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Abstract

Turbulent mixing within the metalimnion of a stratified lake was investigated using a portable flux profiler (PFP)
capable of resolving all three components of the velocities, the conductivity, and the temperature microstructure.
Presented is a detailed description of the techniques used in the data processing, particularly in the separation of
the turbulence from the internal wave signal. The sampling, carried out in Lake Kinneret (Israel) during the summer
for 3 consecutive years, showed that most of the time the vertical flux through the metalimnion was negligible, but,
at times, the eddy diffusivity did reach values as high as 10-2 m? s-*. A comparison between direct measurement
of the vertical fluxes obtained from the PFP data with that from indirect estimates of the fluxes shows good
agreement for the 6 = Fr, < 100 range. Scaling of the turbulence based on Fr, and Ri revea two classes of
turbulent regimes: (1) due to traumata characteristic of internal wave-wave interaction and, another, (2) more
energetic and due to shear-driven turbulence. The PFP penetrated the water relatively slowly (0.1 m s-*) allowing
the measurement of temperature fluctuations down to 1 mm and, at the same time, also providing information of
the velocity fluctuations. This is different from previous oceanographic measurements, which are always gathered
with instrument traversing the water column at velocities closer to 1 m s%, preventing regime (1) from being

detected.

The vertical exchange between the surface and deep wa-
tersin stratified lakes is a central issue in the understanding
of the fluxes of particles and nutrients and, consequently, the
eutrophication in these water bodies. Imberger (1998) drew
a conceptual model of these flux paths in a stratified lake
where the wind induces mixing in the surface layer and en-
ergizes basin scale internal waves that, in turn, distribute this
energy around the lake, leading to mixing mainly near the
boundaries (Gloor et al. 1994; Lemckert and Imberger 1998)
and reduced fluxes through the metalimnion in the interior
of the lake.

Even though the vertical fluxes in the metalimnion are
small, their quantification is essential for the interpretation
of observed biological and chemical parameter variations
(Nishri et al. 2000). Naturaly, two questions arise as we
approach the mixing in the metalimnion: first, what is the
magnitude and, second, what are the mechanisms energizing
the mixing. Direct measurements of the buoyancy fluxes car-
ried out in the ocean (Moum 1990, 1996a; Yamazaki and
Osborn 1993) show the difficulties in making these mea-
surements and provide the first comparison between the di-
rect determination of the fluxes with the more easily ob-
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tained indirect estimates (Osborn and Cox 1972; Osborn
1980). Basically, the direct measurements show the occur-
rence of both down-gradient and up-gradient fluxes in the
thermocline of these water bodies, leading to a small net
down-gradient flux. This oscillation in the sign of the fluxes
was partialy attributed to the short length of the data records
but mainly caused by the intermittent nature of the events.
Most of the experiments also show that the indirect estimates
overestimate the vertical fluxes in the thermocline by either
accounting only for the down-gradient fluxes or disregarding
the time dependency of the turbulence (Gargett and Moum
1995). The nature of the mixing events has been investigated
by Peters et a. (1994, 1995b). They found in the Pacific
equatorial undercurrent that the large-scale shear alone was
a poor predictor of the mixing, but the observed variations
in turbulent mixing were associated with variations of fine-
scale shear. The creation of turbulence by shear instabilities
was consistent with the observations with transient fine-scale
processes, such as internal waves, providing the bulk of the
shear.

In the present paper we investigate the mixing in the me-
talimnion of stratified lakes by combining measurements of
the background flow conditions with measurements of prop-
erties of the turbulence, including direct measurement of the
buoyancy fluxes and Reynolds stresses. The paper is pri-
marily concerned with revealing the properties and nature of
the turbulence associated with mixing in the metalimnion but
also quantifies the vertical fluxes. A detailed methodology
describing our procedure to extract the turbulent fluctuations
from the measured signals and compute the fluxes is pre-
sented in Methodology. The occurrence of turbulent patches
in the metalimnion presents the background conditionsin the
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Fig. 1. Map of Lake Kinneret and location of sampling stations.

lake, describes a typical mixing event, and shows the distri-
bution of these events. In properties of the turbulence within
a turbulent patch all the microstructure data collected is pre-
sented and the vertical fluxes are estimated from direct and
indirect measurements. In scaling of the turbulence proper-
ties a scaling of the turbulence is introduced and the nature
of the turbulent eventsis discussed. The conclusions are pre-
sented at the end.

The field measurements were carried out in Lake Kinneret
(Fig. 1) during the summer for 3 consecutive years (1997,
1998, and 1999). In each case, the turbulence experiments
were accompanied by an internal wave experiment (Anten-
ucci et al. 2000), a benthic boundary layer experiment
(Lemckert and Imberger 1998), and a series of limnological
studies (Nishri et al. 2000).

M ethodol ogy

Microstructure profiles of temperature, temperature gra-
dient, conductivity, and velocity were measured with the
portable flux profiler (PFP; Imberger and Head 1994). The
PFP has two combined four-electrode conductivity and tem-

perature sensors mounted in the front of the probe between
a pair of two-component laser Doppler velocimeters (LDV).
Arranged in this way, the probe was able to sample at 100
Hz an average volume of 8 mm? as it free fell through the
water column with an almost constant speed of 0.1 m s
The temperature and conductivity sensors had a resolution
of 0.001°C and 0.0004 S m-%, and each LDV system was
able to measure the vertical and one horizontal component
of the velocity with a resolution of 0.001 m s*. The pair of
LDV systems were mounted orthogonally in the probe, a-
lowing us to measure al three components of the velocity
field with two independent estimates of the vertical velocity.
The probe was also equipped with a compass, tilt, and pres-
sure sensors with resolutions of 1.4°, 0.25°, and 0.003 m,
respectively. Each profile thus yielded a set of temperature,
conductivity, and velocity microstructure from which it was
possible to derive turbulent fluctuations of these quantities
as well as the mean velocity, the background shear, and the
Richardson number profiles. In the 1999 experiment, the
probe had only one pair of fast response temperature and
conductivity sensors, and the previous analogue electronics
of this system were replaced with digital electronics.

The data processing basically consisted of (1) calculation
of the horizontal velocity of the vehicle, flow velocities, and
shear; (2) calculation of temperature, density, and velocity
fluctuations and turbulent length scales; (3) segmentation of
the profiles into patches of stationary signal; and, finally, (4)
estimation of the properties of the turbulence within patches
in the metalimnion.

The density was calculated from the temperature and con-
ductivity signals that were previously digitally sharpened
and smoothed (Fozdar et al. 1985). The absolute water ve-
locity in the horizontal was computed as the measured ve-
locity (velocity relative to the probe) plus the probe motion.
The horizontal motion of the probe was calculated by esti-
mating the drag on the probe (Hendricks and Rodenbusch
1981) and then solving the horizontal momentum equation
as the instrument moved vertically through the water col-
umn. First, the measured horizontal velocities, relative to the
probe, were low-pass filtered at 0.40 Hz and then decom-
posed into their north—south and west—east components.
These filtered velocities relative to the probe were used to
compute the drag dF;, = 0.5 p,C(Aulu] + Auw,) at every
point of the profile where p; is the density, C is a calibrated
coefficient equivalent to C,/(1 + C,.) where C, is the drag
coefficient and C,, is the added mass coefficient, A, and A,
are the area projections of the vehicle in the horizontal and
vertical directions, and u; and w; are the velocity components
in the horizontal and in the vertical, respectively. The ab-
solute water velocity was calculated using U,,, = u; + U,
+ dF,AtM-%, wherei + 1 and i are two consecutive points
in the profile, At isthe sampling interval, and M is the mass
of the probe (~39 kg). This procedure was followed for the
north—south and west—east directions independently (U and
V velocity components, respectively), and the bottom was
used as a reference point where the probe was assumed to
be stationary. The thin (2-mm diameter) umbilical cable ex-
erted only a negligible drag on the vehicle as the profile
depth was short (less than 40 m), and the water velocities
were generally confined to a thin layer in the metalimnion.
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Fig. 2. Comparison between velocity profiles estimated with the PFP (solid line) and indepen-
dent measurements (triangles). (a) Velocity profiles measured with an electromagnetic current meter
ECM and the PFP in Lake Ogowara (Japan). (b) and (c) Velocity profiles measured in Lake Kinneret
with the PFP and a pair of acoustic Doppler current profilers (ADCP), south-north and east—west
velocity components, respectively. In both field experiments the coefficient C was 0.35, yielding
good agreement between the measurements. In Lake Ogowara, owing to strong currents close to
the bottom bed, the approximation that the probe remains still when reaching the bottom did not

hold and a $4 current meter was used as a reference point for the velocity calculation.

The coefficient C was calibrated against velocity profiles
measured with an electromagnetic current meter (ECM) and
an acoustic Doppler current profiler array (ADCP) in two
lakes under very different flow conditions (Fig. 2). In gen-
eral, comparison was excellent, especially for length scales
larger than 1 m. The PFP revealed small velocity variations
at smaller scales (Fig. 2b,c) that could not be reproduced by
the in situ acoustic profiler because its time resolution was
15 min. However, given the large mass of the PFP (39 kg)
and its length (2 m), the motion of the probe contributed
little to such small-scale (=1 m) velocity variations, and it
can be safely assumed that the PFP correctly measured the
smaller scale motions. The probe was also very stable in the
metalimnion, with the largest tilt oscillation recorded being
around 2° over 1 m, which gives negligible contribution to
the velocity measurements due to the proximity of the center
of gravity of the probe and the sensors (~0.50 m). The qual-
ity indicators from the two laser Doppler systems consis-
tently verified that the velocity estimates had high statistical
confidence.

The velocity shear squared S = (0U/02)? + (0V/02)?, the
buoyancy frequency squared N2 = — (g/p,)(9pl9z) (using the
sorted density profile, p), and the gradient Richardson num-
ber Ri = N?/& were computed from signals low-pass filtered
a 0.4 Hz, equivalent to a vertical scale of approximately 0.25
m.

The following steps in the data processing yielded es-
timates of the vertical length scales and the turbulent fluc-
tuations of the variables. The density fluctuation p’, tem-
perature fluctuation 6', and displacement scale L, were
obtained by comparison between the measured and the
sorted density profiles (Thorpe 1977). The centered dis-
placement scale, L., which is an estimate of the displace-
ment scale positioned at the center of the overturns, was
calculated by (1) moving L, by half of its value along the
profile, (2) accumulating the absolute values of these re-

positioned L, and, finally, (3) taking the average of these
values. A graphical explanation of the procedure can be
found in Imberger and Boashash (1986). An envelope
function of L, was then computed and used as a scale for
a variable length filter employed in the calculation of the
velocity turbulent fluctuations. The envelope was defined
as the maximum of L. over a window of length L, this
window having a variable size adjusted as the magnitude
of L. changed in the profile. The envelope was calculated
at each point i of the profile as L, = max[L], with j O
[i — W,/2;i + W,/2]. The window W, was defined as W,
= LAt *D;*, where At is the sampling interval and D,
is the probe drop velocity at point i. The envelope was
calculated from both directions of the signal and then av-
eraged. This definition of the envelope function meant that
the value of L, was used as the scale separating the tur-
bulent and mean signals (Peters et al. 1995a). In practice,
we multiplied the envelope function by 2 to avoid remov-
ing afraction of the signal at the scale of L to compensate
for a lack of sharpness of the filter. The maximum value
of the envelope was limited to 2 m, the length of the
probe. The filter applied to the velocity signals was a non-
recursive Gaussian filter with standard deviation equal to
the value of the envelope function at each point of the
profile. The velocity fluctuations were calculated as the
difference between the measured and the filtered signals;
Fig. 3 shows an example of raw and fluctuation signals
using this procedure. This filtering technique produced
good results and generated profiles of p’ very similar to
the ones obtained from the difference between the record-
ed and reordered profiles (Fig. 4). The nonrecursive nature
of the filter and the use of variable lengths based on L,
avoided problems such as rippling and phase shifting even
at abrupt steps such as found at the top of the benthic
boundary layer.

Segments of statistically stationary signal within the pro-
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Fig. 3. Example profile from Lake Kinneret showing a turbulent patch in the thermocline. (a)
Density p, (b) vertical velocity w, (c) north—south velocity component u, and (d) west—east velocity
component v measured by the PFP and their calculated fluctuations (e) p’, (f) w’, (g) u’, and (h) V'
are shown in the figure. The fluctuations were obtained from the difference between the measured
signal and a low-pass filtered signal using a Gaussian filter of variable length based on the displace-
ment scale L. The velocities have units of m s~ and the density of kg m-2.

files were determined with a segmentation algorithm applied
to the temperature gradient signal. This procedure is based
on the comparison of the spectra of two adjacent windows
that are dlid along the signal; a detailed description of the
procedure is given in Imberger and Ivey (1991). The results
presented in the paper are derived from the statistics and
spectral properties of these segments, which were always
longer than 3 L., having in average length greater than 20
L..

The correlations w'p’, w'u’, w'v' and variances w'2, u'?,
and v'2 were calculated from the integration of their cospec-
tra (autospectra for variances) from the minimum frequency

corresponding to the scale L. in the segment to 32 Hz, the
frequency correspondent to the start of the blue noise in the
velocity estimates. The white noise level in each velocity
component was determined from calm portions of the pro-
files and was subtracted from the autospectra prior to their
integration. The variable filter based on L, was an effective
mean of detrending the signals before the spectracal culation,
and, in the cases where the signals were much stronger than
the noise levels, the integration of the spectra as described
above produced the same result as the mean of the product
of the signal fluctuations within the segments. Since we had
two independent measurements of the vertical velocity (w;
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Fig. 4. Spectra of the density fluctuations p’ obtained from the
monotonizing technique (solid line) and from a variable length fil-
tering procedure (dotted line). The phase difference between the
signals is given by the full circles. The displacement scale L; for
this turbulent patch was 0.019 m (=50 cpm), and it is shown in the
figure that for scales shorter then this length the spectra are identical
and the phase difference is zero. The spectra and phase correspond
to the segment between 13 and 15 m depth shown in Fig. 3.

and w,) given by each pair of LDV, we could also compare
w,p’ and wip', excluding al the data with ratio w,p’/wjp’
smaller than ¥ or larger than 3 increasing the confidence in
the results (Fig. 5).

The rate of dissipation of turbulent kinetic energy was
estimated from the velocity signal, shear dissipation e, and
from the temperature microstructure, Batchelor dissipation
€s- The shear dissipation was calculated similarly to Picci-
rillo and Van Atta (1997) using the three measured velocity
strains as e = [5(owW'/92)2 + 5/2(0u’'l9z)? + 5/2(av'/02)?] v,
where v is the kinematic viscosity and the averages were
obtained in the wavenumber domain in a similar way to the
correlations described in the previous paragraph. The Batch-
elor dissipation was calculated by fitting a Batchelor spec-
trum to the temperature gradient signal (Luketina 1987) and
followed by visual inspection of the raw and fitted Batchelor
spectra; unclear fits were discarded. Segments with dissipa-
tion less than 10-1° m? s—2 were also discarded because they
originated from segments where the temperature signal was
below the threshold of the thermistor’s resolution. A detailed
description of the fitting procedure and examples of typical
spectra are presented in Luketina and Imberger (2000). The
shear and the Batchelor dissipations show good agreement
at values higher than 10-7 m? s~3; however, below this level,
the scatter increases and on average eg becomes a quarter of
€s (Fig. 6). The increase in scatter at low values of dissi-
pation may be expected because these data involve very
small fluctuations in the velocity. The systematic lower es-
timate of €5 is most likely due to the different assumptions
of isotropy underlying the two methods, as also observed by
Itsweire et a. (1993) when compared to different estimates
of dissipation using results of direct numerical simulations.
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Fig. 5. Two independent measurements of the vertical velocity
(w; and wy) are obtained with the PFR, each one for a pair of LDV
system, allowing a comparison between direct estimates of the ver-
tical fluxes. In the log-og plot all the data points that had w;p’ and
w;p’ of the same sign are shown; when both fluxes were negative
the absolute value was taken before plotting. About 20% of the orig-
inal data set is not shown in the plot because the fluxes had the
opposite sign. The measurements show good agreement distributing
adong a 45° dope, and the increase in scatter as the fluxes reduces is
mostly associated with very small fluctuationsin velocity. To increase
confidence in the results, we work in the next sections of the paper
only with the data points between the dotted lines in the plot, cor-
responding to % < Wjp/wjp < 3. This figure has the data collected
in 1997 (triangles), 1998 (dots), and 1999 (crosses) field experiments.

Since the difference between e, and e was small compared
to their range of variation, both were considered reasonable
estimates of the rate of dissipation. In this paper we adopt
the Batchelor dissipation (hereafter just signed as €) as a
measure of the rate of dissipation of turbulent kinetic energy
because this method is the more common in lake measure-
ments. The Cox number, C, was obtained from the integra-
tion in wavenumber space of the fitted Batchelor spectra,
which guaranteed the separation of the turbulent contribution
from the fine-scale contamination (Luketina and Imberger
2000).

The statistics used to derive properties of the segment
were (1) median of the buoyancy frequency N2, the velocity
shear &, and the gradient Richardson number Ri, (2) root
mean square (rms) of the Thorpe displacement scale L, =
rms (L,), (3) skewness of L., and (4) sparseness of L —
percentage of points with nonzero displacement scales. Me-
dians were used instead of arithmetic means as the men-
tioned variables did not have Gaussian distribution within
the segments. In the calculation of L., only points with non-
zero displacement were accounted since, as will be discussed
later in the paper, a large number of segments with good
Batchelor spectra but with very few overturns within the
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Fig. 6. Comparison between estimates of the rate of dissipation
of turbulent kinetic energy. The dissipation e, was obtained through
fitting of the Batchelor spectrum as described in Luketina and Im-
berger (2000) and e was calculated from three velocity strains as
[B(ow'/92)2 + 5/2(du’'l9z)? + 5/2(av'[02)?]v (Piccirillo 1993). The
data collected in 1997 are shown as triangles, in 1998 as dots, and
in 1999 as crosses.
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segments were observed. We adopted L, as a measure of the
overturns in the segments for consistency with the literature
and because of its equivalence to the mean value of L. The
centered displacement scale L, was mainly used as scale for
the separation of the turbulent and nonturbulent signals
(through the variable filter) and to describe the distribution
of the overturns inside the segments (through its skewness
and sparseness). The velocity scale q was calculated as (W'2
+ u'?2 + v'9)¥2 and the Batchelor dissipation was used as
an estimate of the rate of dissipation of turbulent kinetic
energy e. With the properties of the segments described as
above, three dimensionless numbers of fundamental impor-
tance in the description of the turbulence were calculated: the
turbulent Reynolds number Re = gL, v %, the turbulent Froude
number Fr, = gLy*N"?, and the dtrain ratio Fr, = eY2p~V2N-2
(Ivey and Imberger 1991).

The selection of segments in the metalimnion was done
by visual inspection of the whole temperature profile. Seg-
ments with poor Batchelor spectral fits, dissipation below
the threshold, the overturn length scale less than 0.001 m,
or a buoyancy flux that differed by more than a factor of 3
between the two redundant sensors were all excluded.

The occurrence of turbulent patches in the
metalimnion

The background internal wave activity—A daily westerly
wind blows over Lake Kinneret during the summer, exciting
an extensive set of internal waves resulting in vertical iso-
therm displacements as high as 10 m (Fig. 7). Like the wind,
the isotherm displacement shows a daily pattern with the
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Fig. 7. Output from thermistor chain at Sta. T2 during the 1997 Lake Kinneret experiment: (a)
wind velocity and (b) isotherm displacements. The contour lines limit 2°C intervals for the tem-
peratures indicated close to the colorbar. The origina 20-s sampling interval records were filtered

and decimated to give a 5-min interval output.
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Fig. 8. Spectra density of the vertical displacement of isotherm
20°C at several stations around the lake during the 16-d period
shown in Fig. 7. The most energetic peak in the spectra occurred
at 1.1 X 10-5 Hz (1 d), matching the large amplitude wave observed
in the isotherm record (Fig. 7). A second frequency peak at 2.3 X
105 Hz was stronger in the stations around the lake than in the
interior, corresponding to the 12 hours period wave in the isotherm
record. These two frequency peaks correspond to the largest ob-
served waves in the signal and were identified as a Kelvin and
Poincaré type waves through the coherence between the stations and
velocity measurements (Antenucci et a. 2000).

magnitude of the vertical displacement determined by the
phase difference between 24- and 12-h period waves and the
strength of the previous day’s wind impulse (Antenucci et
al. 2000). The predominant waves energized by this oscil-
latory forcing were a 24-h period Kelvin wave, 12-h period
Poincaré waves, and forced seiches (Fig. 8), which were
identified by coherence between eight thermistor chains sta-
tions around the lake and velocity measurements (Lemckert
and Imberger 1998; Antenucci et al. 2000). Whereas the
Kelvin waves generate high velocities at the bottom bed
around the lake by sweeping over the slopes, the Poincaré
waves and forced seiches produce regions of strong shear in
the interior. The present paper focuses exclusively on the
turbulence in the interior of the lake at the level of the me-
talimnion, where the shear and high-frequency wave activity
is the most intense.

By way of illustration, we shall first consider the devel-
opment of the mean shear accompanying the results from a
set of turbulence measurements conducted between 2300 h
(local time: GMT-3, summer time) and 0500 h on 23 June
1997 at the center of the lake at Sta. T4 (Fig. 1). These

measurements are typical and highlight the evolution of the
turbulent mixing in the metalimnion under the intense inter-
nal wave activity. During this time the wind conditions were
calm and Sta. T4 was experiencing strong shear due to the
evolution of the 12-h period Poincaré wave.

The day prior to these measurements, 22 June, was a typ-
ical day with wind speeds below 2 m s until 1400 h, at
which time the westerly daily winds commenced and shortly
after reached speeds between 8 and 10 m s % The wind
halted in the evening, and conditions returned to calm with
winds lower than 2 m st by about 2030 h. The wind re-
mained low until the next day, when the same wind pattern
repeated. The temperature structure prevailing during the
night of the measurement period is shown in Fig. 9a. The
water column was strongly thermally stratified with epilim-
nion temperatures of about 28°C and hypolimnion temper-
atures of about 16°C; a sharp metalimnion at around 13-m
depth separated the epilimnion and hypolimnion until about
0330 h, at which time a noticeable opening and deepening
of the isotherms occurred. The water speed (Fig. 9¢) and
direction (Fig. 9d) reflected the metalimnion behavior during
the observation period. Initially, between 2300 and 0330 h,
the velocity field was characterized by a strong shear across
a2-mthick layer located at depth of 13 m; during this period
the water in the epilimnion was flowing north with an initial
velocity (at 2300 h) greater than 0.3 m s~ but then reducing
through the night. The period between 2300 and 0330 h
covers the stage of the 12-h wave evolution when the ther-
mocline was almost horizontal across the lake and the shear
was maximum at the center of the lake following the release
of the thermocline by the wind by about % of the period of
the wave (approximately 3 h after the wind stopped at 2030
h

By 0330 h the surface water velocities had reduced to less
than 0.15 m s* and a second flow pattern consisting of a
jetlike structure flowing west within the metalimnion was
observed. This intrusion, or mode two wave, caused the
shear in the metalimnion to decrease, leading to an increase
in the gradient Richardson number (Fig. 9b) from less than
0.5 (2300 to 0300 h) to greater than 0.5 (0300 to 0500 h).
During the entire period of measurement, the flow near the
|ake bottom was characterized by very low Richardson num-
bers, indicating the presence of a turbulent benthic boundary
layer as discussed Nishri et al. (2000).

The conditions described above were the result of the in-
teraction of a 12-h period vertical mode one and a 20-h
period vertical mode two Poincaré waves induced by the
momentum introduced with the wind pulse (MUnnich et al.
1992; Antenucci et a. 2000). These long periodic waves
have time scales of severa hours and so present pseudo-
steady stratified shear flow conditions in which the turbu-
lence may evolve as in a steady shear flow (Rohr et al.
1988a,b).

A typical turbulent event—The results of the various
properties of the turbulence at Sta. T4 during the above
time period are shown in Fig. 10a—i. The rate of dissipa-
tion of turbulent kinetic energy e was mostly greater than
10-° m? s~2 over the whole metalimnion (Fig. 10a), above
the threshold for the measurement technique (10~ m?2
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experiment on 22 June 1997 at Sta. T4.

s73), indicating that the whole metalimnion exhibited a
definite measurable turbulent signature. Three distinct lay-
ers may be identified from the data set collected over this
period: (1) the lower metalimnion between 18- and 15-m
depth (temperatures from 17 to 18.5°C), (2) the central
metalimnion (hereafter referred as the thermocline) be-
tween 15- and 13-m depth (18.5 to 21°C), and (3) the
water above 13-m depth, the upper metalimnion (temper-
atures above 21°C). The turbulence intensity in the lower
metalimnion was consistently weak, with values of dissi-
pation between 10-° and 10-8 m2 s=3. In the thermocline,
dissipation values were generally elevated and in excess
of 106 m2 s°3, whereas in the upper metalimnion dissi-
pation values were more variable and ranged between 10-°
m2 s3 and 105 m? s73,

Consider first the lower metalimnion where the gradient
Richardson number was generally larger than 0.5 (Figs. 9b
and 10b). The turbulent properties in this region showed
small variance, with average values of the Thorpe displace-
ment scale L; being around 0.01 m (Fig. 10c). The buoyancy
flux and shear production in the kinetic energy budget were
insignificant in this layer (Fig. 10d-f), the turbulent Froude
number Fr, was less than 1, the turbulent Reynolds number
Re, was smaller than 10, and the strain ratio Fr,, ranged be-
tween 1 and 3 (Fig. 10g—i). The turbulence in the lower
metalimnion was thus characterized by low strain ratios and
very small-scale overturns, indicating that the turbulence
was possibly energized by wave-wave interaction as sug-
gested by Teoh et al. (1997).

The thermocline layer located immediately above the low-
er metalimnion was characterized by gradient Richardson
numbers consistently less than 0.5. This lower stability led

23 [LY] 01 0z 03 04 035

(L] (1} 02 03 (4 05
Time (hours)

() Temperature, (b) Richardson number, (c) speed, and (d) direction during the night

to turbulence that was more energetic (10° < € < 105 m?
s3), that had larger displacement scales (average of L, >
0.02 m) and markedly elevated buoyancy fluxes (Fig. 10d),
and that was energized by shear production (Fig. 10e—f). The
turbulent Froude number (average larger than 1; Fig. 10g),
turbulent Reynolds number (average larger than 10; Fig.
10h), and the strain ratio (average larger than 5; Fig. 10i)
indicate that the turbulence in this region was energetic with
convection playing a minor role, especially at the smaller
scales.

In the upper metalimnion, the value of the gradient
Richardson number fluctuated widely from cast to cast
from 0.1 to over 2.0. It is therefore not surprising that the
turbulent properties of the segments in this region showed
an equally wide scatter, but it should be pointed out that
the buoyancy and momentum fluxes showed consistently
low values.

Frequency of occurrence of turbulent patches—During
the 1997, 1998, and 1999 summer experiments several sta-
tions around the lake were sampled at different times, pro-
ducing a total of 698 microstructure profiles. These profiles
were processed as described in Methodology, yielding ap-
proximately 1,100 turbulent segments in the metalimnion.
On average, 35% of the metalimnion was covered by tur-
bulent segments (Fig. 11). When interpreting the results of
the next sections it is thus important to remember that much
of the metalimnion much of the time was laminar or close
to laminar.

Distribution of the dissipation over events—Of the seg-
ments chosen as representing turbulent flow, 95% had a
buoyancy frequency N between 10-2 and 10-* s%, but the
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Fig. 10. Turbulent properties in the metalimnion from 25 profiles collected during the period
of high shear between 2300 and 0330 h on 22 June 1997 at Sta. T4. (a) Batchelor dissipation e,
(b) gradient Richardson number Ri, (c) Thorpe scale L, (d) buoyancy flux b = gw’p’/po, (€) north—
south component of shear production —w'u’dU/dz, (f) west—east component of shear production
—W'V'9V/oz, (g) turbulent Froude number Fr, = g/L.N with g = (W'2 + u’2 + v'?)¥2, (h) turbulent
Reynolds number Re, = gL./v, and (i) strain ratio Fr, = (e/vN?)2,

turbulence intensity varied greatly in the data set, with the  variability in the interplay between the inertia, buoyancy,
rate of dissipation e ranging from 10-° to 105> m? s (Fig. and viscosity in the behavior of the turbulence. Approxi-
6). The intermittency factor, o7, (Baker and Gibson 1987), mately 40% of the turbulent segments (14% of the meta-
was 2.7, which was close to that observed in the ocean (Bak-  limnion by combining results from Figs. 11 and 12) had Fr,
er and Gibson 1987; Gibson 1991). Figure 12 shows the  higher than 5, the threshold normally assumed to be neces-
distribution of the strain ratio Fr,, where we can see the  sary for sustaining turbulent mixing (Gibson 1980; Rohr et
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Fig. 11. Histogram of the fraction of the length of the metal-
imnion covered by turbulent patches. The turbulent patches were
defined as statistically stationary segments of the profile with good
Batchelor fitting and rate of dissipation e > 10-° m? s-2. The length
of the metalimnion was determined by visua inspection of each
profile. All the data collected in the 1997, 1998, and 1999 experi-
ments are included in the figure.

al. 1988b). In our case, however, the segments for which Fr,
was less than 5 still possessed turbulent signatures with good
fits to the Batchelor spectrum.

Properties of the turbulence within a turbulent patch

Sparseness and homogeneity of the overturns—Overturns
are present whenever the displacement scale L. is nonzero
in any point of the profile. It is to be expected that the more
vigorously aturbulent event is mixing the water column, the
more uniform the distribution of L. will be, and the more
consistently the overturns fill of the water column will be.
One measure of the vigor of the mixing is the strain ratio
Fr,, which is just the ratio of the rate of strain to the max-
imum internal wave strain rate. The sparseness of the over-
turns can be ascertained from the percentage of overturnsin
each turbulent segment or patch. Thisis shown in Fig. 13a,
where the percentage of overturns increases consistently
from O to about 55% as Fr, increases from <1 to between
5 and 10, after which the data suggest no further decrease
in the sparseness (increase in percentage of overturn).

On the other hand, the homogeneity of the overturns may
be measured with the skewness of the overturn scale L,
(Teoh et al. 1997). The skewness of the distribution of L,
(Fig. 13b) was essentially positive for al segments (more
than 99% of the segments) and, on average, decreased from
about 3 to 1 as the strain ratio Fr, from 1 to 20. Thus, as
Fr, increases, more of the segments were filled with over-
turns and the overturns length scales become more sym-
metrically distributed. Teoh et al. (1997) were the first to
postulate that simple shear driven billows, which occur at
low values of gradient Richardson number, are characterized
by relatively large displacement scales, large strain ratios,

0.999¢t

0.99 |
095t
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0.50
025}

0.05 |
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O'MI. s 2 a2 2 22 2 2 2 2 2 a2 ' 2 2 2 2 233
107! 10° 10! 10
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Fig. 12. Probability plot of the strain ratio Fr,. Data from the
1997, 1998, and 1999 experiments are plotted together, and the solid
line corresponds to the best-fit log-normal distribution. The expect-
ed value of Fr, is 5.9 with variance of 36.6.

and a balanced symmetric distribution of displacement scales
within a segment (small skewness). By contrast, segments
that show well-defined turbulent signatures (good Batchelor
fits) but have small values of Fr, exhibit displacement scale
distributions with a larger skewness, which is characteristic
of traumata wave-wave interaction (McEwan 1973) that
leads to convective instabilities (Teoh et a. 1997).

The high skewness for small strain ratios means that the
displacements are made up of a few large overturns within
the segment and large sections where the fluid motion was
turbulent, but with excursions too small to register as over-
turns. Such a signature is characteristic of cold (or warm)
parcels of fluid being inverted at height (or depth), leading
to the development of natural convection. For this reason the
algorithm that was used to obtain L, was modified to cal-
culate the rms of the points with nonzero displacements rath-
er than all the points in the segment.

I sotropy—The ratio between the velocity component fluc-
tuations indicates the degree of isotropy of the turbulence.
In Fig. 14a we show that on average the vertical velocity
fluctuations were smaller than the horizontal ones at small
Fr., indicating the suppression of the vertical motions by the
buoyancy. However, as the turbulent events became more
energetic and Fr,, increased, we start to see the ratio w'/q,
increasing to the isotropicy value of one and even surpassing
this limit in a few data points, as also observed in the ocean
(Yamazaki 1990). The observed values larger than one could
not be explained, not even by internal wave contamination,
since Fr, was large. In the horizontal plane we also observed
atendency to isotropy as Fr, increases (Fig. 14b). The degree
of anisotropy in the horizontal at small Fr, can be attributed
to the occurrence of horizontal shear distorting the overturns
(like in Fig. 9), but we were unable to confirm this hypoth-
esis since we could not decompose the velocity fluctuations
along the direction of the shear—despite the shear and Rich-
ardson number being basically constant over the segments,
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Fig. 13. (a) Percent of overturn and (b) skewness of the centered displacement scale L versus
the strain ratio Fr,, showing that the number of overturnsin aturbulent patch increases and becomes
more evenly distributed in length scales as the events become more energetic. The percent of
overturn was defined as the ratio between the number of samples with L, > 0 in a segment and the
total number of samples in that segment. The skewness of the centered displacement scale L, was
defined as S(Ly — L_ci)U[f over a segment and measures the asymmetry of the distribution of length
scales within the segments. The data collected in 1997 are shown as triangles, in 1998 as dots, and

in 1999 as crosses.

the direction of the flow was usually changing, making un-
clear the definition of the direction of the shear at the seg-
ment scale. The observed tendency to isotropy at large val-
ues of Fr, coincides with the laboratory observations of
Thoroddsen and Van Atta (1992) and Piccirillo and Van Atta
(1997), and with the observations in the ocean of Yamazaki
(1990).

Vertical fluxes for mass and momentum—The PFP also
allowed the measurement of the vertical fluxes of mass and
momentum, enabling us to estimate the net vertical exchange
coefficient within the metalimnion.

The buoyancy fluxes were estimated from direct measure-
ments of the velocity and density fluctuations by, = gw’p’/
p, and by the Osborn—Cox method b, = 3«kN?(0T'/02)%/(oT/
d2)?, where k is the molecular diffusion coefficient (Osborn
and Cox 1972). In order to compare the direct and indirect

1

10

estimates of the fluxes in the metalimnion, we calculate a
nondimensional vertical exchange coefficient bN-2«x~* (Fig.
15). The physical interpretation of this quantity must be con-
sidered with caution due to the presence of down-gradient
b, and up-gradient by, fluxes obtained from the direct mea-
surements (Fig. 15b), as previously observed by Moum
(1996a).

The nondimensional vertical exchange coefficient based
on both the indirect (Fig. 15a) and the direct (Fig. 15b) es-
timates of the buoyancy fluxes has a median value around 1
for Fr, = 1.7, a value of 60 for Fr, = 6, and a value of
about 10° at Fr, = 320. There were a few values with Fr,
< 1.7. For these events the contribution due to the turbulent
fluctuations is smaller than the molecular diffusivity.

Both the indirect and direct estimates of the exchange co-
efficient show a similar dependency on Fr , which is an in-
teresting result since b is a parameterization of the turbu-

10°

Fig. 14. Strain ratio Fr,, plotted versus the ratio of rms velocities (a) w'/q, where g, = (U’ +

v'2)¥2 and (b) u’/v'. The horizontal velocity components u’ and v’ are aligned along the north—south
and west—east directions, respectively. The data collected in 1997 are shown as triangles, in 1998
as dots, and in 1999 as crosses.
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Fig. 15. Nondimensiona vertical eddy exchange coefficient b/
(N2«) plotted versus the strain ratio Fr,. In (a) by correspond to
the Osborn—Cox buoyancy flux and in (b) b, is obtained from
direct measurement of the buoyancy flux. Note that in (b) the top
panel shows data points with positive buoyancy fluxes and the lower
panel shows points with negative fluxes. The lines shown in the
plots correspond to 0.21 Fri® for Fr, = 6 and 21 Fr2® for 6 < Fr,
= 100. The data collected in 1997, 1998, and 1999 are shown in
the plots.

lent heat flux, whereas b,, is a measurement of the
instantaneous advective fluxes (Winters and D’ Asaro 1996).
Also observed in Fig. 15b is that by, N—2«~* reaches higher
absolute values than by, N-2x~1, and the down-gradient fluxes
become more frequent for values of Fr, greater than about
6 (Fig. 16). These results agree with the theoretical argu-
ments of Gibson (1980) and the experimental results of Rohr
et al. (1988b), who showed turbulence sustaining an irre-
versible buoyancy flux for strain ratios greater than 5.
Likewise, a nondimensional vertical exchange coefficient
for the momentum [—w'u’(0U/92)~* — w'V'(dV/92) ] vt was
computed (Fig. 17), which, besides the larger scatter, shows

— bdm>0

bdm<0

Percent of occurence

0 2

10 10 10

-2 -1
b, N~ ¥

Fig. 16. Histogram of the nondimensional vertical exchange co-
efficient of mass obtained from direct measurements (Fig. 15b). The
histogram of the positive values of the exchange coefficient is under
the solid line, and the histogram of the absolute values of the neg-
ative measurements is marked with the shading.

-m S—l V—l

Fry

Fig. 17. Nondimensiona vertical eddy exchange coefficient of
momentum plotted versus the strain ratio. The variable m corre-
sponds to the momentum fluxes u'w” and V'w’ and Sis either 9U/
dz or 9V/9z. In both panels the line for Fr, = 6 corresponds to 0.04
Fri¥s and for 6 < Fr, = 100 corresponds to 4 Fr2s.
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Fig. 18. Cospectra of the buoyancy and momentum flux over (a), (c), (€) segments with 10 <
Fr, <30 and 1078 < by < 1077 m2 s73 and (b), (d), (f) segments with 1 < Fr, < 3 and 10%° <
boc < 10-° m? s3. These segments correspond to points laying at the centered of the distribution
of by along the Fr, axes on Fig. 15. The plots (), (b) correspond to the buoyancy fluxes, (c), (d)
to the momentum flux in the north—south direction, and (e), (f) the momentum flux in the west—
east direction. The different lines in the (a), (c), (€) plots correspond to the profiles indicated in the
legend in (&), whereas the lines in (b), (d), (f) correspond to the profiles indicated in (b). In the
legends, the first three letters discriminate the probe that was used in the profile, the next four digits
indicate the time of the profiling, and the last three digits correspond to the Julian day in 1997.

asimilar trend with increasing absolute values as Fr, increas-
es. The maximum value of the dimensionless exchange co-
efficient of momentum is about the same as the one obtained
for mass (10%), and a contribution equivaent to molecular
transport is again reached at a value of Fr, around 1.7.

Figures 15 and 17 show a dependency on Fr,, indicating
that larger strain ratios result in larger displacement scales
and vertical fluxes. The cospectra of the buoyancy and mo-
mentum fluxesin Fig. 18 confirm this, showing that the main
contribution to the turbulent fluxes at high strain ratio comes
from the larger overturns (around 10 cm), whereas the con-
tributions at small strain ratios are smaller and come from
the very small overturns (around 2 cm).

Scaling of the turbulence properties

With the PFP we were able to measure temperature, con-
ductivity, and velocity profiles from scales of about 1 mm

to the depth of the water body. As discussed in the previous
sections, we have separated mean and internal wave signa-
tures in the flow variables from the turbulence-induced fluc-
tuations by low passing the data through a variable filter with
a length proportional to the overturn scale. Properties of the
turbulence were then determined by spectral analysis and
statistics of the patches in the metalimnion. These results,
presented in the last section, suggest the existence of two
classes of turbulent regimes: one weak and fine grained,
characteristic of internal wave-wave interaction, and the oth-
er more energetic and probably due to shear-driven turbu-
lence. In this section we introduce scaling arguments and
data fit to further explore the nature of the turbulence in the
metalimnion and, also, try to relate direct measurements only
available through the PFP with variables more easily ob-
tained (i.e., background shear, stratification, and rate of dis-
Sipation).
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Fig. 19. Gradient Richardson number Ri versus the strain ratio
Fr, for the data collected in the 1997, 1998, and 1999 field exper-
iments. The line for Ri = 0.25 corresponds to 2.3Ri—¥4.

In essentially all laboratory experiments the turbulence
is generated by some type of grid arrangement. In numer-
ical work (Jacobitz et al. 1997), an initial disturbance is
introduced and then its growth can be observed. However,
in the present field situation the turbulence can only de-
pend on the parameter set (v, k, S, N, t) where v is the
kinematic viscosity, « is the molecular diffusivity of heat,
S is the mean shear, N is the buoyancy frequency, and t
is the time from the beginning of the initiation of the tur-
bulent patch. The parameters S and N may be assumed
constant since the overturn length scale L., as discussed
in the occurrence of turbulent patches in the metalimnion,
was always much smaller than the characteristic length
scale of either the shear profile (0U/02)/(02U/0z?) or the
density profile (9p/d2)/(92p/0z?). The flow characteristics
can, thus, depend only on the nondimensional parameters
(Pr, Ri, T), where

pr=2, 1)
K

Ri = N§ and )

T=-4s A3)

Assuming that the flow variables L., g, and e are functions
of Pr, Ri, and T alows us to write

L, = f,(Ri, Fr.) 4)
and
q = f(Ri, Fr), ®)

where we have made Ri and Fr, the independent variables
because T is not available and f, and f, are two unknown
functions.

These are rather complicated relationships involving two
independent variables, Fr, and Ri. For small Ri (large Fr),
Stacey et a. (1999) and Ivey and Imberger (1991) showed
that these two variables are related. For the present data, Fig.

10>

10"
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N

Fry

Fig. 20. The strain ratio Fr,, versus the ratio of length scales L/
L, where L, is the Ozmidov scale (eN-3)¥2 and L, is the Thorpe
displacement scale. The line for Fr, = 6 corresponds to 0.29 Fri2
and for 6 < Fr, = 100 corresponds to 0.12Fr,. The data points
shown as open circles have Ri > 0.50; points shown as crosses
have 0.25 < Ri = 0.50, points shown as pluses have 0.15 < Ri =
0.25, and points shown as stairs have 0 < Ri = 0.15.

19 also shows a general trend of a decrease of Fr, with
increasing Ri. However, it is important to observe that the
great majority of pointsliein the rectangle (0.1 < Ri < 0.7;
1 < Fr, < 10), implying that the turbulence mixes the den-
sity and momentum profiles such that Ri rarely is able to
decrease to below 0.1. More data are needed with a greater
range of Fr,, but for simplicity the dependence of Ri was
ignored in the following relationships and discussed again
at the end of this section.

The length scale dependence is best revealed by plotting
Lo/L; as shown in Fig. 20. The data are well described by

L

L—f = 0.29Fr¥2 for Fr, < 6, (6.9)

Lo

L, = 0.12Fr, for Fr, > 6, (6.b)

or, as shown in Table 1,

LT — 1/2 f -

= 3.4Fr¥2 for Fr, = 6, (7.8
p

L,

= 8.3 for Fr, > 6, (7.b)

p

where L, is the Ozmidov length scale (eN-2)¥2 and L, is the
primitive length scale (v¥N-)¥2 (Imberger 1994).

The two estimates (Egs. 7a and 7b) converge at Fr, =~ 6,
indicating a transition of processes, aso manifested in the
skewness and the frequency distributions of the displacement
scales (Fig. 13). As mentioned in the previous section, the
mass mixing coefficient is equal to 60 times molecular at
this value of Fr,; a value of Fr, of around 5 is normally
associated with the inception of turbulent mixing (Rohr et
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Table 1. Turbulence properties.

Quantity Symbol* Origin Small Fr, Large Fr,
Overturn length scale L./L, Data fit 3.4Frv2 8.3
Lo/Ls 0.29Fr¥2 0.12Fr,
Velocity scale a/q, Data fit 0.5Fr3? 3Frzs
Reynolds number Re = gqL./v Derived 1.7Frise 25Fr2s
Froude number Fr, = o/NL; Derived 0.15Fr7° 0.36Frz2
Taylor scaling q(eLy)—ve Derived 0.33Fr%e 15
Mass correlation coefficient b/N2L.q Derived 0.02Fr,, 0.12
Mass mixing coefficient b/kN? Data fit 0.21Fr1e 21Fr23
Momentum mixing coefficient u'w'pyt §t Data fit 0.04Fr1oe 4Fr2s
vwyt §t
* qp! (VN)UZ; Lp! V1/2N71/2; qU’ E]JZN*JJZ; Lu! E]./2N73/2.
al. 1988b; Itsweire et al. 1993). It should be noted that for q
our observed high range of strain ratio (6 < Fr, = 100) the a 0.5Frs  for Fr, = 6, (8.8)
Grasshof number Gr, = N2L4y~2 of the turbulence was con- :
stant (Gr, = 0.5 X 10°, from Eq. 7b). The above information, q ,
together with the observation of low Ri (Fig. 19) and well- g for Fr, > 6. (8.b)

balanced distribution of the displacement scales in the patch-
es (Fig. 13), is consistent with the hypothesis of shear-driven
turbulence for the high range of Fr.. The field data, however,
aso clearly showed that for values of Fr, between about 1
and 6 there is fine-grained active turbulence mixing that, for
its features, is probably due to traumata characteristic of in-
ternal wave-wave interaction (Teoh et al. 1997).

Next we considered the variation of the velocity scale that
is shown in Fig. 21. Once again good fits were possible with
atransition at Fr, =~ 6. Both Figs. 20 and 21 show that the
variations of the variables were independent of Ri, but clear-
ly small values of Ri were reflected in the larger Fr, values
(Fig. 19). The data suggest

10°
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Fig. 21. The strain ratio Fr, versus the ratio of velocity scales
a/q,, where q is the velocity scale (w'2 + u'2 + v'?)¥2 and g, is the
primitive velocity scale (¢N)¥2. The line for Fr, = 6 corresponds
to 0.5 Fr3® and for 6 < Fr, = 100 corresponds to 3Fr2:. The data
points shown as open circles have Ri > 0.50, points shown as
crosses have 0.25 < Ri = 0.50, points shown as pluses have 0.15
< Ri = 0.25, and points shown as stairs have 0 < Ri = 0.15.

From these relationships (Egs. 7 and 8) follow scales for
the Reynolds (Table 1, Fig. 22a), the Froude number Fr,
(Table 1, Fig. 22b), and the Taylor scaling hypothesis param-
eter ge V3L;¥3 (Table 1, Fig. 22c). As expected, since these
are quantities derived from Egs. 7 and 8, the fits are gen-
erally very good (Fig. 22).

Our observations cover only the range 0.1 < Fr, = 100
range, apparently short, but the data set is very large and so
represents usual conditions in lakes. The turbulence mea
surements of Yamazaki (1990), Peters et a. (1995a), and
Moum (1996b) in the stratified ocean show a similar range
but with most of the data lying in 10 < Fr, < 100. This
difference in the distribution of Fr, is in part attributed to
differences in the data processing, with these papers giving
emphasis to the most energetic patches, but could also be
due to their instrument traversing the water column at higher
velocities preventing the regime of low Fr, from being de-
tected. A comparison between our scaling and their results
for the common Fr, range is complicated due to different
definitions of length and velocity scales adopted; however,
the general trend of the Re, versus the Fr,, relation (Fig. 22a
in this paper and Figs. 8, 9a, and 6 in the above papers,
respectively) was comparable with their data showing a
slope close to 1 for the high range of Fr, (comparable with
our derived slope of % for 6 < Fr, = 100).

The correlation coefficient between the density and the
velocity is shown in Fig. 23. A large degree of scatter and
a high degree of uncertainty exist. However, in the buoyancy
and momentum fluxes (Figs. 15 and 17) the scatter is much
less. A good fit to the data in Figs. 15 and 17 is given by

NZ 0.21Fri¢ for Fr, = 6, (9.9
K

b
N 21Frze  for Fr, > 6, (9.b)
K
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Fig. 22. The strain ratio Fr,, versus (a) the Reynolds number,
(b) the Froude number, and (c) Taylor scaling hypothesis parameter.

In (a) the line for Fr, = 6 corresponds to 1.7 Fri¥ and for 6 < Fr,
= 100 corresponds to 25 Fr23; in (b) the line for Fr, = 6 corre-
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Fig. 23. The correlation coefficient between the buoyancy flux
and the scaling qL.N? plotted versus the strain ratio Fr,. The line

shown in the plot for Fr, = 6 corresponds to 0.02Fr,, and for 6 <
Fr, = 100 corresponds to 0.12.

= 0.04Fr2¢ for Fr, = 6, (10.a)

m
VS
m
— = 4.0Fr23

for Fr, > 6.
VS Y

(10.b)

From Eq. 9 follow the relationships for the correlation co-
efficient shown in Fig. 23 (momentum correlation was sim-
ilar and is not shown). The fit is representative of the data
and is dightly biased toward the larger estimates.

The consistency of the correlation coefficient for large Fr,
was noted before by Ivey and Imberger (1991), but their
analysis of laboratory data indicated a somewhat higher val-
ue of 0.3. More data are required to sharpen the value of
this constant correlation coefficient.

Given Egs. 9b and 10b it is possible to define the mixing
efficiency R; if it is assumed for Fr, > 6, corresponding to
shear driven turbulence:

b

K, =~ = 20Frn (11.9)
m

kn = g = 40T, (11.b)

where the symbols have their usual meaning. Energy con-
servation requires (Ivey and Imberger 1991)

m=Db+ e (12
From the definitions it follows directly that

sponds to 0.15 Fr”¢ and for 6 < Fr, = 100 corresponds to 0.36
Fr2s, and in (c) The line for Fr, = 6 corresponds to 0.33 Fr$° and
for 6 < Fr, = 100 corresponds to 1.5.
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b K
R = —=—Ri. 1
" m  «k, I (13)
Substituting from Eq. 11 yields
21 Ri
R =——. 14
" 4P (14)

The maximum value occurs at the largest values of Ri for
this high range of strain ratio; thus, Fr, =~ 6, which corre-
sponds to a value of Ri = 0.25 (Fig. 19), leading to R, =
0.19. Thisiis close to the value generally accepted from lab-
oratory experiments (see lvey and Imberger 1991 for a re-
view).

Equation 11a provides an estimate of the vertical flux in
terms of the turbulent kinetic energy dissipation e. If we use
the fact that during a mixing event sustained by shear (Ri
= 0.25) the available kinetic energy is given by L3&/12
(Imberger 1994), then the dissipation that keeps pace with
the available kinetic energy at a rate Sis given by L2S/12.
Substituting for L (large Fr,) from Table 1 yields the esti-
mates

2.3

Fr, = Riw and (15)
36.6

K, = RimaX (16)

for Ri = 0.25. The transition given by stability theory (Ri
= 0.25) provides a boundary at Fr, = 6.5 that is very close
to the observations. The relationship (Eg. 15) is shown in
Fig. 19 and again is in excellent agreement with the obser-
vations.

Conclusions

The intensive work in Lake Kinneret for 3 consecutive
years, during periods of strong stratification and severe wind
forcing, resulted in a large and consistent data set covering
a strain ratio’s range of 0.1 < Fr, = 100, typical for most
stratified lakes and oceanic conditions.

The effectiveness of the turbulent displacement scale L,
was tested as a scale for separation of the turbulent fluctu-
ations from the internal wave signal (Peters et al. 1995a).
This separation was done by way of a variable filter applied
to the measured signals and by integration of spectral prop-
erties of the turbulent patchesin arange limited by displace-
ment scale.

The sampling in several stations around the lake with the
PFR, accompanied by the continuous record of the temper-
ature fluctuations by thermistor chains, showed that the mean
flow in the lake was defined by a basin scale internal wave
field. It was observed that, despite being vigorous, the in-
ternal wave field evolved slowly relative to S-2, resulting in
pseudo-steady conditions for the turbulence. The gradient
Richardson number associated with this mean shear often
decreased to values less than 0.25 but rarely below 0.1.

The turbulence in the lake was intermittent but, on aver-
age, 35% of the metalimnion was covered by well-defined
turbulent patches during the sampling period. From these

well-defined turbulent patches, only about 40% had Fr, > 6
and appreciable vertical fluxes (k, > 10°° m? s%). These
figures mean that most of the metalimnion had an eddy dif-
fusivity close to the molecular value and only about 14% of
its thickness had significant vertical mixing.

The direct measurements of the vertical fluxes obtained
from the velocity signals given by the PFP became consis-
tently positive for Fr, > 10 and, for the observed high values
of Fr, (6 < Fr, < 100), the direct measurements were well
approximated by the indirect estimates of the vertical fluxes
(Osborn and Cox 1972) based on temperature microstruc-
ture, most easily measured. From the observations we can
also say that as Fr,, increased the number of overturns within
the turbulent patches increased, the turbulence tended toward
isotropic conditions, the overturn scales became more uni-
formly distributed within a segment, and the main contri-
butions to the fluxes changed from small scales to large
scales of about 10 cm. For large Fr,, the down-gradient con-
tributions generally began to overwhelm the up-gradient
contributions. Together, this evidence suggests that for small
Fr., values generally accepted to contain no turbulent sig-
nals, there was active fine-grained turbulence sustained by
internal wave-wave traumata as first described by McEwan
(1973). Beyond a critical value of Fr, of around 6 the tur-
bulent length scales became more uniformly distributed over
the segments with overturn scales as large as 10 cm. Since
larger values of Fr, were consistently associated with values
of the gradient Richardson number of less than 0.2, this tur-
bulence was shear driven and is similar to that observed in
the ocean and in laboratory experiments. Lack of instrument
resolution appears to have prevented the lower Fr, range
turbulence from being detected in the ocean. Scaling of prop-
erties of the turbulence based on Fr, and Ri confirmed that
there existed two classes of turbulence: one at small Fr,, and
probably energized by wave-wave interactions, and another
at large Fr, and small Ri, which is shear-driven. This picture
was consistent with the observations of the distribution of
the displacement scales within the segments (reduction of
the skewness and the sparseness in the distributions).
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