1981–2010 and 1951–1980 are located mainly in low and high latitudes (Fig. 7, d). 
At middle latitudes, the differences in anomalies for the periods with 30-year 
averaging are insignificant. Taking into account this fact and the distribution of 
the correlation coefficients between curl and pressure (Fig. 5), it can be assumed 
that the pressure variability at middle latitudes mainly determines the synoptic 
variability and is reflected in the interannual fluctuations of the curl in the Black 
Sea. At the same time, pressure variability at lower latitudes – in the Mediterranean 
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region and in northern Africa (Fig. 7, d) – contributes not only to synoptic, but also 
to climatic multi-decadal curl variability. 

The obtained inter-decadal variability of atmospheric pressure is in good 
agreement with the results of studies of pressure trends in the Northern 
Hemisphere. Negative trends in sea level pressure in the northern part of 
the Northern Hemisphere (northwards of the Black Sea) and positive trends 
in the southern part were obtained according to data from 1955–2004 [26] and 
1951–2011 [27]. The Black Sea is located in mid-latitudes, and long-term opposite 
pressure changes to the north and the south of it are accompanied by a change in 
the wind regime in accordance with Fig. 2. 

The analysis of storm tracks and the number of cyclones in the Northern 
Hemisphere for the winter months also confirms the results. Since the mid-1970s, 
an increase in the number of cyclones at high latitudes and a decrease in low 
latitudes of the Northern Hemisphere according to data from 1959–1997 [28] 
were observed. A decrease in cyclones over the territory of Turkey was noted in 
1979–1995. [29]. All this indicates a decrease in the sea level pressure westwards 
of the Black Sea and an increase to the south in these years, which was 
accompanied by an increase in the frequency of winds with a western velocity 
component and a weakening of cyclonic curl. 

 
Conclusion 

The paper considers the relationship between long-term changes in the large-
scale pressure field, wind regime and wind stress curl in the Black Sea for 
the winter months. 

The distribution of atmospheric pressure determines the direction of the wind 
above the sea, and the inhomogeneity of the wind velocity field is accompanied by 
the curl occurence. The sign and value of curl depend on the wind direction and, 
therefore, on the type of synoptic processes in the Black Sea region. 

Interannual variability of wind stress curl in the sea has high positive 
correlation coefficients with the sea level pressure in the European territory of 
Russia and negative – with the pressure in the Mediterranean region. The curl 
correlation with the sea level pressure difference in these regions is 0.9. During the 
periods when positive pressure anomalies prevail northwards of the sea, and 
negative pressure anomalies to the south and southwest, the frequency of 
northeastern and eastern winds increases, which is accompanied by an increase in 
cyclonic curl. With the reverse pressure distribution, the frequency of the western 
and southwestern winds increases and the anticyclonic curl increases. 

Inter-decadal curl variability demonstrates a relationship with the atmospheric 
pressure variability at low latitudes. 

For a more complete study of the long-term variability of curl and wind regime 
in the sea and their relationship with the variability of baric fields, further studies 
with the use of the data for other seasons are required. 
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