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Abstract. The process of thermocline evolution under the
action of turbulent stream in the upper layer is investigated in
laboratory experiment in thermally stratified tank, the initial
temperature profile with pronounced thermocline being sim-
ilar to that observed in tropic seas. The mean velocity and
turbulent energy spatial distributions have been shaped to
model the hydrological conditions in strong oceanic currents
or wind-induced drag currents.

The experiment demonstrates the gradual deepening and
transformation of thermocline in a case where no global in-
stability took place (i.e., with Richardson numbers always
exceeding 0.3—0.4). The process of thermocline evolution
resulted also in recurring *’bursts” of microstructure.

A numerical experiment based on equations of semi-em-
pirical theory of turbulence showes quantitative agreement
with experimental data. Moreover, simple analytical solu-
tions and numerical results show that a layer with marginal
stability is formed with Richardson numbers being very close
to the stability threshold, so that quite small disturbances in
thermocline can result in appearance of internal waves and
bursts of turbulence,

1 Introduction

The process of mixing in the thermocline under the action
of turbulence is of interest for oceanography, meteorology
and other fields of geophysics. Sources of turbulence in
geophysical flows are typically related to the action of wind
stress on the sea surface, breaking of internal waves, etc.
Processes of this type were investigated theoretically by
Zilitinkevitch et al. (1988) and Zilitinkevitch and Mironov
(1989), in laboratory experiment with wind-induced mixing
by Kreiman and Bogdanov (1990), an interesting observation
in sea was made by Artale et al. (1988) showing the intermit-
ting character of thermocline transformation. Kennedy and
Shapire (1980) have reported an investigation of the clear
air turbulence where they focused their attention on the mi-
crostructure. Some laboratory experiments with turbulence
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in density- stratified fluids are known (see, for example, the
review by Britter (1988) and more recent results obtained by
Perera et al. (1994)),

However, most studies mentioned above concern the situa-
tion when a source of turbulence, which brings about mixing,
is distributed uniformly at the surface of the fluid (as it is,
e.g., for awind flux over sea surface, or for an oscillating grid
(Kato and Phillips, 1969; Xuequan and Hopfinger, 1986).
Moreover, the experiments are performed mostly in some
model situations like two-layer fluid or continuous stratifica-
tion with uniform vertical profile of buoyancy frequency.

On the other hand, there are situations when mixing is
caused by a stream near the water surface, when turbulence
and velocity fields have a jet-like structure, This is the case
e.g. in the vicinity of a river mouth in the ocean, or near
strong ocean currents like the Gulf Stream, or the wind drag
during strong storms, The processes of the intrusion of a
heated plane jet into an ambient cool fluid was investigated by
Antoniaet al. (1986). In particular, the dynamics of organized
vortex structures and their influence on the temperature front
were studied. In a more recent work (Sutherland and Peltier,
1994} the evolution of a symmetric jet in a density stratified
fluid was simulated numerically. Results obtained show that
due to the processes of vortex pairing internal gravity waves
can be radiated efficiently for certain types of the density
profiles. Corresponding laboratory experiments with explicit
modeling of the phenomenon are of particular interest.

In this paper we present some results of study of the ther-
mocline transformation under the action of turbulent stream
near the water surface, which was performed in the thermally
stratified water in a tank provided with a turbulent flow pro-
ducing tool. Performing the laboratory experiment and nu-
merical calculations we assuined that the process of rotation
are unimportant, so that the resuts discussed are applicable for
the corresponding geophysical processes on the scales small
enough to neglect the Coriolis force. The experiments have
been conducted in the conditions similar to those observed
in tropic seas and atmosphere, with vertical distribution of
temperature with pronounced thermocline,
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Fig. 1. Schematic view of experimental setup.

2 Experimental setup, measuring technique and model
coefficients

The sketch of the experimental setup in presented in Fig. |
(see the details of constructionin Arabadzhi et al. (1984), The
tank was 5 m long, 1.6 m wide and 1.2 m deep. Special heat-
exchanging equipment produced the thermal stratification so
as the temperature near the water surface was 22-24°C , the
bottom temperature was 4-8°C. Thus, the temperature jump
was very close to that in the real sea. The sharp thermocline
laid at 27 cm under the water surface. Typical values of the
buoyancy frequency
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were about 0.31-0.39 rad/s (buoyancy periods from 16 to
20 s} in the beginning of experiments. A “jet inductor” was
introduced in the upper layer of water. The stream was 20 cm
thick at the outlet of the jet inductor; the flow velocity mean
laid in the range from 1.5 to 8.5 cm/s, with the turbulent
pulsations about 30-50% of the mean value,

It should be mentioned that since the temperatures near the
surface and below the thermocline are close to those in na-
ture conditions, and characteristic depth of sharp thermocline
(27 cm) is about 100 times less than that in the sea (buoyancy
period scaling factor about 10), the corresponding minimal
Brunt-Vaisala periods in the seasonal thermocline in the sea
should be about 3 minutes, as it is actually observed.

Another question is about thé model coefficient for the
mean velocity. Indeed, if we perform the experiments with
approximately the same Richardson and Froude numbers
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where capital letters denote the characteristic parameters in
the sea conditions and small letters—those in the experiment,
we get the scaling factor for mean velocity about 10, thus,

the range of mean velocities in laboratory experiment from 2
to 10 cm/s corresponds to that from 0.4 to 2 knots in the sea,
which is typical for ocean situations.

In the experiments the temperature and velocity profiles
have been measured. Temperature profiling was performed
with 1 mm spatial and 0.1 s temporal resolution; the scan-
ning was periodical with 1.5 min delay (thus, internal waves
have not been measured by the scanning probe). The velocity
profiles were measured at 15 ¢cm from the stream outlet (diffu-
sor), 15 cm from the stream inlet (confusor) and in the middle
of the tank (100 cm from the diffusor) with 1 cm spatial res-
olution and usually three times during the experiment—at
the very beginning, 15 minutes and 1.5 hours after the be-
ginning. During the experiments the continuous temperature
measurements at several fixed points were performed to study
the internal waves. The temperature profiles were digitized
and processed numerically to obtain information about the
density and buoyancy frequency spatial distribution.

This study considers mainly the transient process of ther-
mocline evolution in rapidly changing external conditions,
and all the experiments discussed here have been performed
without heat forcing during the measurements. However,
some measurements have been made with continuous main-
taining of temperature at the surface and bottom demonstrat-
ing no difference at the initial stage (about 25-30 min after
the beginning} and qualitatively similar behavior later.

3 Ohbservations

The temperature, N* (squared buoyancy frequency) and
mean velocity profiles measured in the middle of the tank in
the very beginning of the experiment are illustrated by Fig. 2.
It can be seen that the maximum of Brunt-Vaisala frequency
lays at the depth about 30 ¢cm with a buoyancy period about
20 s, while the mean velocity exhibits fast decreasing at 20—
25 cm. This results in the appearance of the unstable layer
with Ri ~ 0.1, that should lead to instability and fast mixing
near the thermocline. The mean flow velocity profiles have
been measured at three locations (15cm, I mand 2,25 m apart
from the stream outlet along the central line of the tank). It
should be noted that the mean velocity profile varies with the
distance from the diffusor (see solid curves in Fig. 3). The
stream appears to be slightly diverging with an angle about
9-13° and not remarkably changing during the experiment.
At the right hand plot a weak flow below 40 cm depth is ob-
served; possibly, this is a drag current below the thermocline
with opposite direction (unfortunately, we were not able to
measure the the velocity vector). The effect of stratification
on a velocity profile is illustrated by dashed curves in Fig. 3.
The velocity profile in the experiment without stratification
is much smoother and wider than that in a case of stratified
water. In stratified fluid the velocity profile adjusts itself
so as the region with intensive shear lays close to that with
maximum density gradient. This plays the main role in the
evolution process as it will be shown below.
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Fig, 2, Vertical profiles of temperature, Brunt-Vaisala frequency and mean
flow velocity (squares and thick curve).

The pulsation velocity component has also been measured
in the experiment. It was found that in the beginning of the
experiments vertical distribution of turbulent energy has been
sirnilar to that of mean velocity, with characteristic turbulence
level Upms /{U} ~ 30-50%. We recorded several realizations
of turbulent pulsations at several depths and processed these
realizations using an FFT algorithm. A bright peak in power
spectra of pulsations is observed at 6.8 Hz at 20 cm below the
water surface. Possibly, this may be interpreted as existence
of pulsations with a certain lengthscale about 0.7 cm, This
hypothesis is also implied by presence of a large vortex-
breaking grid inside a jet inductor with a 1 cm mesh size.

The turbulent stréam causes essential changes in a ther-
mocline (see Fig. 4—the upper layer temperature becomes
almost uniform, the jump layer sharpens the density inversion
layers appeares. The intensive internal waves are excited im-
mediately after the switching on of the inductor (probably,
this is due to a pressure jump near the diffusor), but they
decay gradually and after 5-10 minutes after the beginning
of experiments the waves are absent.
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Some time later (about 20-30 minutes) a remarkable fine
structure of the temperature spatial distribution appeared. The
mixing process due to the turbulent stream caused also a
gradual deepening of the layer with the buoyancy frequency
maximum. Figure 5 represents the termperature spatial re-
distribution during the experiment with flow velocity mean
5 cm/s. Here each thin curve represents an isotherm. The
place where these curves are very close to each other is that
with the density gradient maximum. One can see in the plot
that the temperature jump layer is gradually deepening and
smoothening. A regions with families of closed curves mean
the appearance of the density inversions.

While discussing the cbservations, we defined a thermo-
cline location in a simple manner:

=K =H
z*=f N () dz /f N(z)dz, (2)
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where the integrals were calculated over the depth interval
from zero to H = 80 cm (the maximal depth available for the
temperature scanner). We examined the temporal variation
of this value with time in a set of experiments with flow
velocities ranging from 2 up to 7 cm/s. The results are shown
in Fig. 6. The families of experimental points have been
approximated by the square polynom curves. One can see
that in all cases the thermocline has been deepening with
the characteristic rate depending on the mean flow velocity.
The initial thermocline deepening rate as a function of the
flow velocity average is shown in Fig. 7. The solid line is a
linear empirical law introduced by Kato and Phillips (196%)
for turbulent mixing in thermocline.

The temporal behavior of the buoyancy frequency N over
the thermocline in the experiment with mean velocity 5 cm/s
is shown in Fig. 8 (empty squares). In experiments it was
found that this value reached a maximum and then gradually
decreased. Filled triangles and thick curve represent this
dependence obtained in numerical experiment that will be
discussed below.

Spatial distributions of mean velocity may be used together
with temperature profiles to calculate the Richardson numbers
(Ri)reached in these experiments. The calculations yield the
values of Ri about 10-100 far from thermocline, and char-
acteristic Ri numbers about 1 in thin layers the vicinity of
thermocline. Together with the absence of significant inter-
nal waves that means that global Kelvin-Helmholtz instability
does not take place in the system, and the thermocline evo-
lution is caused mainly by turbulent mixing. However, these
thin layers near thermocline with strong velocity shear and
weak stratification can be an additional source of turbulence,
which remains to be investigated.

The process of thermocline evolution is often accompanied
by the fine structure formation (see Fig. 9). The plot repre-
sents 7 sequent temperature profiles measured with 1.5 minute
interval in experiment with 7 cm/s mean velocity. It is seen
that almost immediately after the switching on of the jet in-
ductor a density inverse layer is formed; then this density
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Fig, 3, Vertical profiles of mean velocity measured at 15 cm from the outlet
of inductor, in the middle of working area (100 cm from the outlet) and
15 cm from the stream inlet (225 cm from the outlet). Squares and solid
curves represent the data obtained 15 minutes after the beginning of the
experiments, triangles and dashed curves-—1.5 hours after the beginning.

inversion breaks resulting in appearance of remarkable fine
structure. This process is observed to be recurring, thus, ex-
hibiting dynamical origin. Such a behavior of stratified fluid
in presence of shear flow in a quite narrow range of global
Richardson numbers from several tenths to several unities has
recently been communicated by Gibson (1994), It is evident
that knowledge of dynamical properties of this phenomenon
1s of considerable physical interest and may yield the tool for
diagnostics of “large events” in thermocline. An attempt of
statistical analysis of these data has been made by Kazakov
ct al. (1994).

4 Theoretical model and numerical results

In order to describe analytically the processes observed we
applied well known approach based on the x-/ closure pro-
cedure (Rodi, 1980). As it follows from the experimental
results and the whole geometry of the model, characteristic
variations over horizontal coordinates are much smaller than
those over vertical coordinate z. Thus, it is appropriate to
consider a one- dimensional model with velocity, density and
temperature field depending only on z, i.e. V = {/(z), 0, 0}
and p(z). Corresponding equations describing the dynamics
of turbulence intensity, average velocity and density fields
and density fluctuations take the form (Rodi, 198()
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where b = (U2/2} is turbulent kinetic energy (i.e., squared
velocity averaged over an ensemble of realizations), parame-
ter « is the ratio of temperature fluctuations scale and velocity
fluctuations scale, N corresponds to Brunt-Vaisala frequency,
empirical coefficient ¥y = 0.05 and P stands for an effec-
tive “potential” energy related to density dispersion function
given by P = g%{p?}/2p*N? (Ostrovsky and Troitskaya,
1687). Since the flow may be regarded as a free turbulent
flow, it is appropriate to assume that characteristic scale of
velocity fluctuations { remains constant (Rodi, 1980). Taking
into account experimental observations, we choose/ = 1 cm
and ratio « equal to 1. Note, that since the experiment was
performed under temperatures in the interval 4-20°C , the
relation between fluid density and temperature is nonlinear.
With sufficient accuracy it can be described by the expression

,O(z,t))”EI

7.92p9 ®

T(z,t)=10° (
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Fig. 4. Temperature profiles obtained in the experiment with 5 cm/s mean
flow velocity. The interval between neighboring profiles is 15 minutes.

From experimental data described above it follows that
flow in the region close to the surface corresponding to the
turbulent stream remains practically unchanged and is defined
by the conditions at the outlet of the stream. Therefore, in
region z¢ < z < ( mean velocity and turbulence profiles can
be regarded as stationary maintained by the stream and given
by

U=Udz), b=nb2), (5a)

where functions U;(z) and b,(z) are defined close to those
provided by experimental setup. In numerical calculations
we used functions

Us = Up/(1 + expl(z — z0)/d1]),
bs = bo/(1 + exp{(z — z0}/d1}),

for —H < z < 0, as initial conditions with values dy and zp
being parameters defining steepness of the profiles and initial
stream locations. Values Uy and by correspond to charac-
teristic stream velocity and turbulence values in experiment.
The turbulent stream is assumed to be located in the region
zZo < z < 0, where both turbulence and mean velocity pro-
files remain unchanged during numerical calculations (i.e.
maintained by the jet inductor) in the form of Egs. (5b) and
(5¢).

Therefore, boundary condmons for the density fields at the
top (z = 0) read

forzg <z <0,

(5b)
(5¢)

) .

%9, P=0, forz=0. (5d)
dz

Conditions at the bottom are imposed as

h)

£= , P=0, U=0 forz=-H. (5e)
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Fig. 5. Contour map of isotherms in experiment with 5 cm/s mean flow
velocity,

Initial density profiles were chosen close to observed in ex-
periment in the form

ps = po+ Apg/2 (1 + tanh{(z — zo1)/d2}), (50)

where dz and zg; are parameters defining initial steepness of
the density profile and thermocline location. Also, for the
density fluctuations at t=0 we have the condition

P(z,0) =0 (5g)

We studied the problem of Egs. (3—3) numerically using
standard implicit code (Fletcher, 1990). Calculations were
performed for three different values of free stream mean and
turbulent (RMS) velocity values Uy and |u'| = A2b. In
the first run we used values Uy = 5 cmfs, |#'| = 3.5 cm/s,
in the second run, Uy 3 cmfs, '] = 1.7 cm/s, and in
the third run I/ = 5 cmy/s and |¢’| = 1.5 cm/s with all other
parameters being fixed (d) = 2cm, dy = 4cm, 70 = —16¢cm,
zpn = —l4 cm, Ty = 4°C, H = 70 cm). Calculations were
performed up to time 2000 s in the first and second runs
and up to 3000 s in the 3rd run. All values of parameters
used approximately correspond to those in the experiment,
which enable us to perform some qualitative (and sometimes
quantitative} comparison. However, the value of turbulent
velocity fluctvations (Ju’| = 1.5 cm/s) used in the third run
is somewhat closer to the value observed in experiment than
that in the first run (|u’| = 3.5 cm/fs).

Results of numeric calculations are presented in Figs. 7, 8,
10and 11.

Mean velocity and temperature fields, Brunt-Vaisala fre-
quency and turbulent kinetic energy corresponding Lo various
time moments obtained in the third run are shown in Fig. 10.
Quantitatively, these are close to the profiles observed in ex-
periment (cf, Figs. 2 and 3). Calculating dependencies of
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Fig. 8. Maximum of Brunt-Vaisala frequency vs time. Squares- experiment
with {{/} = 5 cm/s, triangles- numerical computations for (I/} = 5 cm/s and
[’ = 1.5 cnws.

maximum N and its location on time we obtained a good
quantitative agreement with the experiment. Indeed, values
of the deepening speed (0.35 cri/min and 0.18 cm/min in the
first and second runs, respectively) are close to those obtained
in the experiment (Fig. 7). Numerical calculations give also
quite accurate values for the maximum of the buoyancy fre-
quency and its location (Figs. 8 and 11), Note that the value
of the thermocline deepening speed obtained in the first run
(0.35 cm/min) is closer to the experimental observations than
that in the third run (0.17 cm/min). However, dependence of
the thermocline location (maximum of N) on time obtained
in the third run (filled triangles in Fig. 11) is more close to
the experimental values. In numerical calculation we also
obtained results describing early stages of thermocline dy-
namics (at times up to 200 s) which indicate that there is an
initial transient process accompanied by a sharp increase of
mean temperature profile steepness and corresponding jump
of N. During this transient stage deepening speed reaches its
maximum value (equal to 1.5 ctn/min and 0.96 cm/min in first
and second runs, respectively). As a result, quasi-stationary
profiles of U, T, N and b are formed which change much more
slowly at subsequent times. One can assume that this rela-
tively fast transient corresponds to a bounce of the turbulent
stream at the thermocline.
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Fig. 9. Sequental temperature profiles measured with 1.5 min interval in
experiment with 7 cm/s mean flow velocity. The density inverse layers form
at the beginning of experiment, resulting in “bursts” of microstructure.

The solution of Eq. (3d) showed a bright peak of tempera-
ture pulsations near the mixing interface. Since many experi-
ments in stratified fluid are not provided withreliable velocity
measurements, the profile of temperature fluctuations may be
very informative.

Both experimental observations and numerical calculations
show that after the short transient stage a quasi-stationary state
of the thermocline is reached. This state corresponds to the
situation, when the thermocline is located sufficiently below
the stream region and deepens gradually at an approximately
constant speed. In the upper well-mixed layer (above the ther-
mocline location) gradients of the mean velocity and density
fields are small and turbulent kinetic energy is substantial.
Thus, one can neglect terms proportional to (dU//dz)? and
N? in eq.(3a), so that corresponding equation for b takes the
approximate form

abp 9 ab b2
7= (V) T ©®
with boundary condition
b = bs(20) )
at the edge of the stream.

The stationary solution of Eq {6) can be written in the form
b(z) = by(zo)expa(z—20), 7<20<0 (8)

v2y/3l.

The solution of Eq. (8) corresponds to exponential decay of
turbulence with depth.

According to Eq. (8), for |z] <« 1/« turbulence energy is
small as compared to the stationary value of b, Thus, if the
thermocline, where mean field gradients 30U /3z and 8p/dz
are large, is located sufficiently far from the stream, terms
proportional to b are comparatively small. Then, cmitting

o =

35

Experiment with 7cm/s mean velocity terms proportional to & in the Eq. (3a), we obtain the approx-

imate balance condition in the form
kN? = (8U/82)°. (9)

As seen from Eq. (9), far below the stream, in the thermo-
cline region, the local Richardson number Ri = N2/(3U /3z)*
should be close to the critical value defining the stability
threshold (Monin and Yaglom, 1992):

Ri ~ 1/k. (10)

Thus, even small shear disturbances (which may be caused,
for example, by long internal waves) may be sufficient for the
turbulence generation,

Numeric results are in good agreement with solutions (8)
and (10). Profiles presented in Fig. 10 for the first run evi-
dence that at later stages local Richardson number is close to
value defined by Eq. (10) in the region of the thermocline and
substantially exceeds this value in the other regions. In the
experiment it was impossible to determine the local Richard-
son number with sufficient accuracy due to technical rea-
sons (large experimenta! errors in velocity measurements).
However, experimental data show relatively good agreement
with numerical results, Namely, in the region of the ther-
mocline characteristic values of the Richardson number are
much smailer than in other regions.

5 Conclusions

In this paper some results of laboratory experiment are given
dealing with the thermocline evolution forced by a turbulent
stream in the upper layer, performed in large tank with thermal
stratification. The results show that the thermocline inhibits
a fast broadening of a jet in vertical plane and slowly deepens
itself while remaining sharp enough. At the same time, a
region of small Richardson number is formed which may
stimulate the mixing process. A simple one-dimensional
theoretical model based on K-} closure procedure is used
to simulate the process numerically. It is remarkable that
for comparatively low Reynolds numbers of the flow (few
thousands and less) such a semi-empirical description gives
a fairly good qualitative description of experimental results,
It is evident that both experimental and theoretical envi-
ronment of this phenomenon can be (and should be) studied
in more detail. For instance, the main weak point of this ex-
periment is that a 3-dimensional flow pattern actually exists,
which effects the dynamics of the whole system. The flow
below the thermocline and close to the bottom of the tank
was estimated using a hot wire anemometer and colorant
tracers, and the velocities about 0.3-0.8 cm/s were observed.
These values are considerably less that those in the main flow
region, but can complicate the matching of theoretical com-
putations and experimental data. Moreover, more precise
measurements for turbulence are desirable. Such processes
as the fine structure formation and internal wave generation
in experiment, and two- and three-dimensional description
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are worthwhile to be specially investigated. At the same
time the above results (seemingly the first ones as regards the
submerged flow interaction with the thermocline) seem to be
of use for understanding real geophysical processes and, in
some aspects, even give the direct scaling of these processes,
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