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Laboratory experiments on studying the downwelling coastal current above the inclined bottom are
conducted in the tank placed at a rotating platform. The current is formed by a source of constant flow
of water with the same density (barotropic case) or the lower one (baroclinic case) as compared to the
water in the tank. It is revealed that both in the barotropic and the baroclinic (under certain condi-
tions) cases, the bottom Ekman layer formation implies sinking of the downwelling coastal current
water. Some regularities in dynamics of the downwelling coastal current and the associated bottom
Ekman layer in the barotropic and baroclinic cases are determined. It is found that in the barotropic
case, the water in the bottom Ekman layer spreads from the source down the slope. It is shown that in
the baroclinic case when the densities of water in the source and in the tank do not differ significantly,
the water with lower density from the source enters the bottom Ekman layer which undergoes convec-
tive instability. The criteria for transition from the barotropic current regime to the baroclinic one, i. e.
to the convective instability of the bottom Ekman layer are determined. It is revealed that convection
in the bottom layer develops at the Rayleigh number values considerably exceeding its critical values
characteristic of the laminar boundary layer in a rotating fluid. Actually, the bottom Ekman layer in
the experiments is not purely laminar; its thickness is much higher than that of the laminar flow. Con-
sequently, the coefficient of effective viscosity in this layer is also higher than the kinematic viscosity
value which is used for calculating the critical Rayleigh number. When the densities of water in the
source and in the tank differ significantly, the water with lower density propagates near the surface,
does not enter the bottom Ekman layer and does not undergo convective instability.
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Introduction

The ocean and sea ventilation mechanisms have been an actual object of re-
search, at least since the issue of the famous W. Munk article concerning this topic
[1]. One of such mechanisms is the water sinking in the bottom Ekman layer on the
shelf/continental slope and their convective mixing with overlying stratified waters
[2]. In the presence of a coastal current reaching the bottom, the bottom Ekman
layer is formed. The integral water transfer in this layer is perpendicular to the di-
rection of current and to the left of it (in the Northern Hemisphere). It is obvious
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that in the bottom Ekman layer there is a transfer of water from the coast, accom-
panied by its descent along an inclined bottom in cases of either a cyclonic current
along the coast or anticyclonic circulation around an island. This type of current is
called downwelling, in contrast to upwelling, having the opposite direction, in bot-
tom Ekman layer where the rise of water occurs [3].

Stable density stratification of the aquatic environment restricts the depth of
descent or rising of water in the bottom Ekman layer [4]. Regarding the down-
welling current, reaching a certain depth of immersion, the water in the bottom
Ekman layer, as more light in relation to the overlying waters, may undergo con-
vective instability and mix with them [5]. The mixing products can be introduced
into the surrounding stratified water column in the form of quasi-isopycnic intru-
sions.

In view of the widespread prevalence of coastal downwelling currents in the
seas and oceans, this process should occur very often and play a certain role in the
stratified water column ventilation. In [6] it was suggested to be one of the im-
portant factors of oxygen ventilation of the active layer of the Black Sea and the
retention of the upper boundary of the hydrogen sulphide zone in the permanent
pycnochaloklin area. Despite some evidence of the implementation of this process,
there is currently no reliable evidence of its implementation in the Black Sea and
other seas. To a certain extent, this is due to its sporadic nature, its closeness to the
bottom and its small scale. Therefore, the methods of laboratory and numerical
modeling can be of particular importance in studying of this problem.

In [7], the coastal downwelling current and the bottom Ekman layer (with the
sinking of waters on an inclined bottom) formed by it, were simulated in the labora-
tory. The experiments were carried out both in a homogeneous and in a two-layered
stratified aquatic environment. In the second case, the phenomenon of less dense wa-
ter sinking in the bottom Ekman layer and the convective instability of this layer
were detected. However, due to the limited number of experiments, the regularities
of the dynamics of the coastal downwelling current and the bottom Ekman layer as-
sociated with it have been studied quite approximately. Preliminary estimates of the
bottom Ekman layer parameters on the continental shelf/slope of the Black Sea were
made based on the phenomenological results of the laboratory experiment, as well as
on the results of in situ studies of the near-bottom boundary layers and theoretical
representations [7]. In addition, the possible depth of less dense water sinking in this
layer, reaching 50 m, was calculated.

The present paper was aimed to continue the laboratory experiments started in
[7], for a more detailed study of the dynamics of coastal downwelling flow of wa-
ter with the same or lower density as compared to the water in the tank, as well as
the bottom Ekman layer formed on this inclined bottom formed by this current. As
a result of this research, certain theoretical concepts were tested for a homogeneous
density of the aguatic environment, and some constants were established to quanti-
fy the parameters of the coastal current and bottom Ekman layer. For a two-layer
stratified current, the critical values of parameters at which the less dense water
sinking in the bottom Ekman layer and its convective instability development is
possible were found.
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Laboratory plant

The experiments were carried out on the laboratory plant (Fig. 1). In the center
of the rotating platform (1) with a diameter of 1 m with the possibility of a smooth
change of its rotation speed, a cylindrical tank of plexiglas (2) with a radius of
30 cm and a height of 27 cm is filled with a NaCl aqueous solution to a certain lev-
el. At the bottom of the tank, there is a cone (3) inscribed in it, made of thin glass-
cloth (0.3 mm). The inclination angle of the conical surface to the horizontal is o =
= 30°. The cone height is 14 cm. At the top of the cone there is a vertical hole
10 mm in diameter, connected by a hose with the Mariotte bottle (4). A hollow cyl-
inder with a lid 16 cm in diameter and 2 cm in height, sealed on the cone surface, is
axially symmetric above this hole. In the upper part of the cylinder, under the cov-
er, there is a gap 0.5 cm wide — a ring source (5). Through this source, during the
experiment, from the Mariotte bottle with a steady flow a tinted water of a given
density — either the same as the water in the tank, or less. Under the influence of
the Coriolis force, the water entering the tank forms an anticyclonic frontal current,
the form of which is recorded from above with the help of a video camera fixed on
the tank top (6) and from the side — by the side video camera (7). The speed of this
flow is determined by automatically measuring the movement of round paper pel-
lets with a diameter of 1 mm floating on the water surface.

Rate of the ring source varied from experiment to experiment within the range
of values Q = 4-10 cm?/s. The rate value was set before each experiment and was
kept constant to within 5% with the help of the Mariotte bottle.

As already noted above, two series of experiments were carried out. In the first
series, the salinity (density) of water in the source was approximately the same as
in the tank: p1 = po, Where p; is the density of water in the source, and po is the wa-
ter density in the tank (barotropic case). In the second series, the water in the
source had a lower density than the water in the tank: p1 < po (baroclinic case). The
water temperature in the source and in the tank coincided with an accuracy of
+0.3°C

Fig. 1. Scheme and photograph of the laboratory plant: a — plant scheme: 1 is a rotating platform, 2 is
the tank, 3 is the truncated cone, 4 is the Mariotte bottle, 5 is the slot source of mass and buoyancy,
6 is the video camera, 7 is the lateral/side video camera; b — photograph of the plant
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In the experiments of the first series, the water in the tank and in the source
was fresh and distilled. In the experiments of the second series, the water in the
tank was salty, with salinity varying from experiment to experiment, while in the
source it was fresh. As one of the basic dimensional parameters, the reduced free
fall acceleration g’ = gAp/p, where g is the free fall acceleration, Ap = p1 — po IS
the density difference of the water in the source (the Mariotte bottle) and in the
tank. At that, the accuracy of g’ definition was + 0.1 cm/s2. Other important dimen-
sional parameters of the experiment are the volume rate of the source Q (the accu-
racy of its definition is + 0.5 cm®/s) and the Coriolis parameter f = 2Q, where Q =
= 2n/T — is the angular rotation speed of the platform, and T is the its rotation peri-
od (accuracy of its definition is not lower than 0.5%). The kinematic viscosity of
the fluid, also included in the number of important dimensional parameters, was
approximately constant and equal to 102 cm?/s.

Results of the experiments

Barotropic case (p1 = po). Before the beginning of each experiment, the tank
was filled with distilled water to the level of the upper edge of the ring source. The
Mariotte bottle was filled with water of the same density, but tinted with thymol
dye. Then, the rotation of the platform with an angular velocity Q, varying from
0.6 to 1.25 rad/s was started. When the water in the tank was spinned up to a state
close to solid-state rotation, video cameras and a ring source of constant fluid flow
rate were switched on. The moment of inclusion of the latter was taken as the be-
ginning of the experiment.

Fig. 2. Barotropic frontal current above the cone surface formed by the constant source (Q = 8 cm®/s,
f=1.25s1): a, b - the initial stage of the experiment when the current inviscid core is being formed:
a — side view; b — view from above; ¢, d — the late stage of the experiment when the inviscid core has
already reached the quasi-stationary state (white dotted line denotes the external frontal boundary of
the current inviscid core), and the bottom Ekman layer has spread far along the cone surface: ¢ — side
view; d — view from above

The tinted fluid coming from the source to the surface of the cone initially
formed an anticyclonic axisymmetric barotropic coastal current that expanded radi-
ally (Fig. 2, a, 2, b). After a while, the width of the layer of the tinted fluid and the
associated coastal current practically ceased to grow, despite the continued inflow
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of the fluid from the source. The stabilization of the tinted fluid front position was
due to the formation of a flow in the viscous bottom Ekman layer at a rate of Q. =
~ Q [8], propagating down the slope and leaving the frontal zone of the barotropic
layer of the tinted fluid far beyond (Fig. 2, c, 2, d). At the same time, the coastal
current also reached a steady state, and its centerline (the azimuthal velocity maxi-
mum) was located on the outer boundary of the barotropic layer of the tinted fluid.

For each experiment, the width of the ring axisymmetric front current, as well
as the width of the bottom Ekman layer ring, were measured according to the top
and lateral video survey data at successive times. According to visual observations,
the first parameter reached a quasi-stationary value quickly, and the second one
continued to grow. By the displacement of paper pellets, the azimuthal velocity of
the barotropic current in the area of its front (centerline) was also measured, and
the creep speed of the tinted water of the source in the bottom Ekman layer was
calculated. It should be noted that the fluid in the bottom layer also had an azi-
muthal, anticyclonic directional velocity component, which fully corresponds to
the theoretical concepts of the dynamics of the bottom Ekman layer. In this case,
the thickness of the viscous bottom flow at the outer boundary of the barotropic
layer of the tinted fluid should be proportional to the Ekman scale.

In the experiments of the first series, the purpose to determine the regularities
of the bottom Ekman layer propagation down the surface of a smooth cone, de-
pending on the dimensional and dimensionless parameters of the problem was set.
The depth of the basin outside the cone and the radius of the cone are assumed to
be much larger than the height of the source and its radius, respectively, and that
these two parameters have no effect on the formation of the front current and the
bottom Ekman layer on the cone. In this case, the defining dimensional parameters
of the problem are the following: Q (cm?s) is the source flow rate, v (cm?/s) is the
kinematic viscosity of the water, Ry (cm) is the source radius, Ho is the height of the
water layer at the external source boundary, f = 2Q (s?) is the Coriolis parameter.
The dimensionless parameter tg o — the slope of the bottom of the basin to the hori-
zontal, also plays an important role.

Of the five above dimensional parameters, two have an independent dimen-
sion. According to the IT-theorem, three dimensionless parameters can be com-
posed. These completely determine the kinematic characteristics of the barotropic
front current and the current in the bottom Ekman layer: Re = Q/vHo is the Reyn-
olds number; Ek = v/fHo? is the Ekman number; 6 = Ro/Ho is the source form factor.
To these three dimensionless parameters, the fourth one is added: tg a is the bottom
slope. In the experiments, the values of Q and f parameters change, so the 6 and
tg o dimensionless parameters are constants of the experiment.

As mentioned above, the structure of the current field produced by a constant
flow rate source quickly reaches a quasistationary state. At the same time, in some
zone near the source there is an inviscid core of the barotropic current bounded by
the front of the tinted fluid from the source. Outside the source, in the surrounding
fluid, the quasistationary state of an inviscid core is maintained by the inflow from
a water source with a small angular momentum, and also by bottom friction, which
is the cause of the spin-up (untwisting) of the overlying fluid. Some inviscid core
radius increase with time (Fig. 3, a) is due to a general increase in the water mass n
the basin.
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In a quasistationary state, the flow rate of fluid coming from the source is
compensated by its outflow and downward slope in the viscous (Ekman) bottom
layer, whose width L., measured from the outer boundary of the coastal current,
increases in proportion to t2 (Fig. 3, b). This means that the thickness of the bot-
tom Ekman layer does not change with the distance from the front of the coastal
current, and the velocity of the flow behind the front changes (decreases) inversely
with this distance.
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Fig. 3. Dependences: L#/Ro (a) and Le/Ro (b) on the dimensionless time t/T, where T = 2x/f is the peri-
od of the platform rotation; Ro is the source radius. Q = 8 cm¥/s, f = 1.25 s, 1 is the barotropic case
(g’ = 0); 2 is the baroclinic case (g’ = 0.28); 3 is the baroclinic case (g’ = 1.12). The curve is the ap-
proximation of the barotropic bottom Ekman layer radius by the function proportional to the square
root of time. The dimensionless time t/T is represented in the laboratory day unit (lab. day)

In this case, the integral flow rate of the fluid in this layer is
Qe = Q =2n(Ro+ Lr)ViHe, @)

where Ls is the width of the inviscid core of the flow, i. e. the radial distance from
the outer boundary of the cylindrical source to the point of the tinted fluid that co-
incides with the centerline. The azimuthal current velocity equals Us, and V: is the
radial component of the current velocity in the bottom Ekman layer of He thickness
at L« distance from the source.

From the viewpoint of physics, the velocity of radial propagation of the fluid
Vi = dL¢/dt in the Ekman layer at the external boundary of the inviscid core of the
frontal downwelling current must be proportional to the azimuthal current velocity
Ur and the cosine of the bottom inclination angle. At the same time, as already in-
dicated, the real thickness of the near-bottom viscous boundary layer He should be
proportional to the Ekman scale of thickness h. = (v/f cos a)'? taking into account
the bottom slope. In other words, taking into account the constancy of the bottom
inclination angle in the experiment,

Vi = C1Uy, 2
He = CZhe- (3)

Here C1 and C; — are constants that can be functions of the Reynolds and Ekman
numbers. C; constant can be determined from the experiment by measuring Ur and
V: simultaneously. Since the Ekman boundary layer on the inclined bottom is very
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thin (not more than 1 cm), its thickness is difficult to measure. But using the ex-
pressions (1), (2) and (3), C, constant can be expressed in terms of other parame-
ters of the problem:

C = Q/ZTE(R()'F Lf)ClUfhe. (4)

Applying the potential vortex conservation law, it can be shown that the veloc-
ity in the barotropic coastal current centerline is determined by the following scale

Ur* =— (Ho/Hy)f L+ ®)

One of the tasks of the experimental data processing was to check the depend-
ence
Ur = C3-Ur* (6)

and to determine Cs coefficient value. This coefficient can also be a function of
dimensionless parameters — the Reynolds and the Ekman number (see above).

Substituting in the formula (4) the expressions (5) and (6) for the correspond-
ing scales, the following is obtained

Q = 2n(Ro+ Lf)C(Ho/Hs )f L+ he, (7)

where C = C1C2Cs,
Provided that Ry >> L and Ho = Hy, the expression (7) is simplified and con-
verted to the following form

Q = 27ReCF Li* . (8)

Here L¢* is the scale width of the barotropic inviscid core of the frontal current un-
der the conditions indicated above. From the formula (8) it is possible to express
this scale in the following form

Li* = Q/27RoCF he. (9)

In total, five experiments with a barotropic coastal current were carried out.
The dimensional parameters Q and f there assumed the following values: 4, 6,
10 cm®/s and 0.625; 1.25; 2.5 1/s, respectively. The dimensionless parameters — of
the Reynolds and Ekman numbers — varied in the following ranges: 200 < Re <
< 500; 0.001 < Ek < 0.004.

From the results of laboratory experiments, the following values of the con-
stants introduced above were obtained: C; = 0.06 + 0.005; C>; = 11.3 + 1.7; C3 =
=0.82 £ 0.08; C = 0.5 + 0.12. The essential dependence of these constants on the
dimensionless parameters of the problem — the Reynolds and Ekman numbers —
was not revealed.

Baroclinic case (p1 < po). In this case, another defining dimension parameter
of the problem appears: the reduced free fall acceleration g’ = gAp/po. Here g is the
free fall acceleration; Ap = po— p1 = B(So — S1), where B is the haline contraction
coefficient; Spand S is the water salinity in in the source and in the tank. Applying
g’ it is possible to construct another important dimensional parameter of the prob-
lem — the Rossby baroclinic deformation radius Rq = g'Ho/f. Looking ahead, it
should be noted that the dimensionless parameter Ro/Li* determines the condition
for water from the source to reach the bottom Ekman layer.
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Fig. 4. Current structure at insignificant difference between the water density in the source and the
one in the tank (Q = 8 cmds, f = 1.25 s, g/ = 0.28 cm/s?): a — side view, b — view from above; ¢ —
three-dimensional convective structures

In experiments, when the density of the waters of the frontal current was less
than the density of the fluid in the tank, two different scenarios for the frontal cur-
rent evolution were realized. In the first scenario, typical for a relatively small dif-
ference in the water density in the source from the one in the basin, the current
front slightly inclined to the vertical reached the surface of the cone and the bottom
Ekman layer was formed, in which more light water descended down the slope.
The speed of sinking was somewhat smaller as compared to the barotropic case
(Fig. 3, b). In course of time, the bottom Ekman layer experienced convective in-
stability: it formed roller structures, stretched in the azimuth direction. They then
disintegrated into three-dimensional eddy structures in which the tinted water of
the bottom Ekman layer rose slowly up to the free surface of the fluid. In Fig. 4 the
structure of the current with a slight difference in the water density in the source
from one in the tank is shown. At the same time, Fig. 4, a presents a general view
of the current at an angle of about 45°: the inviscid core of the coastal current is
seen as a dark ring of tinted fluid around the source, and on its periphery eddy ele-
ments of convection generated by the bottom Ekman layer convective instability
are noticeable. Fig. 4, b shows the tank segment with a front current and eddy ele-
ments of convection, and in Fig. 4, the zoomed picture shows the three-dimensional
elements of convection, extending from the bottom to the surface of the water.

The quasilaminar nature of convection was due to the relatively weak super-
criticality of the Rayleigh number for the bottom Ekman layer: because of the ef-
fect of rotation with the Taylor number growth, the critical Rayleigh number also
increases [9].
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Fig. 5. Structure of the well pronounced baroclinic current (Q =8 cm®/s, f = 1.25 5%, ¢’ = 1.12 cm/s?):
a, b — the initial stages of the experiment: a — side view, b — view from above; c, d — the late stages of
the experiment: ¢ — side view, d — view from above. No entering of the frontal current water to the
bottom Ekman layer

In the second scenario, typical one in the tank, the inclined current front did
not reach the surface of the cone. In this case, the tinted and lighter water from the
source did not fall into the bottom Ekman layer (Fig. 5, a, 5, b). With the source
operating, the mass of fluid enclosed within the coastal current area grew continu-
ously and the position of its front did not stabilize: its radial propagation took place
(Fig. 5, ¢, 5, d). It is known that, above a horizontal flat bottom, the baroclinic cur-
rent, as a rule, loses stability, meanders and falls into eddy structures. However,
over the inclined bottom, the current stability is substantially increased due to the
stabilizing role of topography [10].

In the context of this article, it is necessary to discuss the conditions for the
transition from barotropic current regime in the bottom Ekman layer to the baro-
clinic one, and actually, — the convective instability of the bottom Ekman layer.
Since the thickness of the water layer in the tank H (~ 10 cm) >> He, it can be as-
sumed that the presence of convective instability does not depend on H, but is de-
termined by the scale of the thickness of the bottom Ekman layer. It is as if the
convective instability appears when the value of the Rayleigh number becomes
critical for the boundary layer

Ra = g’HeS/ksV. (10)

Here ks is the salt diffusion coefficient, and v is the kinematic water viscosity. From
laboratory experiments it follows that the convective instability of the bottom Ek-
man layer occurs when (g')* > 0.07 cm/s?, f = 1.25 s and He = 1.0 cm. Taking
ks=1.4-10° cm?/s and v = 102 cm?/s and substituting the values of the parameters
in the expression (10), Racit = 5 - 10° is obtained. This value is approximately four
orders of magnitude greater than for a cold thermal boundary layer in water near
the water—air interface in the non-rotating fluid (Racic = 64 [11]). As already noted,
in a rotating fluid the development of free convection begins at large values of the
Rayleigh number (the rotation "stabilizes" free convection), and the critical Ray-
leigh number is an increasing function of the Taylor number Ta = f 2H¢*/v2. In the
case under consideration Ta = (1-2)-10% Starting from the diagrams of the convec-
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tive instability of boundary layers in the rotating fluid, given in [9], for such values
of the Taylor number, the critical value of the Rayleigh number should be about
one and a half two orders of magnitude less than the estimate given above. The
reason for this difference is the incomplete laminar bottom Ekman layer and the
presence of a shear flow in it. Observations show that it is also subject to nonlinear
wave motions, which can increase the diffusion of salt and momentum in compari-
son with pure molecular metabolism. Evidence that this layer is not laminar is also
its relatively large thickness: it is an order of magnitude greater than the Ekman
scale calculated using the molecular viscosity of water. It can be said that this layer
is subject to wave-eddy perturbations. In this case, instead of the molecular ex-
change coefficients in the expression for the critical Rayleigh number (10), the ef-
fective salt and momentum exchange coefficients should be used. In addition, the
actual value of g’ may be less than the salinity calculated between the water in the
source and in the tank due to partial mixing of the interacting waters. All this can
lower the value of the critical Rayleigh number by more than an order of magnitude.

This issue obviously needs further laboratory and theoretical study. This present
problem is most likely not relevant to the in situ conditions, because in the sea the bot-
tom Ekman layer is turbulent and extended along the vertical, and the Earth's rotation
effect on the development of the bottom Ekman layer instability is insignificant.

As already noted above, with a large difference in the salinity (density) of wa-
ter in the tank and in the source, a second scenario is realized: the coastal down-
welling current wedges to the water surface in the tank, becomes thin and does not
touch the bottom anywhere. In this case, the inviscid core of the current grows
longer, reaching a greater width than in the barotropic case (Fig. 3, a). It can be
shown that the condition for the beginning of the second scenario is achieved if the
value of the baroclinic deformation radius exceeds the value of the scale of the
width L¢* of the inviscid core of the barotropic coastal current defined by the ex-
pression (9). In this case, the condition is as follows

L* < Ry = (g'Ho)2/F. (11)

From this condition (11), the threshold value g")** can be defined. At this val-
ue the baroclinicity begins to exert a decisive effect on the current regime:

(@)* > (Lt* f)*/Ho. (12)

Substituting in the expression (12) the expression (9) for Ly and he = (v/f)*?,
the following expression is obtained

(gr)*-k > (Qf1/2/(27'CCRo H01/2V1/2))2 - C4(Qf1/2/(27'ERo H01/2V1/2))2_ (13)

From laboratory experiments it follows that in the baroclinic case the transition

from convectively stable bottom Ekman layer to convectively unstable occurs for

(g")* = 0.07 cm/s? when f = 1.25 s and He = 1.0 cm. At that transition from the
first scenario to the second one occurs when (g')** = 0.84 cm/s?.

Analysis of the experimental data showed that C; = 0.4 £ 0.05. A considerable

dependence of this constant on the dimensionless parameters of the experiment is
not also found.
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