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ABSTRACT

Temperature microstructure variability has been determined from measurements of electrical conductivity
(~1.5 cm wavelength resolution) along two depths in the seasonal thermocline of the Sargasso Sea in July 1981.
The microstructure sensors were attached to a thermistor chain, which was towed in and away from a frontal
shear zone in the region of the Subtropical Convergence Zone. Averaged over the 170-km-long tow, the estimated
dissipation rate of temperature variance, x, was ~107% °C?s™!, but x values ranged from 10~!! (noise level) to
10~% in the most energetic events. Cox numbers, C, were calculated by making use of a local temperature
gradient calculated over a fixed ~1 m vertical spacing on the chain. Mean values of C were ~ 10, but values
as high as 10° were observed. The signals were highly intermittent, varying by as much as five orders of magnitude
over scales of the order of 10 m. Probability distributions of x and C appeared to resemble the lognormal form
only in cases where the data were carefully drawn from energetic events. Low values of a large-scale Richardson
number (7 m vertical by 450 m horizontal averages) bore no consistent relationship to the occurrence of

an event.

1. Introduction

An important question in physical oceanography is
the nature of the link between small-scale mixing pro-
cesses and large-scale dynamics. One expects this link
to be most clear in localized regions of high kinetic
energy or high shear such as in rings and density fronts
or at the base of the surface mixed layer. The problem
confronting the microstructure worker is that a pro-
digious amount of microstructure sampling may be
required to adequately measure the dissipation rates
in the mixing events and to ascertain the degree to
which a given region is statistically homogeneous with
respect to the turbulence (Caldwell, 1983; Gibson,
1982).

Recent attempts at exploring the horizontal vari-
ability of the mixing have used a towed conductivity
sensor system (Washburn and Gibson, 1982; 1984);
and, although their instrument noise level was very
high, Washburn and Gibson (1984) attempt to make
statistically reliable estimates of mixing rates below the
base of the mixed layer during the Mixed Layer Ex-
periment (MILE). They estimate a lognormal distri-
bution from their data, and infer that the mode of the
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distribution is consistent with nearby microstructure
profiler measurements, while the mean is considerably
higher. That the distribution function is generally non-
Gaussian is well documented (e.g., Gregg, 1980), but
its particular form might or might not be lognormal,
and the extrapolation of the mode and mean to values
well below the system noise level is fraught with un-
certainty.

Microstructure work in a region of strong shear in-
cludes that of Qakey and Elliott (1977). Their mea-
surements with a dropped profiler in the region of the
Gulf Stream yielded a correlation between microstruc-
ture and finestructure variance, but they could extract
no clear dynamical relationship to mixing intensity.
Gregg and Sanford (1980) found microstructure activ-
ity in the Gulf Stream to be dominated by double dif-
fusion occurring on the boundaries of thermohaline
intrusions, and they suggest that much of the activity
measured by Oakey and Elliott was of a similar nature.
Gargett (1978) also found microstructure concentrated
at boundaries of intrusive features, presumably of
frontal origin. Away from the salt-stabilized tempera-
ture inversions, Gregg and Sanford found low micro-
structure levels, yielding Cox numbers of only about
50 in the high-shear zone. However, they allow for the
possibility that the energetic events were missed because
of the small number (only five) of vertical profiles.
From nearly simultaneous shear profiles they calculated
Richardson numbers over 50-m depth bins, but found
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no consistent relationship between Cox and Richard-
son numbers.

In this paper, microstructure measurements are pre-
sented that were obtained along two depths in a long
(170 km) tow with a thermistor chain in the vicinity
of an upper ocean density front in the Sargasso Sea, in
the region of the Subtropical Convergence Zone. Like
Washburn and Gibson, high-frequency response con-
ductivity sensors were used to measure conductivity
variance, from which we infer (as they did) the tem-
perature variance. By combining these measurements
with simultaneous observations of the local vertical
temperature gradient, the horizontal variation of mix-
ing activity (the Cox number) is determined as well.
Fluctuations on scales smaller than about 1.5 cm were
not resolved by the probes, so the variance was not
fully accounted for in the more energetic events; thus,
mixing intensities and dissipation values are underes-
timated to some unknown extent.

Marmorino et al. (1985, hereafter MRDS) have al-
ready explored the spatial variability of temperature
finestructure (1 to 3 m horizontal wavelengths) in the
two frontal crossings contained in the present, longer
dataset (Fig. 1); the reader is referred to that paper for
additional details about the experiment. Their main
results were that spatially coherent “patches” of ele-
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vated levels of finestructure occur most extensively in
the frontal zone, where coarse-scale estimates of the
Richardson number are lowest; that features in the
temperature field within the larger patches are sugges-
tive of overturning internal waves; and that the resolved
patches do not show any consistent pattern with respect
to features suggestive of intrusions, such as temperature
inversion zones. This all suggested that shear instabil-
ities were an important mechanism. Like Oakey and
Elliott, they also found that the finestructure and mi-
crostructure signals were correlated and, so, the fine-
scale variability is plausibly related to mixing variabil-
ity, but there were wide variations (over four decades)
in the ratio of the two signals, prohibiting reliable es-
timation of mixing parameters from the finestructure
results alone.

The present paper is arranged as follows. Section 2
discusses the instrumentation. Two independent sen-
sors were used to discriminate between microstructure
and spurious signals (particulate spikes and biological
fouling of the probes). Section 3 discusses the assump-
tions used in analysis and their shortcomings. The re-
sults are given in section 4. Of particular interest is the
signal’s spatial distribution, intermittence, and prob-
ability distribution. The implication of the measure-
ments is discussed in section 5. In the Appendix, an
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FIG. 1. One-minute averages of temperature and conductivity at the two depths of interest.
Because of indeterminable offset changes in the calibration of the sensors, the conductivity scale
is believed to be accurate in only a relative sense. Conductivity is measured in Siemens per m (S

m1Sm™ = 10 mmhocm™ ~

10°C). A frontal zone indicated by the large horizontal gradient

was intersected first in a tow to the north, then again in a southward tow. The 80 min periods
correspond to individual data tapes. Data analyzed in the main body of the paper are from the
1020-min-long period beginning at 0 min, which corresponds to 0428 GMT 20 Ju! 1981. The
periods described in MRDS are 0-320 and 720-1040 min.
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alternative method of processing is used to analyze
some additional data and document the extent of the
contamination problem.

2. Instrumentation

The conductivity sensors used in this study were
dual-needle cells developed for the Naval Research
Laboratory by the Applied Physics Laboratory of the
University of Washington and described in Meagher
et al. (1982). Each sensor consists of two 1.25-mm di-
ameter forward-mounted platinized-platinum elec-
trodes spaced 3 mm apart. Photographs of this sensor
are shown in Dugan and Okawa (1982) and Okawa
and Dugan (1984). Because of the two-electrode design,
calibration stability is inferior to a four-electrode cell,
such as the standard 3-cm rectangular Neil Brown In-
strument Systems’ cell. Meagher et al. (1982) measured
calibration changes of 1.5 X 1073 S m™! over periods
of minutes to hours in the laboratory; unfortunately,
much larger changes apparently occurred in the field
(see Figs. 1 and 2). The spatial resolution of the needle
cells, on the other hand, is quite good; the —3 dB point
of the amplitude-squared response is about 0.7 cy cm™
as determined by Meagher et al. (1982) by moving a
prototype probe rapidly through an interface in a lab-
oratory tank. In addition, Okawa and Dugan (1984)
have studied the in situ response to small (<1 cm) par-
ticulates flowing through the sensing volume, and they
found the —3 dB point to be about 440 Hz which
translates to better than 1 cy cm™! at the usual towing
speeds (2.5 m s™'). This latter estimate does not include
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the effects of the boundary layer on the sensor, so the
spatial scale resolved by the system is assumed to be
that determined by Meagher et al. (1982), i.e., a wave-
length of about 1.5 cm.

The large dynamic range of the conductivity fluc-
tuations is preserved by pre-emphasizing the high fre-
quency part of the signal prior to recording. This tech-
nique substitutes for the usual method of separately
recording high and low frequency signals. The pre-em-
phasis transfer function is

Equ/Ein =

where E;, and E,, are input and output voltages, w
= 2xf, fbeing frequency in Hz; 7\, = (172=)(1/4 + 1/
), 12 = 1/2xf>; and, f; = 0.25 Hz and f; = 200 Hz.
The function (1) has unity gain from DC to 0.25 Hz
where it begins to rollup at 6 dB/octave (20 dB/decade);
it then levels off near 200 Hz. [See Dugan and Okawa’s
(1982) Fig. 5.] For frequencies between 0.25 Hz and
200 Hz the data closely approximate a differentiated
signal, i.e., for wr;; > 1 and wr; < 1, (1) reduces to
H(w) = iw(2/7); thus, Ey, = (2/7) dE,/dt. The con-
ductivity, «, equals E;, times the gain, G (~0.2 Sm™!
v 1); thus dk/dt = (rG/2) X E,.. For the data reported
here the sampling rate was 500 Hz and an anti-aliasing
filter was used that was set conservatively to be 3-dB
down (in amplitude) at 170 Hz, rolling off at —48 dB/
octave thereafter. The pre-emphasized data, then, are
a combination of a mean conductivity signal (for f
< 0.25 Hz) and a highpassed, differentiated signal (for
0.25 Hz < f'< 170 Hz). For a typical towing speed of
~5 knots (2.6 m s7!), the differentiated signal corre-

H(w) = (1 + iwt)/(1 + iwty), (1)

B
[3)
2 24 r
z Temperature at 49.5, 50, and 50.5 m
a 23 |
2 M R
[ R ——
2r 7
54 |-
=] 50 m Conductivity, Sensor A “
x S P o T BRSO 1
T b
UE’ 52 | w i
; 51 B
'§ 50 m Conductivity, Sensor 8 M\ J
= e A
g 50 M W .
3 » —’
8 a9 i
8 ®r
48 R I . L e A 1
90 100 110 120 130

TIME (min)

FIG. 2. One second averages at 50 m over a particular 40 min period. There are three temperature traces shown: The middle
trace is from about the same depth as the conductivity series, the others are from 0.5 m shallower and deeper. The two conductivity
series are offset from one another as a result of a change in the calibration of one or both of the sensors. Note that since part of
the differentiated signal is included in a 1 s average, the conduct1v1ty series show evidence of microstructure events, e.g., at 100
and 110 min (cf. Fig. 7). Occasional spikes in the conductivity series are artifacts resulting from particulate splkes in the raw data.

As described in the text, spikes are removed as part of the calculation of microstructure variance.
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sponds to wavelengths less than several meters, and it

will be mostly shorter scales that contribute most to
the variance values to be shown later.

Signals from microstructure conductivity sensors in
the open ocean suffer to some degree from contami-
nation by organic (presumably, plankton) and inor-
ganic particles in the water. The contamination is of
two types: (1) discrete events, appearing in the data as
“spikes” of ~3 ms duration, and (2) catastrophic foul-
ing, which introduces long-term offsets and wideband
noise into the data as a result of attachment of biological
material within the cell volume. Examples of both types
are shown in Okawa and Dugan (1984). As they point
out, “the spikes are a crucial problem because they are
so pervasive and because they can dominate the vari-
ance”. (The occurrence of spikes in the present data is
discussed in detail in the Appendix.) Although the dual-
needle cell was developed to minimize the fouling, two
complete and independent dual-needle systems were
used at the same depth to further reduce the impact
of a fouled cell. Later comparisons with other types of
sensors have indeed indicated that it was better able to
cope with biological matter in a noncatastrophic fash-
ion (Meagher et al., 1982; Okawa and Dugan, 1984).

The conductivity electronics, including the pre-em-
phasis filter, were housed in a streamlined tow-body—
a “fish”—and the two dual-needle cells were positioned
at the ends of 15-cm-long horizontal arms. The fish
was attached at a four-conductor breakout position on
the towed thermistor chain (described by Morris et al.,
1983). When under tow, the two conductivity sensors
are pointed into the flow, about 30 cm apart in the
cross-tow direction, and are behind (but not in the wake
of) the towed chain.

The data in this paper are from two pairs of dual-
needle cells: the upper (shallower) pair were on a fish
located at breakout 105; the lower (deeper) pair on a
fish at breakout 125. Over the course of the period
analyzed, the corresponding mean depths (* one stan-
dard deviation) were 49.7 = 2.0 m (for 105) and 60.8
+ 2.2 m (for 125), hereafter, 50 and 61 m. The tow-
depth variations arise mostly as the chain adjusts to a
changing vertical shear. For periods in the ship-motion
band, vertical chain movement can be ignored as it is
kept low (typical rms amplitude + 2 cm) by use of a
tensioner (Morris et al., 1983). .

Thermistors were located at 75 cm intervals along
the cable. At the depths of interest, this translates to
vertical separations of 53 and 58 cm at 50 and 61 m,

respectively. Exactly how close in depth the conduc-

tivity sensors were to the nearest thermistor once de-
ployed is not known, but they are believed to have
been within 10 cm (B. Okawa, personal communica-
tion, 1985). This is consistent with the generally ex-
cellent correlation between conductivity and nearby
temperature. However, the lack of vertically colocated
sensors has precluded the routine calculation of salinity
changes over the small horizontal scales of most interest
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here. One second averages of temperature are used in
this work and these have a relative accuracy of 0.01°C.

3. Analysis methods

The conductivity data chosen for analysis are from
the period 0428-2128 GMT, 0 to 1020 min in Fig. 1.
Data earlier than this had several problems (a fouled
sensor, lack of concurrent temperature data, time gaps)
which made their analysis incompatible with the
scheme described below. However, some of these earlier
data will be presented in the Appendix.

a. Conductivity versus temperature

Salinity variations in the study area were generally
small (e.g., Trump et al., 1985). A typical profile had
a weak maximum in the depth range 30-50 m below
which a decrease of ~0.1 ppt per 100 m was found.
As a result, temperature changes dominate the con-
ductivity signals on the finescale (e.g., Fig. 1 and 2). It
will be assumed that this behavior extends to the
smallest scales resolved, allowing the temperature vari-
ance to be estimated from the conductivity signal. As
the conversion factor between conductivity and tem-
perature is nearly unity, we will use a constant value
of 1°C/(0.1 S m™") for 3T/d«. Also, for simplicity, val-
ues of microstructure (conductivity) gradient variance
will be expressed in temperature units.

b. Calculation of microstructure variance

An initial problem was to eliminate the particulate
spikes which, since they occur irregularly in the data,
can give rise to spurious spatial variability in the vari-
ance. This contamination problem was alleviated by
taking advantage of the redundancy provided by the
two sensors on each fish. Since patches tend to be of a
width large compared with the sensor spacing, each
sensor provides an independent sample of the turbu-
lence in a patch. [For example, note the simultaneous
patches in the conductivity traces in Fig. 2, or in Okawa
and Dugan’s (1984) Fig. 3, their curves 2A and 2B
being our 50 m sensors, and their 3A and 3B our 61
m sensors.] On the other hand, the spikes occur on
each sensor independently and this is used to remove
their effect on the variance as described below.

At each depth, variances were calculated for both
sensors over contiguous data ssgments each of a length
less than the expected interval between spikes, but only
the minimum variance was retained for each segment.
According to Okawa and Dugan, the mode and mean
of the time interval between spike encounters was 0.18
and 0.43 s, respectively. (They examined only 80 min
of data, but their conclusions are consistent with the
analysis in the Appendix.) Therefore, it would be highly
unlikely to observe consecutive spikes within a time
interval shorter than about 100 ms, so the segment
length was chosen to be 50 ms (25 data values long).
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FIG. 3. Histograms of d7/dz, shown for two 80-min periods. 37/
dzis calculated as AT/Az, where AT is a centered difference averaged
over | s and Az is the vertical separation, about 1 m. The vertical
arrows show the mean values. The distributions are not Gaussian,
but skewed, with a most probable value (mode) as small as one half
the mean and a tail extending to large gradients. These distributions
are similar to ones exhibited by Hayes et al. (1975), Gregg and Sanford
(1980), and Desaubies and Gregg (1981) for vertical separations less
than about 2 m.

Processing with a different segment length (100 ms,
say) would be expected to give nearly identical results
and, indeed, this was found to be the case.

As part of the computation, certain other “noise”
was eliminated as well. This noise also took the form
of discrete events or spikes, but occurred simulta-
neously in all recorded conductivity channels, and is
presumed to have been caused by a system problem.
The problem occurred irregularly and most often early
in the dataset, producing ~ 10 spikes per 80 min tape.
Although the largest could have been simply edited
out, a spike-detecting algorithm was used to system-
atically eliminate them from the data. The algorithm
worked by detecting any minimum variance value that
exceeded a 1 s mean variance by at least 11 standard
deviations and replacing such anomalous variances
with a corrected 1 s mean. (See the Appendix for dis-
cussion of a similar algorithm.) The 11 s.d. criterion
was very stringent, designed to eliminate only spurious
values.

One-second values of the minimum variance were
obtained by averaging over twenty 50-ms segments.
These were converted to conductivity gradient vari-
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ance, {(dx/dx)*), by multiplying by U2, U being the
average ship’s speed relative to the water at the depth
of the sensors. A constant value of 280 cm s™! was used
for U (C. Trump, personal communication, 1984).
Fluctuations in U were less than 25 cm s™!, resulting
in a relative error in the variance of less than 20 percent.
Our estimate of the microstructure temperature gra-
dient variance (hereafter, simply variance) is, then,
{(dT/dx)*y = {(dx/dx)*dT/dx)".

While the preceding approach was fairly easy to im-
plement and allows for the efficient processing of a
large amount of data, retaining only the minimum
variance clearly biases the results on the low side.
Whether inside or outside a patch, natural spatial vari-
ability can cause signal levels at the two sensors to be
significantly different (e.g., Fig. 9). As an estimate of
this effect in the case of an energetic patch, the variance
contribution from each sensor was computed sepa-
rately. Spikes as well as real signal were necessarily in-
cluded in this calculation, but the evidence is that the
spikes account for, at most, 1% of the variance in such
a patch (see Appendix). The result in this case was that
the minimum variance accounts for only 59% and 60%
of the individual sensor variances, so the bias is sig-
nificant. Similar underestimation can probably be ex-
pected in other patches; thus, a systematic error is pres-
ent in the analysis. (An independent treatment of the
data, presented in the Appendix, analyzes data from
only one sensor at a time, eliminating this bias. Qual-
itatively, the results are quite similar.)

A more significant problem is the limited bandwidth
of the measurements, resulting in the variance again
being underestimated. The magnitude of this effect is
indeterminable, but the variance-preserving spectra of
Gargett (1978), Dillon and Caldwell (1980), and
Washburn and Gibson (1982) suggest the error could
be as large as a factor of two. Since the most energetic
patches will be seen to account for a large fraction of
the total variance, the underestimation is not negligible.
Added to the minimum-variance bias, some variance
values may, then, be low by a factor of about 4. These
errors are not believed to affect the main results in a
significant way.

¢. Computing Cox numbers
The Cox number is defined as (e.g., Caldwell, 1983)
C= ((VT)2>/<3T/62>2. 2)

In order to estimate the Cox number from the one-
dimensional towed data, some assumption must be
made about the missing components of the gradient.
We assume isotropy, so that, in (2), {(VT)*) is replaced
by 3 ((87/3x)*). Values of {(3T/dz) were calculated as
ATJ/Az, where AT is the vertical difference centered at
the depth of a microstructure sensor and Az ~ 1 m is
the corresponding depth difference. Values of AT were
calculated as 1 s averages and, so, (97/9z) represents
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about a 1 m vertical by 2.8 m hortizontal estimate.
For values of AT < 0.01°C, a value of 0.01°C was
used. As defined in (2), C = 0 (not C = 1) corresponds
to the case of laminar motion, i.e., no turbulent heat
transport. For low values of C, the assumption of is-
otropy breaks down and the approximation used for
{VT)?) is no longer justifiable. Furthermore, in our
usage d7/dx may contain contributions from relatively
low-wavenumber fluctuations that do not go to zero
for the case of laminar flow. For these reasons, the
physical interpretation of low values of C is not
straightforward; however, since the main interest is in
large Cox number events, this is not a severe limitation.

Errors in the Cox number calculation include those
for the variance plus errors in the estimation of {37/
az>. In general, for the Cox number to be meaningful,
the mean gradient must be representative of the strat-
ification upon which the fluctuating motion is acting
(Caldwell, 1983; Dillon, 1982, 1984). Dillon typically
calculates the mean gradient in a manner essentially
equivalent to dividing the maximum temperature dif-
ference within an event by the event height, which he
finds to be <1 m in the seasonal thermocline (see Tables
1 and 2 in Dillon, 1982). The use of a fixed vertical
interval in the present work is clearly a shortcoming,
since it is only the case where an event just fills the 1
m space between the thermistors that the estimates of
<6T/6z> are correct in Dillon’s sense, although even
then they remain limited by the thermistor intercali-
bration error. There is some evidence that the proba-
bility density function of the vertical temperature dif-
ference does not change appreciably for difference in-
tervals in the range 0.1 to 1.0 m (Desaubies and Gregg,
1981); therefore, for an event thinner than 1 m, we
may be as likely underestimating as overestimating
{8T}/dz). For an event much thicker than 1 m, under-
estimation is, perhaps, more likely as the average gra-
dient where the fluid is mixing ought to be less than
that inferred from the ambient fluid just outside the
event boundaries. We conjecture that, on the average,
the errors may not be severe.

The use of long-term averages of the mean gradient
as done by Washburn and Gibson (1984) is much more
likely to produce erroneous values of Cox number.
There is simply too much variability in the vertical
gradient to expect that kind of average to be represen-
tative of the gradient at the time of the fluctuations. In
our work, for example, (37/dz) varies at a given depth
by an order of magnitude over an 80 min long tow
section (Fig. 3); as a result, the Cox number can vary
by a factor of 100 solely because of a changing back-
ground stratification. It is important to note that neg-
ative values of (87/9z) are rare, none being found in
the Fig. 3 periods, for example. Temperature inversions
do occur in the data, especially near the front where
they are likely the result of intrusions, but these are
not so substantial near 50 and 61 m as they are shal-
lower. In the entire 61 m record, only one occurrence
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of an inversion (a value of —0.01°C m™') was found
and this was associated with an extensive event (see
Fig. 7).

4. Results
a. Large-scale variability

Time series of microstructure variance and Cox
number over the entire dataset are shown in Fig. 4.
The signal intensities vary over many decades, generally
in unison, but the relative significance of individual
variance events varies considerably, depending upon
the magnitude of the local temperature gradient. The
corresponding cumulative distributions (Fig. 5) are
clearly made nonuniform by a few large events in the
frontal zone that account for a large fraction of the
total mixing. Average variance values, obtained by di-
viding the total sums by the record length, are 1.3
X 107 and 1.0 X 1076 (°C cm™")? at 50 and 61 m,
respectively; average Cox numbers are 3 and 18. These
are to be considered lower bounds, of course, since the
variances are under-resolved as discussed in section 3.
Variance records for the period prior to that in Fig. 4,
which come from the southernmost part of the survey
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area, are shown in the Appendix (Fig. Al). At 50 m,
levels lie below 107 (°C cm™)?, less than in the two
frontal events at that depth, but greater than the levels
north of the front; at 61 m, levels exceed 107> (°C
cm™')? in several places. Indeed, there is some evidence
(Mied et al., unpublished manuscript) that the southern
area was dynamically more active than the area to the
north.

Velocity measurements made with anacoustic Dopp-
ler system (Trump et al., 1985) have been merged with
the temperatures to provide values of a large-scale
Richardson number, Rig. Occurrences of low values
of Ri, are believed to serve as, at least, a qualitative
indicator of the fluid’s propensity to develop instabil-
ities that lead to mixing (cf. D’Asaro, 1985). The Ri,
was calculated as {N*)/{S)?, where the brackets denote
3 min (~450 m) horizontal averages, and (N*) was
calculated from the temperature field only as ag(AT ")/
Az, where a is the expansion coeflicient and g is the
gravitational acceleration. Vertical centered differences
over 1 m were used after both the velocity and tem-
perature fields were smoothed and interpolated to a
common vertical 0.5 m grid (C. Shen, personal com-
munication, 1984). This is somewhat different from
the procedure used in MRDS, but the results (Fig. 4)
are similar. Overall there is no trend between the oc-
currence of high Cox number events and large values
of (Rig)"2. MRDS show only a suggestion of a rela-

tionship between low values of Riy and the finestructure
level in the limited region of the front. As a predictor
of the precise location of mixing events, the large-scale
Richardson number used here appears, then, to have
little value. Recent work (e.g., Padman and Jones,
1985) suggests that the probability of occurrence of
critically low values of a small-scale Richardson num-
ber is very sensitive to not only the background state
{of which Riy may be an adequate measure), but to the
variance of the shear and density gradient. It is possible,
for example, that a more detailed examination of the
shear variance from the Doppler data may be useful,
but this has not been done.

The horizontal scale of microstructure events is of
interest because it may be an indicator of particular
classes of mixing processes. However, defining an event
width from a single one-dimensional slice through an
event is often made difficult by high levels of inter-
mittency (cf. Atlas et al., 1970). Nevertheless, an at-
tempt was made to quantify the widths by measuring
the distance between successive up-crossings and down-
crossings of a chosen threshold level. The variance se-
ries were used for the detection process since a constant
threshold could most easily be defined in that case;
however, similar widths are expected to hold for the
Cox number series. From inspection of the original
data and many plots of 1 s data, it is clear that many
patches are on the order of tens of meters wide. These
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are not treated in the present analysis which uses the
1 min (~170 m) averages, but their dominance will
be clear from the trend in the resuits. The threshold
level was set at 4 X 1078 (°C cm™")?, a decade above
the mean noise level (~4 X 107° (°C em™")?, as judged
from examination of the quietest records). This ex-
cludes from the results both the fluctuations associated
with very low signals and those associated with real
variability in the elevated signal within the stronger
events. The results (Fig. 6) show similar distributions
at both depths. As defined, most events are less than
1 km wide; very wide events do occur but are rare.
Over the limited range of width values calculated, the
results can be fit according to (number of events)
oc (event width)™2, if D is about 1.6. In discussions of
scaling laws in turbulence, D is regarded as the fractal
dimension (e.g., Schertzer and Lovejoy, 1984),

b. Detailed view of the largest events

Detailed time series of variance are shown in Fig. 7
for periods including the most significant.events at each
depth. The Cox numbers (not shown) can be inferred
from the variance time series by taking into account
the changing temperature gradient, which can be es-
timated from the two temperature traces shown. For
a constant gradient, the Cox number is linearly pro-
portional to the variance, so that in a scatter plot of

50 m

OCCURRENCE OF PATCH WIDTH > 170 m (%)
8

. 5 5 =
PATCH WIDTH (km)

FIG. 6. Histogram of patch widths based on the
data of Fig. 4. See text for details.
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logC against log variance, successive points will fall
along lines of unit slope. An example is shown in Fig.
8 for the data at 61 m. Deviations occur for a variable
dT/dz so that, for a fixed variance, points are con-
strained to fall between two bounding lines of constant
d7T/dz: the upper line corresponding to 773z = 0.01°C
m™!, which results from our having chosen AZmin
= 0.01°C as the smallest resolvable value; the lower
line corresponding to the largest observed d7/9z which,
in the case of Fig. 8, is about 0.3°C m™'. Notice that
very few points.fall near the upper line, suggesting the
Cox number calculations are not overly constrained
by the least count value of 477/9z.

The variance levels along either depth are clearly
highly intermittent. Many events begin and end very
abruptly, as if the sensor had suddenly passed through
a boundary separating non-turbulent from turbulent
fluid. Some of this external intermittency seems to be
associated with internal waves, e.g., near the end of the
50 m series in Fig. 7, or, at other times, with a glancing
encounter with a nearby event, e.g., at about 91.5 min
in the 50 m series. Because of our concern over spurious
spikes in the data (from either particulate matter or
electronic noise), this latter event, which, because of
its extremely narrow width does look suspicious, was
examined in detail by computing the deemphasized .
(i.e., undifferentiated series) for both sensors. The re-
sults (Fig. 9) show an event of about 1 s (~2.8 m)
duration, which looks different in detail at each sensor
but shows the same qualitative characteristics. Not only
are there large fluctuations during the event, but the
mean temperature increases as well, as if a completely
different piece of water, presumably lying mostly above
50 m, was sampled. We conclude that the event con-
tains real microstructure. After this first event, the sig-
nals continue to be quite similar for several seconds
(~10 m) until sensor B detects a very narrow event,
again warmer than the surrounding fluid along the
sampling path. The ~60 ms (~ 18 cm) width of this
event is greater than that expected for a spurious spike,
so we are led to believe it is real as well; however, since
this event occurs only at sensor B it is eliminated by
the minimum variance calculation and, thus, does not
appear in the Fig. 7 series.

In order to better interpret the variability in the
towed microstructure data, the simultaneous two-di-
mensional temperature finestructure data of MRDS is
also shown in Fig. 7, Briefly, each little square shown
represents a temperature variance calculated asa 16 s
(~42 m) average for the horizontal wavelength band
of 1-3 m and normalized by the square of the 16 s
average vertical temperature difference. The normal-
ization removes unwanted modulation of the variance
levels by changes in the magnitude of the background
vertical stratification. For purposes of display, only
values in excess of some cutoff value (107 in the pres-
ent case) are shown. For every step increase in the in-
tensity of the grey scale, the normalized variance in-
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FiG. 7. Microstructure records for the two largest mixing events compared with sections of
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creases by half a decade. The finestructure variability
is such that the higher signal levels appear only in areas
of finite extent or, hereafter, “patches.” The micro-

structure data can now be further analyzed with due
regard to the path of the probes through this two-di-
mensional patch field.
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FIG. 8. Scatter plot of Cox number against variance at 61 m, cor-
responding in time to the Fig. 7 series. For a given variance the points
are constrained to lie between the two lines shown, as discussed in
the text.

In the 50 m case, it can rather neatly be seen that
the large microstructure event at around 110 min rep-
resents a slice through an approximately 5 m high
finestructure patch that is horizontally coherent over
several kilometers but is deepening with increasing
distance along the tow. The microstructure event begins
abruptly apparently because the corresponding fine-
structure patch does so, and it ends more gradually as
the patch gradually moves deeper than the measure-
ment plane. The internal intermittency of the micro-
structure event also seems reflected in the patch. Many
of the other large-amplitude events can also be seen to
coincide with finestructure patches, most of which have
significant vertical extent. Also, the narrow event at
91.5 min does, indeed, now appear to be a sampling
of the bottom of a small, but relatively intense, fine-
structure patch.

In the 61 m records, before 170 min, the large mi-
crostructure event coincides with an extensive fine-
structure patch which subsequently moves deeper than
61 m. At 189 min, a moderate event and patch occur.
Finally, intermittent events occur in the presence of
internal waves at the end of the record, possibly indi-
cating a vertical wafting of a single-sensor patch (along
channel 126) into and out of the path of the micro-
structure probe. It is important to note that a detailed
examination shows many lower-amplitude events do
not have corresponding patches. This is-clearest in the
61 m record which has only a few conspicuous patches.

¢. The question of log-normality
In fully turbulent flows the variance of many gradient

quantities (e.g., dissipation) has a lognormal or nearly
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lognormal distribution as the result of the intermittency

of the cascade of variance to smaller scales. Lognormal

distributions are found in ocean microstructure data
as well, but these are believed to result from finestruc-

ture modulation and the intermittency associated with
sampling different events, as well as the statistical vari-
ability within an individual event; thus, these distri-
butions are not evidence for “universal” oceanic tur-
bulence (Gregg, 1980). However, it may be possible to
carefully isolate a small part of a microstructure event
and find that the distribution of the variance or Cox
number is approximately lognormal; on the other hand,
without careful selection for possible turbulent events,
the shape of the distribution over an extensive set of
data will depend upon the degree of modulation by
the finestructure and the relative proportion of events
to non-events. '

In order to explore these ideas, segments of data were
chosen from the Fig. 7 records to represent the most
active (and, presumably, the most turbulentlike) parts
of the major events. These segments are indicated in
the figure by the horizontal bars, which begin and end
where signal levels fall off abruptly. Histograms of these
data are shown in Figs. 10a and 10c. For comparison,
calculations have also been done for the entire Fig. 7
periods (Figs. 10b and 10d).

The limited, energetic segments of the events do,
indeed, have variance distributions that are (by eye)
approximately lognormal. At S0 m the mean is 6.2
X 1078 (°C cm™")°. The distribution of Cox numbers
is also roughly lognormal; the average is 102, with val-
ues larger than 10> being found. At 61 m the variance
distribution is also approximately lognormal, but the
Cox number distribution appears to be positively

P 0.05 °C
|
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| | L L l
3 4 5 6
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FIG. 9. De-emphasized microstructure time series corresponding
to the isolated event at about 91.5 min in the 50 m record of Fig. 7.
The sensors were spaced 30 cm apart in the horizontal. The event at
t = 4 s is about 0.06 s (18 cm) wide.
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mean values.

skewed from a single lognormal fit as a result of an
excess of values lying a decade and more beyond the
mean. The mean variance is 7.6 X 107 (°C cm™!)?
and the mean Cox number is 950, both about 10 times
the 50 m values.

When data outside the most energetic events are in-
cluded, the distributions become much wider (Figs. 10b
and 10d) as other events have filled in the available
multidecade-long space between the noise level (4
X 107°) and the high energy end. The rise in the dis-
tribution as variance levels decrease towards 1078 is
believed to be real, suggesting that, in the absence of
noise, this part of the distribution would shift to still
lower values; as shown, the modes are about three de-
cades below the means. An important point is that
each distribution includes more than 6 km of data
(about the amount Washburn and Gibson, 1984, ex-
amined), yet there would be considerable ambiguity in
fitting them with a single lognormal curve.

The rate of dissipation of temperature variance, x,
is equal to twice the thermal diffusivity times (V7).
For these data, x estimates range from a noise-con-
taminated mode of ~3 X 107! to nearly 1075 °C?s™!
in the most energetic events. For comparison, in the
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main thermocline, Gregg (1980) found x values of
1071221077 °C? 57!, and the mode for the MILE ther-
mocline was estimated by Washburn and Gibson to
be ~4 X 10710 °C? 571,

5. Discussion
a. Event characterization

The characterization of the extreme variability of
microstructure levels is dependent upon sensor noise
level. The view obtained by Washburn and Gibson
(1984) is one of very narrow events (average width ~ 7
m) occurring in “clouds” or “clusters™ of much larger
extent (~ hundreds of meters), but this characteriza-
tion may be biased by their rather high noise level of
~2.9 X 107* (°C cm ') As an example of the potential
for bias, imagine the Fig. 7 results with the noise floor
moved up to 3 X 107>, say. The events that are resolved
do, indeed, resemble occasional clusters of very narrow,
seemingly separate events. When the noise level is low-
ered, former clusters may alternately be viewed as spa-
tially coherent events with internally intermittent
structure. Of course, in our data, too, a clear charac-
terization becomes impossible for those events having
signal levels approaching the noise floor.

The scale of the external intermittency of the ob-
served microstructure events can be at least partly un-
derstood by comparisons with the finescale variability
(e.g., Fig. 7). The small-scale internal intermittency is
presumed to result from the detailed dynamics occur-
ring within a particular event, and the scale of that
variability can be quite small indeed. Variations over
scales € 10 m are not uncommon, and this scale size
is similar to Washburn and Gibson’s result. This in-
ternal variability is, perhaps, consistent with the general
observation from vertical profile measurements that.
quite often a single microstructure patch is composed
of a number of smaller overturning eddies (e.g., Cald-
well, 1983).

b. Mixing processes

What is responsible for the small-scale activity? The
spatially persistent connection between many of the
microstructure events and finestructure patches (e.g.,
Fig. 7) certainly suggests a physical connection between
the two. MRDS suggest that the extensive patches are
maintained by overturning internal waves; the micro-
structure then results from the ensuing smaller scale
straining motion. Whether this can actually be dem-
onstrated by a detailed comparison between the mi-
croscale fluctuations and the larger scale structures
within the patch will be the subject of a future paper.
The large-amplitude events likely dominate the micro-
structure-finestructure correlation values calculated by
MRDS, and this accounts for the nonuniformity in the
mixing parameters (e.g., Fig. 5). However, there seems
to be an underlying uniformity present, as well, which
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should not be ignored. This appears in Fig. 5 as a more-
or-less continuous increase in the cumulative signal;
and Figs. 4, 7, and A1l show that the microstructure
levels are rarely without some resolved activity, sug-
gesting that mixing at some level at least is occurring
rather uniformly throughout the thermocline.

The relationship of the microstructure to changes in
the stratification has not been sufficiently examined.
We have been conservative in the treatment of con-
ductivity data because of the fouling issue and their
physical separation from the temperature measure-
ments, and have not been confident in using them to
calculate salinity. As a result, quasi-horizontal values
of R, = aAT/BAS could not be routinely computed
and compared with the likelihood of occurrence of an
event. Low values of Rp would indicate favorable con-
ditions for salt fingering. Gargett and Schmitt (1982)
found strong evidence for salt fingering in towed data
at several depths where Rp (calculated on the basis of
the average profiles) was less than 3 or so, but none
where Rp was about 8. In our case, CTD (conductiv-
ity~temperature~depth) measurements made soon af-
ter the towing operations ended show (C. Trump, per-
sonal communication, 1984) that Rp ~ 10 based on
the general shapes of the profiles at the depths of in-
terest, but that over limited depth intervals (~10 m
thick) Rp approached values of 3 or 4; thus, we cannot
rule out the intermittent occurrence of salt fingers in
our data, and their importance may be all the greater
away from areas of persistent shear. In fact, some seg-
ments of data well away from the front do seem to
have the limited-amplitude, limited-bandwidth char-
acteristics cited by Gargett and Schmitt, but whether
this alone can be shown to provide sufficient evidence
for salt fingering requires much more detailed study.

¢. Sampling considerations

Under the presumption that the MRDS finestructure
patches suitably flag significant mixing events, one must
consider the view that the energetic events in the frontal
zone were, more or less, sampled by chance and would
have been missed had the probes been displaced a few
meters vertically. For example, the 61 m record con-
tains a very large event for the first frontal crossing,
but a similar event was not found when the front was
recrossed because the significant patches occurred at
depths not sampled by the microstructure probe. It is
not difficult, for example, to choose a sampling depth
such that every significant patch shown in MRDS is
missed or to choose another path that samples only
patches outside the front, thus, giving a very misleading
view of where mixing is occurring.

Given the preponderance of large patches near the
front, these paths might not be the most likely ones,
but they are possible, nonetheless. We conclude that a
limited number of tows with only a few microstructure
sensors cannot generally be relied upon to provide sta-
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tistically valid estimates of the number of high energy
events. Also, the observed signal levels, which in our
case are not quantitatively reliable to begin with, must
be viewed with the intermittency in mind. As Dillon
and Caldwell (1980) point out, caution should be used
in attempting to obtain volume averages of mixing pa-
rameters in the thermocline. This all supports Gibson’s
(1982) warning that the microstructure distribution
might not be well determined even in the face of a
considerable amount of sampling.
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APPENDIX
Alternative Processing Scheme

The processing scheme described in section 3 relies
upon redundant sensors to eliminate spurious signals
caused by encounters with particulate matter in the
water. Here, an alternate method is described and used
to process additional data from south of the front which
could not be previously treated. The results have been
discussed in section 4. As a by-product, information is
obtained about the spatial distribution of the particulate
spikes. The spikes represent a contamination problem
not only for conductivity probes but for hot or cold
film sensors as well (e.g., Gargett, 1978, Fig. 2); and
Nasmyth (1980) alludes to the problem of plankton
concentrations sometimes being so high that data from
turbulence sensors cannot be meaningfully interpreted.
Previously, Okawa and Dugan (1984) have used a time-
domain matched filter to detect and count the spike
waveforms over an 80-min-long section; however, they
make no mention of how general their results may be.
Since the raw data show considerable spatial variability,
the question arises as to whether there may be an in-
crease in the spike density near the front, or a depth
dependency, that would interfere with measuring the
turbulent signal.

The detection algorithm used here works on a single
data series as follows. Each second of data is divided
into N segments (20 were used, giving 25 data points
in each segment) and a variance, V;, calculated for each.
The mean variance, {¥"), and the standard deviation,
d,, are calculated after excluding the three largest V.
A “spike” is then detected in the ith segment (i = 1,

« «+ +,20)if ¥; — (V') exceeds a threshold level of mo,.
A final 1 s mean variance is then calculated using only
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the acceptable segments. Large values of » are used
to avoid removing valid microstructure data. By Che-
byshev’s Inequality, Pr{|V — (V)| > me,} < 1/m?, so,
for large m, there is a low probability of detecting spikes.
A value of o, must, therefore, be obtained that is min-
imally contaminated by the spikes; this, then, is the
reason behind the prior removal of the three largest
values. The three values are only candidates for spikes,
however, and, after o, is calculated, must be examined
as described above. In fact, the maximum number of
three spikes per second is encountered very rarely, so
the value three is a reasonable choice. (Where three
per second are found we may, of course, be under-
resolving the number of spikes.)

Spike counts and variance for a detection threshold
of 7¢, are shown in Fig. A1, A close examination shows
the spike counts to be highest when the variance is low
(and detectability most likely) and least when the vari-
ance is high; but nowhere are spike numbers sustained
at the maximum allowable rate of 180 min~! (3 per
sec times 60); thus, it is the microstructure variability
that masks the true variability of the spike density, and
not the other way around. Maximum spike numbers
may increase near the front (cf. the two large variance
events at 50 m which occur in the front), but the effect
is not large. Likewise, the evidence for an increase at
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F1G. Al. Spike counts and variance (1 min averages) for a threshold
level of 7 standard deviations. The period examined in the main
body of the paper begins at a time of zero minutes. The true spatial
variability of spikes is difficult to judge because of the masking effect
of the microstructure, but if attention is paid to only the large-scale
trend of the maximum numbers observed, there may be some slight
association with either the front or with time of day. For reference,
120 spikes min~! means one spike about every 1.5 m.
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night (as a result of upward migration of zooplankton?)
is not strong. There is no clear depth dependence, ei-
ther. The number of spikes detected is, of course, a
function of the detection threshold and there is a sub-
stantial increase as the threshold 1s lowered as shown
in Fig. A2.

The dependence of the variance upon the detection
threshold is not nearly as great as for the numbers of
spikes, only a 10% decrease being found as m is de-
creased from 15 to 7 (Fig. A2). (A decrease is expected,
of course, since more spikes are being removed.) Over
the period 0 to 1020 min the variance series are very
much the same as in Fig. 4, except the amplitudes are
higher now, i.e., the average ratio of the Fig. A1 values
to those in Fig. 4 are 1.58 for the 50 m series and 1.33
at 61 m. This is consistent with the section 3 result
that, for an energetic event, a variance calculated from
an individual sensor with no spike removal is about
1.6 times the associated minimum variance between
the two available sensors. Given the observed spike
density, it is estimated that, for a large-amplitude event,
at most 1% of the variance is attributable to (unde-
tectable) spikes if each spike lasts 3 ms and has an
amplitude comparable to the microstructure signal.
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