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Laboratory investigation of eddy formation mechanism due to spatially non-uniform wind
impact was fulfilled. Experiment was provided in a cylindrical and a square form tank
filled with homogeneous or stratified fluid and displaced on a rotating platform. In the
absence of the platform rotation, an impact of the single air jet lead to the formation of a
symmetric vortex dipole structure that occupied the whole water area in the tank. In the
presence of the platform rotation, a compact anticyclonic eddy was formed in a part of the
dipole with anticyclonic vorticity, while in a part with cyclonic vorticity no any compact
eddy was observed. The laboratory results were successfully compared with the field
observation results fulfilled in the at the Black Sea coastal zone near Gelendzhik.
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I. INTRODUCTION

To a practice of an ecological monitoring of the coastal (shelf) areas in the north-eastern
part of the Black Sea, in the recent past has been introduced a new instrumental and
methodological approach that provides high spatial and temporal resolution of the
measurements. An important result of this approach was a frequent observation of submesoscale
(with a diameter of 2-10 km) intense eddies, both cyclonic and anticyclonic. Apparently, these
eddies play a significant role in cross shelf water exchange and energy dissipation of the
alongshore currents [1, 2].

Fig. 1. The satellite SAR image of the north-eastern part of the Black Sea. The bright bands at
the sea surface are related with of offshore wind jets, which are separated by dark bands that
are related with the areas of weaker offshore wind.



There are at least three possible mechanisms of the submesoscale eddies formation. First
mechanism - a periodic formation of eddies behind the capes. It was revealed that in a rotating
fluid due to this mechanism only anticyclonic eddies are formed periodically in decelerating
cyclonic coastal current [3]. Second mechanism is the shear instability of the coastal current.
Due to this mechanism in the rotating fluid the cyclonic eddies are formed predominantly [4].
The third mechanism related to spatially inhomogeneous wind forcing is a subject of a study in
this paper.

Coastal zones of many seas (Black Sea, in particular) are surrounded by hills and
mountain ranges separated by valleys. Wind directed from the seashore often has a different
velocity over the valleys and over the mountains. Due to the complicated orography of the coast
the offshore wind over the sea often consists of quasi-parallel wind jets as it is presented at figure
1. The presence of wind jets, separated by the regions with weaker winds, should lead to the
formation convergent and divergent Ekman transport and of the furrows-like anomalies of the
sea surface level. The instability of such structures could provoke the formation of the mesoscale
or submesocale eddy-like structures [5].

The aim of this work is to conduct laboratory experiments to study the possibility of eddy
formation in a homogeneous and two-layer non-rotating and rotating fluid due to the impact of
one or two offshore air jets parallel to each other.

1. LABORATORY SETUP

Two series of experimental runs in the tanks with different shapes and sizes were
conducted.

In the first series the experimental runs were carried out in cylindrical tank with a
diameter of 60 cm and a height of 8 cm, filled with distillated water and placed on a rotating
platform. Runs were conducted with and without of the platform rotation. The time period of the
platform rotation was as follows: 15 s, 10 s and 5 s (the Coriolis parameter f = 22 = 0,8 s, 1.25
s 1 2.5 s respectively). A video camera was placed at the center of the platform above the
tank.

Some of the experimental runs were fulfilled in homogeneous fluid, and the others — in
two-layer salinity stratified fluid. To create a two-layer salinity stratification a thin (2 cm) layer
of the distilled water was accurately flooded over the thicker layer (5 or 25 cm) of the salted
water (5, 10 or 20 psu) that was already promoted to the state of solid-body rotation with angular
frequency Q. This method allowed us to minimize the mixing between the layers.

Near the wall of the circular tank four wind blowers with nozzles of 7 cm width were
installed. Three of them were directed at an angle of about 70 degrees to the radius of the tank
and were used to produce azimuthal wind stress and coastal rim current. The fourth blower was
directed radially towards the center of the tank and was used to create the the air stream normal
to the shore (Fig. 2a, b).

At the beginning of each experimental run, fine paper pellets were dropped at the water
surface for flow visualization. These pellets played a role of passive tracers. In the absence of a
azimuthal wind stress and coastal rim current the fourth blower turn on at once with the video
camera. In the opposite case the camera was switched on together with the three wind blowers.
The fourth wind blower was switch on for a definite time interval (from 5 to 80 s) only when
coastal rim current was fully generated.

The velocity V of the wind in different experimental runs varied in the range of from 2 to
8 m/s at a distance of 5 cm from the wind blower nozzles and from 1 to 5 m/s at a distance of 15
cm from them.

The second series of the experimental runs was carried out in a square form tank with a
width of 70 cm and height of 10 cm. It was filled by distilled water up to the top. In this series of
experimental runs only two wind blowers were used in order to investigate the impact of the
parallel neighboring wind jets on the eddy formation in the underlying water layer. Both of them
were installed normally to the same side of the tank. One of them was located at a distance 7 cm



from the tank corner. The position of the other one was changed from one experimental run to
the other and the distance between the blowers L varied from one experimental run to the other
as follows: L = 20, 30 and 40 cm. In order to reduce the end wall effect on the results of
experiment, approximately one-third part of the water surface near the wall opposite to the
blowers was closed by thin organic glass plate. For the comparison with the results of the
experiments in circular tank, some experimental runs in a square form tank were conducted with
one wind blower installed at the middle of the tank wall (Fig. 2c, d).

d)

Fig. 2. Scheme of the laboratory set-up: a) - cylindrical tank (side view); b) - cylindrical
tank (top view); c) - square tank (side view); d) - square tank (top view).1 - rotating
platform; 2 — organic glass tank filled by homogeneous or two-layer fluid; 3 — wind
blowers; 4 — constant flux source for the flooding of the upper layer fluid; 5 — video
camera; 6 - direction of the platform rotation. 7- organic glass plate covering water

surface.

[1l. ESTIMATE OF WIND STRESS AND SURFACE CURRENT VELOCITY
One of the basic parameters of the experiment is a wind stress at the water surface

generated by the wind blower. It could be expressed as follows: 7 = paCdUaz. Here U, is the

wind velocity (m/s) at a curtain height z, above the air-water interface (for the sea za = 10 m), Cd
— non-dimensional drag coefficient, pa = 1.29 kg/m3 — density of air. For the natural conditions
Cd = (1-2)107 [6, 7]. But for the certain conditions of the laboratory experiment the value of Cd
is unknown. It could be estimated on the base of the theory of turbulent boundary layer and
measurements.

Let us divide the air flow above the water layer in the laboratory tank into three zones in
vertical direction: 1 - the near surface zone, or the laminar sublayer; 2 — the turbulent zone with
constant shear stress, or “logarithmic” sublayer; 3 — the core of the flow, where the air velocity is
maximal and nearly constant (Fig.3).
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Fig. 3. Dependence of wind velocity on height above air-water interface.

Starting from the condition of continuity of the momentum flux in vertical direction in
zones 1 and 2, let us equate the expression for the wind stress on the upper boundary of zone 1 to
the expression for this quantity at the lower boundary of zone 2:

T:pavad_u:pava(uo U) :paCdU: (1)
dz Z,

Here U is the velocity of air at the water-air interface, Uo — the velocity at the boundary
between zone 1 and zone 2, zo — the height of this boundary above the water surface, va (= 0.07
cm?/s) — kinematic viscosity of the air.

According to the Prandtl — von Karman hypothesis, in the turbulent sublayer (zone 2)
momentum exchange coefficient obeys the following law:

k(z) = iz )

Here y =0.4 - von Karman constant, u - wind velocity that is a function of the height z.

Using (2) let us equate the expression for the wind stress in the zone 2 to the bulk formula
for this quantity:
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It follows from the equations (1) and (3) that:
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Let us use the condition of "stitching” of the momentum exchange coefficient at the
boundary between zone 1 and zone 2 at the height zo. This condition is:

k(zo)=v, of  quz,=v, 5)
Now we have a system of three equations:

CduU ?
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Taking to the account that the value of U is measured experimentally, there are three
unknowns in this equation: Cd, Uog, u zo



Solving this system we find the following expression for Cd

and for zo

u,U,-U

1%
z,=—2 (10),
° Uox

To find Uo we used an approximate solution method (Newton method) because it is
impossible to determine this parameter by pure analytical approach.
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Fig. 4. a) — measured wind velocity field; b) - velocity field at the fluid surface generated by
an air jet in initially resting fluid. Eddies in the dipole structure are marked by dotted lines: A
- anticyclone, C - cyclone. Thick arrow - the direction of the air jet. Thin arrows — vectors of
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Fig. 5. Dependence of surface fluid velocity on the dynamic friction fluid velocity. 1 - Square
tank; 2 - Cylindrical tank, uniform fluid; 3 - Cylindrical tank, two-layer fluid AS=20 psu; 4 -
Cylindrical tank, two-layer fluid AS=10 psu; 5 - Cylindrical tank, two-layer fluid AS=5 psu; 6

—trend line.

Using the data of our experiments it was found that in the laboratory conditions Cd =
(2.5+0.2)*10°2. This value is higher by more than an order of magnitude the value of Cd for wind
flows above the sea surface.

The estimated value of wind stress in laboratory conditions t changed in the range of 0.3
— 2.2 kg/ms? at distance 5 cm from wind blowers nozzle depending on the value of the wind
velocity. Respectively the value of the dynamic friction velocity in water, U* = (z/pw)®°, where



pw — the density of water, changed in the range 1.7 — 4.7 cm/s. At a distance 15 cm from blowers
nozzle that is closer to the area of eddy formation in the laboratory tank, the value of wind stress
varied from 0.034 to 0.8 kg/ms?, and the value of the dynamic friction velocity in water - from
0.6 to 2.8 cm/s. Approximately the same values these parameters have in the natural conditions
at the sea surface if the wind velocity at 10 m height is changing in the range of 5-15 m/s.

The wind velocity field produced by the single blower directed radially towards the center
of the tank is shown in figure 4a. Dependence of surface current velocity U in water just below
the axis of wind jet on dynamic friction velocity in water is shown in figure 5. It is close to the
linear one: U=3.2U1*, where U1* - dynamic friction velocity in water. The surface current
velocity was determined by the short-term pellets displacement measurements at a distance 5 cm
from the wind blower nozzile.

Video data of each experiment were processed using a special computer program for
calculation of flow velocity vectors from the data on short-term pellets displacement. The results
of the calculations were used to analyze the structure and quantitative characteristics of the
surface currents produced by wind blowers in a homogeneous or two-layered, non-rotating or
rotating fluid in the cylindrical and square form tanks.

IV. RESULTS OF THE EXPERIMENT IN THE CYLINDRICAL TANK

In the absence of the platform rotation an impact of the single air jet lead to the formation
of a symmetric vortex structure dipole that occupies the whole water area in the tank (Fig. 4b). In
the presence of the platform rotation single air jet also generates the dipole vortex structure in the
underlying fluid. But this structure is asymmetric: in a region with anticyclonic vorticity a
compact anticyclonic eddy is formed. It is revealed that if the value of the parameter U/f <0.3R,
where R is the radius of the tank, vortex core has a radius Re = U/f, where U is the flow velocity
in fluid at the axis of the dipole structure. If the value of U/f> 0.3R than Re = 0.3R. The maximal
orbital velocity in the compact eddy, Uorb = 0.7U. In a region with cyclonic vorticity no compact
cyclonic eddy was observed.

In a homogeneous rotating fluid the dynamical structures vanished in a short time due to
bottom friction after the end of wind forcing. In a two-layer rotating fluid the compact
anticyclonic vortex existed much longer time, as a result of geostrophic adjustment and low
friction at the density interface. The surface currents generated by the air jet in the rotating two-
layer fluid are shown in figure 6. The dependences of Re/R , Uorh/Rf , Uorn/U and eddy Rossby
number Ro. on U/fR are shown on figures 7a-d, respectively.
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Fig. 6. a) — structure of surface currents generated by the air jet in the two-layer rotating

fluid. The compact anticyclonic eddy A is countered by dotted line. Thick arrow - the direction

of wind impact. Thin arrows — the velocity vectors at the surface of the fluid layer; b) - the
image of the experimental run.

In the presence of an intense coastal rim current in a rotating fluid, the effect of the
normal to the coast air jet was not accompanied by vortex structure formation. However, at the



stage of the rim current relaxation the formation of the dipole vortex structure with compact
anticyclonic eddy was revealed in case with rather strong wind forcing. Thus, the formation of
the vortex dipole structure with compact anticyclonic eddy depends on the ratio between the
intensities of coastal rim current and the offshore wind jet (Fig. 8) [8].
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Fig. 7. a) Re/l vs. U/If; b) Uorn/If vs. U/If; ¢) Uorn/U vs. U/If; d) Roe vs. U/If. 1 - for uniform
fluid; 2 — two layer fluid; 3 - trend line.
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Fig. 8. Impact of the radial air jet on the surface velocity pattern in a two-layered rotating fluid;
a) in the presence of strong cyclonic coastal rim current; b) after the decay of the coastal rim
current. The compact anticyclonic eddy A is countered by dotted line. Thick arrow - the
direction of wind jet. Thin arrows — the surface current velocity vectors.

V. RESULTS OF THE EXPERIMENT IN THE SQUARE TANK

In the square tank with one blower locate in the middle, in the absence of the platform
rotation, impact of the air jet lead to the formation of a symmetric vortex structure dipole that
occupied the whole water area in the tank. In the presence of the platform rotation single air jet
also generated in the underlying fluid the dipole vortex structure. But this structure was
asymmetric: in a region with anticyclonic vorticity a compact anticyclonic eddy Re = U/f was
formed, where U is the flow velocity in fluid at the axis of the dipole structure. Do the results of
experiment were just the same as in the case of cylindrical tank. The flows generated by the air
jet at the surface of rotating fluid are shown in figure 9.

The wind velocity field produced by the action of two wind blowers is shown in figures
10a and 10b. In the absence of the platform rotation, if distance between blowers is small, than



no eddy formation was observed in the water area between the blowers. If distance | between
blowers was large (I >25 cm), the vortex dipole structures were formed by each of the blowers
with no significant interaction between the air jets produced by these blowers.
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Fig. 9. a) - currents generated by the air jet at the surface of rotating fluid; b) - the image of
this experimental run; c) - currents generated by two air jets at the at the surface of rotating
fluid, 1=30; d) - the image of this experimental run. The compact anticyclonic eddies A are
countered by dotted line. Thick arrow - the direction of air jet . Thin arrows — surface current
velocity vectors.
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Fig. 10. a) - wind velocity field, in the case of small distance between the two blowers; b) -
wind velocity field, in the case of large distance between the two blowers.

In the presence of the platform rotation and in the case of small distance between the
blowers no eddy formation was observed in the water area between them. In the case of large
distance between blowers a compact anticyclonic eddy was formed at the right side from each
blower, while in a region with cyclonic vorticity no compact cyclonic eddy was observed. In that
case the compact anticyclone eddy core had a radius Re = U/f with the maximal orbital velocity
Uorb = 0.7U — the same as in the experimental runs with one blower.



It is reasonable to introduce and to analyze the non-dimensional parameter which
characterizes the influence of the distance between blowers on the eddy formation between them.
Such parameter is If/U. It was revealed, that its critical value is about 5. If If/U > 5, there is a
formation of a compact anticyclone between the blowers, if If/lU < 5 — there is no compact
anticyclonic eddy formation between them.

In the coastal zone of the north-eastern Black Sea the velocity of surface current
generated by offshore air jet U could be as much as 10-20 cm/s [5]. It means that the critical
length scale | = 5U/f =5-10 km. It follows from figure 1 that typical distance between the offshore
air jets is 20-30 km. It’s much larger than critical length scale. So it is reasonable to suppose that
the observed wind field could generate compact anticyclonic eddies at the water area right to the
axes of the air jets. There is evidence that long-term (about a day or more) action north-east wind
leads to anticyclonic eddies in the coastal zone of the north-eastern part of the Black Sea [9].
However the problem of generation of compact anticyclonic eddies by offshore wind jets in
natural conditions should be treated more systematically.

V1. CONCLUSIONS

1. In the absence of fluid rotation the offshore air jet generates the formation of a symmetrical
vortex dipole in the underlying fluid layer.

2. In the presence of fluid rotation the offshore air jet generates the formation of an
asymmetrical vortex dipole in the underlying fluid layer. This dipole has a compact eddy in
its anticyclonic part, while in its cyclonic part the vorticity was distributed rather uniformly.

3. The life time of the vortex dipole is much longer in the rotating two-layered stratified fluid if
compared to the case of rotating homogeneous fluid due to geostrophic adjustment and low
friction at the density interface.

4. In the presence of strong coastal rim current the offshore air jet usually does not generate the
vortex dipole structure in the underlying fluid. In such case the possibility of the vortex
dipole structure formation depends on the ratio between the intensities of coastal rim current
and the offshore air jet.

5. In the presence of two neighboring offshore wind jets impacting on the underlying rotating
fluid layer the formation of compact anticyclonic eddy between them is determined by the
non-dimensional parameter If/U. If If/U > 5, there is a formation of a compact anticyclone
between the air jets, if If/lU < 5 — there is no compact anticyclonic eddy formation between
them.

6. The observed asymmetry in the formation of cyclonic and anticyclonic eddies under the
influence of one or more offshore air jets in the described above laboratory experiments was
also revealed in the natural conditions [9].
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