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Dependence of the magnitude and spatial distribution of wind stress curl in the Black Sea on the di-
rection of the airflow prevailing over the sea surface are analyzed based on the data set of wind at
10 m height ERA-Interim reanalysis of European Centre for Medium-Range Weather Forecasts for
the period 1979-2015 with a spatial resolution of 0.75° x 0.75° and a temporal resolution of 6 h. It is
revealed that the average sea wind stress curl is cyclonic at the time of the north-western, northern
and north-eastern winds throughout the year, and anticyclonic — during the south-western and western
winds. On average, the north-eastern and northern winds are the most frequent for the year, the low-
est — the southern and south-eastern winds. Taking into account the frequency of the wind, the great-
est contribution to the creation of cyclonic wind stress curl are made by the situations with the north-
eastern wind, anticyclonic — with the western wind. Change of wind direction is accompanied by
a change in the position of areas with cyclonic and anticyclonic vorticity. As a result, the wind of each
direction creates a field of wind stress curl with its characteristic features that do not depend on the
season. The manifestation of these features in the fields of seasonal cycle depends on the frequency of
the winds direction.
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Introduction

Wind and buoyancy flux on the sea surface are the main factors determining
the large-scale circulation intensity the Black Sea [1-3]. Wind effect on the sea
surface leads to the formation of wind currents. Spatial inhomogeneity in the wind
field is accompanied by the occurrence of the Ekman vertical velocity, the change
of the sea surface elevation and the formation of gradient currents. Wind curl is
a quantitative feature of the wind field spatial inhomogeneity; therefore, an analysis
of the annual and interannual variability of the magnitude of the wind curl is im-
portant for understanding the reasons of the large-scale circulation and vertical ex-
change variability in the sea.

Physical mechanisms that determine the wind curl and its seasonal variability
were analyzed in [2, 4]. It is shown that, in addition to the background curl created
by large-scale medium atmosphere circulation, there are additional sources associ-
ated with thermal and dynamic orographic effects due to mountains [4, 5] and also
a monsoon effect caused by seasonal changes of temperature contrasts between the
sea and the surrounding land [2, 4, 6]. The monsoon effect has a significant influ-
ence on seasonal wind curl fluctuations [2, 4]. In winter, the positive difference
between the heat fluxes to the atmosphere from the sea and the surrounding land
generates a cyclonic (positive) wind curl as a result of convergence in the atmos-
pheric boundary layer [2, 4]. In summer, the situation is reverse — the negative dif-
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ference between heat fluxes generates an anticyclonic (negative) curl. On average,
the dynamic orographic effect is predominant in the formation of the wind curl per
the year [4].

Quantitative estimates of the seasonal variability of wind stress curl (WSC) in
the Black Sea according to various reanalysis data, as well as its spatial distribution
analysis, were carried out in [4, 7-11]. Estimates of the WSC magnitude and its
distribution features differ depending on the spatial resolution of the reanalysis.
According to all the estimates, on average the positive wind curl prevails over the
Black Sea for a year, which supports the cyclonic nature of large-scale circulation
in the sea along with other external effects (river runoff and heat fluxes).

Dependence of the sea mean wind curl on its direction according to the the av-
erage monthly data on the wind of the ERA-40 European Weather-Forecasts
(ECMWEF) reanalysis was considered in [12]. In this study applying the Self Organ-
izing Maps algorithm, six characteristic typical wind fields over the sea were iden-
tified. Selection of the prevailing wind direction over the sea and the typification,
in accordance with this direction, of synoptic situations of large-scale atmospheric
circulation were carried out in [13].

The present paper is aimed to analyze the role of the direction of prevailing
over the sea surface airflow in the formation of the magnitude and spatial distribu-
tion of wind stress curl. It is assumed that the flow direction is due to the distribu-
tion of the atmospheric pressure formed as a result of the joint action of all the
aforementioned mechanisms. For the purpose at hand, the prevailing wind direction
is identified and its comparison with the WSC magnitude and distribution, fixed for
a given direction, is carried out. Along with the mean WSC created by wind of
a certain direction, the WSC is considered taking into account the wind frequency —
the accumulated WSC calculated by summing over the number of situations with
a certain wind direction. Sign and magnitude of the accumulated WSC characterize
the contribution of the wind of each direction to the creation of a vertical velocity
at the lower boundary of the Ekman layer.

Data and their processing methods
Wind at 10m height of ERA-Interim reanalysis of European Centre for Medium-
Range Weather Forecasts for the period 1979-2015 (38 years) with a spatial reso-
lution of 0.75° x 0.75° and a temporal resolution of 4-times daily (54056 time
points) [14] are used.

For each time point according to the data, falling on the sea area (Fig. 1), the
wind stress, its curl and the prevailing direction were calculated. The WSC was

calculated using the aerodynamic formula = p,C, |V|V (N/m?), where p, is the
air density (kg/m?); C, = 1.3-107* is the dimensionless drag coefficient; V = (u, V)
is the wind velocity (m/s). WSC

rot,t =0z, /ox -0z, /dy (N/mP) Q)

was calculated at the grid nodes being the centers of squares. There were the initial
data on the wind at their vertices (Fig. 1).

PHYSICAL OCEANOGRAPHY 1SS.6 (2017) 13



| L 1 1 A 1 1
L= L= i L)
o
o -
46 o d
45°4 o &
4408 o ¢
o
43°- 0000 DO0OOOO ORODOOoODoa o ROoa ogao L
@ B B B B B ® & B ® & & & ® #H B B o
00O O0OOOQODO oRSOoROoR QoSO oGaoCaoogaoao
42°4 N
q
41°+ a
&

282 30° 32° 34° 36° 38° 40° E

Fig. 1. Location of grid nodes: with wind velocity data — o, in the sea area — x, with calculated curl
values — o

The prevailing over the sea area wind direction was determined for each time
point (4-times daily) by averaging the velocity vector components V = (u,v) ac-
cording to the sea area. The direction obtained was tied to one of the main geo-
graphical directions ¢ (@ =1,...,8): northern (N), northeastern (NE), eastern (E),
southeastern (SE), southern (S), southwestern (SW), western (W) and northwestern
(NW). Thus, for each time point the WSC field was aligned with the prevailing
wind direction corresponded to it.

The wind stress curl depending on the prevailing wind direction, taking into
account the seasonal variability, was calculated as follows. Set of the WSC fields
of all the time points N (N =54056) was divided into groups (composites) corre-
sponding to each of the wind directions ¢ for each month m(m=1, ...,12). The

number of time points in each groupis N, (N = Z Nym)-
@,m
For each group in the grid nodes, the following values were calculated:
— mean over the number of N, time points WSC

rot,t(p,m) = roter{"‘m (N/m?), (2
— summarized over the number of N, time points accumulated WSC

(rot,7(p,m)) , =T > rot,z (N-s/m?), (3)

Nom

where T (s) is an interval between the time points (6 hours). Further on the fields
obtained, the mean values for the water area were calculated.

When calculating the WSC depending on the wind direction without taking in-
to account the seasonal variation, set of the WSC fields of the periods was divided
into 8 groups corresponding to each direction of the wind ¢. The number of terms

in each group is N, (N :ZN(I, ). For these groups in each grid nodes the mean
4
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over the number of time points WSC — rot,t(¢) and summarized over the number
of time points accumulated WSC — (rot,t(¢)) , were calculated.

The values of the wind velocity module depending on its direction, V (¢, m)
and V (o) , were calculated in the similar way.

Mean monthly WSC rot,t(m) and wind velocity module V (m) values were

calculated averaging over the number of the time points N (N =z N, ), corre-
m

sponding to each month m.

Frequency P(¢) of the wind of each direction ¢ was calculated as a percent-
age of the total number of the time points. On average, the wind frequency for
a year was determined as P(¢) = N,100/N , per month as P(p,m) =N, ,100/N, .

Dependence of the spatial distribution of the WSC on the prevailing wind di-
rection was analyzed on the basis of combining groups (composites) with a specific
wind direction for winter (December — February) and summer (June — August).

Results
Sea area mean wind stress curl. Seasonal variation of the sea area mean wind

stress curl rotzr(m) (Fig. 2, a) is characterized by the cyclonic curl intensification in
winter with a peak in February (3.6-10®° N/m?), weakening in spring and a change of
curl to the anticyclonic one in summer in one month — June (-0.5-108 N/m®). In May
and July, the WSC values are close to zero, but have a positive sign. On average,
cyclonic vorticity predominates per year (1.6 x 108 N/m3).

It can be noted that in calculations according to data with a higher spatial reso-
lution [9, 11] than in the present paper, the sea area mean curl is positive during the
year, according to data with a lower resolution, the WSC is negative during the
summer [8, 10 ].

rot ,T(m)

rot,7(¢) (rot,T(@)) 4

Wind direction ¢

2 4 6 8 10 12
b c d e
Fig. 2. The seasonal variation of the sea area mean wind stress curl, x 108 N/m?, (a); variation of the

wind stress curl, x 1078 N/m?, (b, c) and the accumulated wind stress curl, N-s/mé, (d, &) by month (b,
d) and on average per year (c, €) depending on the wind direction
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The diagram with the WSC rot,;t(¢, m) values depending on the wind direc-

tion by months is shown in Fig. 2, b. Under the north, northeastern and northwestern
winds, the WSC is cyclonic throughout a year; under the northeastern wind the high-
est values are observed. The maximum values of the cyclonic curl (9.6-108 N/m?) are
observed under the northeastern wind in February and under the eastern — in January.

Under the western and southwestern winds the WSC is anticyclonic throughout
a year (Fig. 2, b). The corresponding maximum negative values in absolute terms are
observed in the southwestern and southern winds in July (=3.2-10% N/m?®). Under the
eastern, southeastern and southern winds, the WSC changes its sign depending on the
season: in winter it is cyclonic, in summer — anticyclonic.

Dependence of the WSC rot,t(¢) on the wind direction undivided into sea-

sons is shown in Fig. 2, ¢. On average, per the year under the northwestern, north-
ern, northeastern, eastern and southeastern winds, the sea area mean wind stress
curl has a positive sign and is cyclonic; under the southern, southwestern and west-
ern winds, it is negative (anticyclonic). On average, per the year the maximum pos-
itive WSC is achieved under the northeastern wind (4.1-10°8 N/m?), the maximum
negative WSC in absolute terms — under the southwestern wind (-1.2-10-8 N/md).

Frequency of the wind direction prevailing over the sea. Monthly distribu-
tion of wind frequency P(@,m) is as follows (Fig. 3, a). In December and January

the southwestern and western winds have the highest frequency and in February
and March — the northeastern ones. In this period the southeastern wind has the
lowest frequency. In April almost all winds are equal in frequency. In May the sit-
uation is similar, but the frequency of northeastern and western winds increases.
From June to October the frequency of winds with the southern component signifi-
cantly decreases and is less than 10 %. In June the frequency of western, north-
western and northern winds increases. Winds with the northern component have
the high frequency from July to September. In July and August, the frequency of the
northern wind is 30 % on average, and of the northeastern - more than 30 % in Au-
gust. In October and November the northeastern wind has the greatest frequency.
V(m)
6.5,
P@) 55 7=

@
z
=

Wind direction

Fig. 3. Wind direction frequency (%) by months — a and on average per year — b; seasonal variability
of the wind velocity (m/s) — ¢ and its variation by month — d and on average per year — e depending
on the wind direction
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On average per year (Fig. 3, b) the northeastern wind (18.6 %) has the highest
frequency P(¢), the northern wind holds the second position (16.6 %). The south-
ern and southeastern winds possess the lowest frequency (7.9 and 8.3 %, respec-
tively). These indicators are in good agreement with the studies [13, 15].

Sea area mean accumulated wind stress curl. The accumulated WSC value
is calculated by summing over the number of situations with a certain wind direc-
tion. Thus, the wind frequency in each direction is taken into account.

Comparison of the diagrams for the mean rot, (¢, m) (Fig. 2, b) and accumu-

lated (rot,z(¢,m)), (Fig. 2, d) curls shows that taking into account the wind fre-

quency specifies the contribution of each direction to the curl development in the
sea. The low frequency of the southern and southwestern winds in July and August
is accompanied by their lower contribution to the accumulated anticyclonic curl,
despite the fact that in these months, under the winds of these directions, a signifi-
cant anticyclonic curl is created on average (Fig. 2, b). Therefore, in the seasonal
variability (Fig. 2, a), the negative curl value is observed only in June.

Dependence of the accumulated WSC (rot,t(¢)), on the wind direction on

average per year is shown in Fig. 2, e. High repeatability of the northeastern wind
during the year (Fig. 3, b) leads to the fact that its contribution to the cyclonic curl
development in the Black Sea significantly exceeds the contribution of the northern
and eastern winds and is the principal one. On average per year the southwestern
wind creates the highest anticyclonic curl (Fig. 2, c), but due to the greater fre-
quency of the western wind, it creates the largest accumulated anticyclonic curl
(Fig. 2, e).

Wind velocity module. The curl value is also closely related to the wind ve-
locity value, since under strong winds the velocity shift due to the spatial inhomo-
geneity of the wind increases. In the Black Sea due to its small size, the change in
the surface (the wind is stronger over the sea than over the land) and orographic
effects near the shore, the shift value increases.

In the seasonal cycle, wind intensification is observed in winter with a maxi-
mum in January (6 m/s), a decrease — in summer with a minimum in June (4 m/s)
(Fig. 3, ¢). The mean wind velocity in the sea area, depending on its direction by
month V (¢, m) (Fig. 3, d) and the average per year V (¢) (Fig. 3, e) is as follows.

On average per the year the highest velocity is achieved under the northeast-
ern, western and southwestern winds (Fig. 3, €). Note that under the mentioned
winds, a maximum cyclonic (the northeastern wind) and anticyclonic (the western
and southwestern wind) curl is developed. Velocity of the southern, southeastern
and eastern winds is less than the velocity of winds of other directions (Fig. 3, e).
This seems to be related to a velocity weakening or a change in the wind direction
near the coast due to orographic effects caused by the presence of high, long moun-
tains on the eastern (the Caucasus Mountains) and southern (the Pontic Mountains)
coasts of the Black Sea. The southeastern wind has minimum velocity on average
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per year. This wind has also the lowest velocity during the year, except summer,
when all winds with the southern component have low velocity (Fig. 3, d).

Seasonal variability of wind stress curl spatial distribution. In winters
months (December — February) almost all the Black Sea water area is covered by
a zone with the cyclonic curl (Fig. 4). High values of more than 8-10 N/m?® are
recorded in the eastern part of the sea, the values of more than 4-108 N/m® — in its
western part. In March — April period cyclonic curl prevails but its value decreases.
From May to September the area of cyclonic curl zones decreases and the one of
anicyclonic curl zones grows. Their location has the form of a quadrupole structure
previously noted in [7]. In the northeastern and southwestern parts of the sea the
cyclonic curl zones are located, in the northwestern and southeastern ones — anticy-
clonic curl zones. Since July, in the northeastern part of the sea and in the east of
the Bosporus the areas with cyclonic curl values of more than 8-10®% N/m? have
appeared. In autumn, the size of the entire zone with cyclonic curl increases. The
size of the zones with anticyclonic curl decreases and they are located along the
western sea coast and along the southern one in its south-eastern part.

September
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Fig. 4. Monthly mean wind stress curl fields
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It should be pointed out that wind stress curl spatial distribution calculated by
the data of different reanalyses can significantly differ [8]. This is both due to the
data spatial resolution and difference of physical process parameterizations in the
atmospheric models by which the reanalysis is carried out. Moreover, the length of
data series by the time can introduce changes in the spatial distribution details due
to climatic changes of large-scale atmospheric circulation.

Spatial distribution obtained in the present work is close to the one from [8] calcu-
lated according to ECMWF reanalysis for 1979-1993 period with 1.125° x 1.125° spa-
tial resolution [16]. A comparison with the distribution of high spatial resolution
(25 km) obtained using HadRM3P model [9] and ERA-40 input data (1958-2001)
with ~ 125 x 125 km resolution [17] shows the difference only in separate details.

Spatial distribution of wind stress curl at the winds of different directions.
On the basis of averaging over the situations with a certain wind direction the fields
of wind stress curl spatial distributions rot,t(@,m) were constructed (Fig. 5). Tak-

ing into account the annual course in the curl spatial distribution variability (Fig. 4),
the fields were constructed individually for the winter season (according to combined
data for December — February) and for the summer one (according to the data for
June — August).

For each wind direction spatial distribution of the curl has a similar structure in
both seasons: the positions of the sections with high values of cyclonic and anticy-
clonic curl coincide (Fig. 5). The difference consists in the fact that in summer the
areas with cyclonic curl have smaller dimensions than in winter. And vice versa, in
summer the areas with anticyclonic curl are bigger than the ones in winter. For ex-
ample, in winter at northern, northeastern and eastern winds most of the water area
is covered by the zone with cyclonic curl and in summer the area of this zone de-
creases (Fig. 5 a—c). In summer at southern and southwestern winds almost all the
water area is covered by the zone with anticyclonic curl (Fig. 5, e, f).

When wind direction changes a spatial distribution of the curl also changes. If
the wind direction changes to the opposite one, the positions of the areas with cy-
clonic and anticyclonic curls switch places. For instance, at northeastern wind the
area with cyclonic curl covers the eastern, central and southern parts of the sea and
the area with anticyclonic curl is located along the western and northwestern coasts
(Fig. 5, b). At an opposite direction (southwestern wind) there is a reversed situa-
tion: the area with anticyclonic curl is located in the eastern, central and southern
parts of the sea. The one with cyclonic curl is located along the western coast and
in the northwestern shelf zone (Fig. 5, f). The same change of wind stress curl sign
on the sea surface is observed for each wind while its direction changes to the op-
posite one.

The highest values of the cyclonic curl are recorded in winter at the synoptic
situations with the northern and northeastern winds. The areas with high values are
localized in the eastern part of the sea as well as along the Turkish coast, eastwards
of the Bosphorus (Fig. 5, a, b). Anticyclonic curl high values are observed in win-
ter at the western and southwestern winds along the Turkish coast (Fig. 5, f, g).
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Fig. 5. Spatial distribution of wind stress curl rot,t (x10N/m?) and wind velocity V (m/s) depend-
ing on wind direction in the winter and summer

Discussion

The wind of each direction has a characteristic wind stress curl field on the sea
surface (Fig. 5). WSC field structure is due to both a character of background
large-scale atmospheric circulation and regional peculiarities such as sea area con-
figuration and adjacent region terrain.

A typical synoptic situation of large-scale atmosphere circulation (background
circulation) [13] corresponds to each wind flux predominating over the sea and
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selected by the basic geographical directions. Thus, for example, a northeastern
wind predominating over the sea is due to such large-scale sea-level pressure field
distribution at which northwards of the Black Sea an extensive anticyclone is locat-
ed and southwards — a reduced atmospheric pressure [13]. For the southwestern
wind there is a reversed distribution of atmospheric pressure. Thus, a change of
predominating wind direction is a consequence of variation of large-scale synoptic
situation.

Curl distribution and value are affected by regional peculiarities [4, 5, 9].
A change of the sea — land surface creates an additional velocity shift and intensi-
fies the curl. Moreover, the presence of orographic effects near the shore has an
impact on the curl value. Examples of this fact are high values of WSC along the
Turkish coast with a mountainous terrain (the Pontic Mountains). It has a cyclonic
character at northeastern and eastern winds and anticyclonic one at southwestern,
western and north-western winds (Fig. 5, b, ¢, f — h). The presence of dynamic and
orographic effects (when northern and northeastern winds flow around the Cauca-
sus Mountains [4, 5, 9]) is accompanied by high values of cyclonic curl in the east-
ern part of the sea (Fig. 5 a, b). Monsoon effect plays an important role in seasonal
variability [2, 4].

The analysis of WSC distribution (Fig. 5) at synoptic situations with different
wind direction and a regard to its frequency and velocity (Fig. 3) allow one to in-
terpret some peculiarities of the curl distribution in a seasonal course (Fig. 4).

Seasonal curl fields are the result of averaging in the situations with different
wind direction. Therefore, when calculating them an averaging of the curl with dif-
ferent sign takes place. This results in the fact that in the mean seasonal fields its val-
ues are small and do not exceed +11-10-8 N/m? (Fig. 4) while the curl values generat-
ing by a wind of certain direction are rather high — up to +40-108 N/m3 (Fig. 5). But
the highest frequency of the wind of a certain direction leads to the fact that peculi-
arities of the curl distribution (characteristic of the given direction) also manifest
themselves in monthly average fields as areas with higher values of it.

The northeastern wind high frequency from July to October (Fig. 3, a) ex-
plains the existence of local areas with high cyclonic curl values (> 8-10% N/m®) in
the seasonal course fields located in the eastern part of the sea and along the south-
ern coast eastwards of the Bosphorus (Fig. 4). Higher frequency of northeastern
wind in February, in comparison with December and January (Fig. 3, a), is mani-
fested in the fact that high curl values eastwards of the Bosphorus (Fig. 5, b) are
recorded precisely in February (Fig. 4).

Anticyclonic curl high values generated by the western wind near the Turkish
coast (Fig. 5, b) are most manifested in January when the frequency of this wind is
higher in comparison with the one of the winds of other directions.

In April the frequency of the winds of all directions is practically equal (from
9.6 % for the northern wind to 14.3% for the eastern one) (Fig. 3, a). This is ac-
companied by the absence of the areas with high cyclonic and anticyclonic WSC
values in this month (Fig. 4).

In the eastern part of the sea a cyclonic curl conditioned by the northeastern
wind (Fig. 5, b) which has high frequency during the entire year (Fig. 3, a) remains
throughout the year (Fig. 4).
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Conclusion

Based on the selection of the prevailing wind direction for each 6-hour situa-
tion, the compilation of groups (composites) corresponding to each direction and
the construction of mean fields for them the wind regime impact on the wind stress
curl field peculiarities on the Black Sea was analyzed. It is found that the wind re-
gime (wind direction, its frequency and speed) noticeably affects the wind stress
curl value and plays an important role in the formation of its spatial distribution
features.

At synoptic situations with prevailing northwestern, northern and northeastern
winds the average WSC over the sea is cyclonic throughout the year, with the
southwestern and western winds — anticyclonic. The situations with prevailing
northeastern wind make the main contribution to cyclonic curl formation, the ones
with western and southwestern winds — to anticyclonic.

WSC spatial distribution significantly depends on wind direction. At the wind
of each direction a curl field with characteristic peculiarities remaining in all sea-
sons is formed. Wind frequency makes a significant contribution to the formation
of WSC spatial distribution in the seasonal course.
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