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ABSTRACT

The authors propose a scheme to test whether inversions in CTD density profiles are caused by overturning
motions (from which mixing rates may be inferred) or by measurement noise. Following a common practice,
possible overturning regions are found by comparing the observed profile p(z) and an imaginary profile p(z)
constructed by reordering p(z) to makeit gravitationally stable. Theresulting ‘‘ reordering regions'’ are subjected
to two tests.

e The “‘Thorpe fluctuation’’ profile p’(z) = p(z) — p(z) is examined for ‘‘runs’ of adjacent positive or
negative values. The probability density function (PDF) of the run length is compared with the corresponding
PDF of random noise. This yields a threshold value for rms run length within individual reordering regions that
must be exceeded for adequate resolution of overturns, taking into account both CTD characteristics and local
hydrographic properties.

e Temperature and salinity covariations with respect to density are screened for systematic CTD errors such
as those caused by time-response mismatches in temperature and conductivity sensors. Such errors may occur
as the CTD passes through water-mass boundaries, for example, in interleaving regions. Resultant spurious
inversions are avoided by the requirement of tight relationships between p, T, and Swithin reordering regions.

The tests are calibrated with examples from coastal and deep-sea environments. The results suggest that a
CTD may resolve overturnsin coastal environments where mixing and stratification are large but that noise will
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prevent overturn detection for typical CTD resolution in the weakly mixed, weakly stratified, deep sea.

1. Introduction

Studies of ocean mixing are largely motivated by the
need to parameterize the large-scale effects of mixing
in models that are too coarse to resolve the finescale
mixing processes. Traditional applications have often
involved hydrodynamical modeling, but in recent years
interest has arisen in biological studies aswell. For ex-
ample, it is thought that mixing shears may increase
larval predator—prey interactions (Rothschild and Os-
born 1988; MacKenzie and Leggett 1991) yielding a
direct link between mixing properties and biology, for
example Muelbert et a. (1994), beyond the well-
known indirect links through nutrient fluxes to phyto-
plankton growth, etc. (Sverdrup 1955; McGowan and
Hayward 1978; Cullen et al. 1983).

The length scale of motion for typical ocean mixing
intensities is small enough (of the order of afew cen-
timeters) to require specialized ‘‘microstructure’’ in-
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struments such as shear probes. Since such devices are
seldom found in standard hydrographic sampling pack-
ages, estimates of mixing are unavailable for the vast
majority of oceanographic studies. Dillon (1982) sug-
gested that this measurement gap could be spanned if
certain properties of mixing could be inferred from
readily obtained CTD measurements. Dillon pointed
out that a key property is the scale of the overturning
eddies. In stratified fluids, overturning eddies may be
revealed by density ‘‘inversions’ —regions with grav-
itationally unstable density gradients. The overturning
scale is within the sampling range of CTD probes (of
the order of afew meters), suggesting that CTD density
inversions might yield a usable signature of otherwise
unmeasured mixing. This raises the important possi-
bility of enlarging the sparse mixing database by per-
mitting mixing to be inferred in locations that have
been sampled adequately with CTDs.

Several methods have been suggested to relate mix-
ing rates to overturning properties, including the fol-
lowing:

¢ The rate of dissipation of turbulent kinetic energy
may be inferred from overturn thickness and buoyancy
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frequency N by assuming that overturn thicknessis equal
to the **Ozmidov’’ length scale (Ozmidov 1965)

(1)

(Here N is smoothed appropriately over the inversion;
see Peters et al. 1995.) Good agreement has been re-
ported between L, and an estimate of overturn thick-
ness defined by the so-called Thorpe scale L (Dillon
1982; Peters et al. 1988; Seim and Gregg 1994). [The
Thorpe scale Ly is the rms vertical displacement re-
quired to reorder the observed profile p; = p; (z) into
a gravitationally stable profile p; = p; (z) within the
depth span enclosing the overturn (Thorpe 1977).]

¢ |f overturning regions have TKE (turbulent ki-
netic energy) proportional to available potential energy
and if the TKE is dissipated on atimescale proportiona
to the buoyancy period, then the dissipation rate should
be given by

¢ = aAPEFN, (2)

where aisan empirical coefficient measured to be 2.4—
4.8 (Crawford 1986) and the APEF (available poten-
tial energy of the fluctuations) measures the perturba-
tion potential energy of the overturn (Dillon 1984):

g n
APEF = — o1 .
Npo Zl ap
Here g is the acceleration of gravity, p, is the average
water density, and p{ = p; — p; isthe *'Thorpe fluc-
tuation.”” The sum in (3) may be applied to isolated
overturns or to the whole water column.
¢ |t may be that buoyancy flux, rather than e, is pro-
portional to APEF N. Dillon and Park (1987) inferred
thisfrom the observation that APEF N was proportional
to the buoyancy flux surrogate «C,N? (« being the mo-
lecular diffusivity and C, the Cox number). This idea
is difficult to test because buoyancy flux is difficult to
measure directly (Moum 1990; Y amazaki and Osborn
1993).

The empirical value of a found by Crawford (1986)
may be explained roughly by noting that APEF
= N2L%/2 for an overturn in an initially linearly strat-
ified density profile. Thus, substituting Ly ~ Lo into
(1) yields ¢ ~ 2 APEF N. This calculation illustrates
that these methods are empirical and semiquantitative.
We also use assumptions that have not been fully tested
in the literature; for example, the ratio of TKE to avail-
able potential energy should depend on the flux Rich-
ardson number, which may not be constant.

The question of which method is most accurate, or
most useful in practice, has yet to be answered. Indeed,
we will leave this question open and concentrate in-
stead on a more basic question: how to identify over-
turning regions in CTD profiles given instrumental
noise and other constraints. Note that overturn identi-

(3)
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fication is important in each of the methods listed
above. Clearly, overturn thicknessis needed in the first
method since ¢ depends on the square of the thickness;
in the other methods, identifying individual overturns
allows calculation of mixing properties as afunction of
depth and the exclusion of the APEF of spurious over-
turns.

In this paper we outline an analysis scheme designed
to flag spurious density inversions formed by various
types of instrument noise. This scheme is designed to
reject inversions caused by noise or systematic errors.
The latter include the problem of salinity spiking as-
sociated with the mismatch in time response of tem-
perature and conductivity sensors, discussed at length
by many authors (e.g., Perkin and Lewis 1982; Horne
and Toole 1980; Topham and Perkin 1988), and the
more recently recognized problem, which occurs on
longer timescales, arising from the thermal inertia of
the conductivity cell itself (Lueck 1990; Lueck and
Picklo 1990; Morison et al. 1994). Our proposal does
not replace the need for careful data acquisition prac-
tices and for postprocessing to minimize the effects of
the af orementioned problems.

In sections 2 and 3 we outline the components of the
scheme, and in sections 4 and 5 we illustrate with oce-
anic examples spanning a representative range of mix-
ing conditions and stratification levels. In sections 6
and 7 we discuss more generally the feasibility of using
finescale properties to infer microscale mixing rates.

2. Resolution limits on overturn detection
a. Inversions and reordering regions

Buoyancy forces cause heavy fluids to sink through
lighter ones. The result is that stratified fluids at rest
have dp/0z < 0. Thus, regions with reversed gradi-
ents—so-called density inversions—are thought to
signa overturning motions.*

The idealized case of a cylindrical overturning eddy
in an initialy linear density profile yields a Z-shaped
p(2) segment. This simple picture is seldom seen in
practice, partly because turbulent overturning motions
contain motions at smaller scales (Thorpe 1984, 1985).
Although scaling laws have been proposed for early
stages of Kelvin—Helmholtz mixing (e.g., Caulfield
and Peltier 1994), many details remain to be worked
out. Nevertheless, it is clear that mixing motions have
length scales considerably smaller than the overturn
scale so that p(z) will have smaller scale variations
superimposed on the idealized Z shape. Unfortunately,
there is another factor. Instrument noise may yield pat-

! Strictly speaking, gravitationally unstable gradients will not lead
to convective overturning unless the Rayleigh number exceeds a crit-
ical value Ra, ~ 10° But Ra = gApH3(pvk)* exceeds 10° at the
limit of CTD resolution (Ap ~ 0.001 kg m~3and H ~ 0.02 m), so
al detectable inversions should be subject to overturning motion.
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terns of similar scales, making it difficult to infer over-
turns from density profiles.

In typical density profiles, the sign of dp/dz
changes repeatedly (see Fig. 1). Theresultant inver-
sions have scales ranging from a presumed eddy
scale, inferred from the general shape of the profile,
down to the vertical resolution of the instrument.
Density variations at the resolution scale cannot rea-
sonably be ascribed to mixing motions; such unre-
solvable features fall into a class that we denote as
noise.

Although density inversions suggest the existence of
overturns, they are poor measures of their depth span.
Dillon (1984) suggested that a better measure was the
scale of ‘‘complete overturns.’’ Corresponding to a
giveninversion, thisisthe minimal depth interval span-
ning all the density data that are shuffled during the
reordering process. For example, in Fig. 1 the reorder-
ing procedure identifies two regions of possible over-
turning (shown in dashed boxes). The division into
regions can be illustrated by examining the deeper re-
gion, spanning A to B. The point z = A is defined as
the maximal depth such that all the overlying fluid is
of lesser density than all the underlying fluid. Similarly,
all the fluid below z = B is denser than the maximum
density intheinterval Ato B. At therisk of proliferating
notation, we refer to such regions as ‘‘reordering
regions’ instead of complete overturns to emphasize
the computational aspect of the definition and avoid the
implication that the reordering method actually identi-
fies overturning, as opposed to noise.

b. Resolution of overturn thickness

Instrument resolution imposes basic constraints on
overturn detection. To begin with, the Nyquist sam-
pling theorem means that overturns thinner than twice
the vertical resolution 6z cannot be measured. More
robust determinations can be made if more samples are
available, leading to several rules of thumb for the min-
imum number of samples per resolved wavelength.
Koch et al. (1983) suggest that five samples are suffi-
cient, while Levitus (1982) suggests that seven to eight
are needed. An optimistic rule of thumb, then, is that
the constraint of vertical resolution allowsthe detection
of overturns no thinner than

L, ~ 56z. (4)

Another limit results from the need to measure the
density differences associated with overturns. To dis-
tinguish between the minima and maxima of a signal,
the density resolution 6p must be less than the signal
amplitude. The use of a safety margin suggests that an
instrument with density resolution 6p can measure
overturns no thinner than

op
Oploz|’ (5)

P
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Fic. 1. CTD profile in the St. Lawrence estuary (SLE) showing
measured p(2) (thick line, sigma density units), reordered profile
£(2) (thin line), and Thorpe fluctuation p’(2) = p(2) — p(2) (shaded
ared). Depths A and B span a‘‘ complete overturn’’ [Dillon’s (1984)
notation] or reordering region (our notation). A second reordering
region is delineated by the smaller dashed box above.

where 0p/0z is smoothed over a scale exceeding the
overturn scale. In terms of the appropriately smoothed
buoyancy frequency, thisis

(6)

where p, is a representative mean density. For example,
a CTD capable of resolving density differences of 6p
~ 1073 kg m~3 cannot detect overturns thinner than 0.02
mif N ~ 0.03s™* (eg., in an estuarine or coastal envi-
ronment) or 2 m if N ~ 0.003s™ (eg., in a deep-sea
environment). CTD vertical resolution lessthan 6z ~ 0.1
m implies that overturns smaller than approximately 0.5
m cannot be resolved [ from (4)]. Thus, we expect over-
turn detection to be limited equally by density and by
vertica resolution in weakly stratified regimes but mostly
by vertical resolution in highly stratified regimes.

¢. Resolution of dissipation rate

The possibility of detecting overturns in an area of
interest can be grossly evaluated if the mixing rate is
approximately known. Using (1) and assuming that the
overturn thickness equals Ozmidov scale, the minima
detectable dissipation rate can be calculated as

€, ~ 25(6z)°N?, (7)
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FiG. 2. Probability density function of the Thorpe fluctuation run
lengths for an observed profile (thick line), and with the addition of
increasing amounts of random, uncorrelated noise p, (dashed lines).
Also shown is the PDF of noise added to a linear density gradient
(thin solid line).

given the vertical resolution 6z and (4). Density reso-
lution sets the additional limit

~aZ (%Y

=4 N <P0>
from (6). Only signals exceeding both (7) and (8) can
be resolved. These criteria rely on the assumption that

Lr ~ Lo and so are meant only to be used as rough
estimates.

(8)

3. Practical overturn detection
a. Resolution versus practical detection

The resolution limits on overturn thickness (section
2b) and dissipation rate (section 2c) provide crude
lower bounds on measurable signals. However, it re-
mains to be seen whether resolvable mixing signatures
will be detectable in practice, given CTD sampling er-
rors (e.g., temperature and conductivity mismatch and
thermal lag) and the complicated nature of overturning.
Consider the rule of thumb that five to eight samples
being required per wavelength. Might five samples be
sufficient, given that the Nyquist theorem requires only
two? Or might 10 be too few to yield statistical ro-
bustness? Since more datayield more reliabl e statistical
results, caution might suggest discarding all short re-
ordering regions. But the cost of caution may beto miss
real mixing events. On the other hand, judging ques-
tionable regions to be overturns will yield mixing es-
timates that merely reflect noise. A balance must be
attained.

Ideally, the predictive power of the signatureswould
be gauged using direct measurements of overturning,
but such measurements—for example, two-dimen-
sional snapshots—are not generally available. In the
laboratory, shadowgraph visualization allows fairly di-
rect observation of overturning, but such studies are
seldom accompanied by fine structure and microstruc-
ture mixing measurements. In the ocean, there have
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been many useful profiling and towed-chain studies
(Thorpe et al. 1977; Washburn 1987; Hebert et al.
1992), some of which aso employed microstructure
sampling, but direct Lagrangian observation of over-
turning has only rarely been attempted, a notable ex-
ception being the dye injection measurements of
Woods (1968).

Lacking ground-truth measurements, we will simply
postulate signatures based on expected overturn prop-
erties and instrument difficulties. A similar approach of
postulating signatures without ground-truth testing has
been used to infer mixing properties in towed-chain
measurements (e.g., Mack 1989; Mack and Schoeber-
lein 1993). Our study issimilar in spirit. The desire for
results—in this case, to determine whether archived
CTD datamight provide information on mixing rates—
outweighs the worry of being unable to corroborate our
inferences with measurements.

In the next two sections, a suggested noise-rejection
scheme is presented. The first part is a refinement of
the depth and density resolution limits, using the ‘‘run-
length’’ statistical property. The second seeks to reject
density inversions caused by spurious T—Scovariation,
such as those resulting from mismatches in time con-
stants of temperature and conductivity sensors or from
the thermal lag of the conductivity cell.

b. Run-length test

Spurious density inversions can arise if noise is
added to a smoothly stratified profile. The run-length
statistical measure may be useful in detecting such in-
versions.

The standard statistical property known asrun length
is defined as follows. The points in a time series are
examined sequentially and adjacent values of one sign
are grouped into setscaled ‘‘runs.’” For arandom, un-
correlated time series with equal numbers of positive
and negative values, the probability density function
(PDF) of run length is

15
~
= —— Noise
10 ——— 2xNoise
S =——— Observed
P
210
B
&)
107
10—4 r T T T
0 5 10 15

Run Length

FiG. 3. Definition of run-length criterion showing run-length PDF
(thick line); the PDF of noise added to linear density gradient (thin
line) and double the latter (dashed line). The cutoff run length is
defined at first crossover point between the observed PDF and double
the noise PDF.
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FiG. 4. Comparison of water-mass criterion £ and visual scoring
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P(n) =277, (9)

where P(n) isthe probability of arun of length n (e.g.,
Larson and Marx 1986). Consider alinear gravitation-
aly stable density profile to which random density
noise is added. The run-length PDF of the Thorpe fluc-
tuation series is expected to obey (9) if the noise am-
plitude is sufficient to create inversions. In contrast, for
real overturns, the Thorpe fluctuations have along pos-
itive run in the top half of the overturn and along neg-
ative run in the bottom half. This is demonstrated in
Fig. 2, which shows the results of a Monte Carlo ex-
periment in which random noise p, has been added to
an observed profile (from the EUBEX dataset, dis-
cussed below). The observed PDF deviates from the
noise PDF, with more longer runs (and therefore fewer
short runs, since the integrated PDF isthe same for both
cases), but the addition of random noise reshapes the
PDF into (9). This example demonstrates that while
(9) is theoretically expected for a linear (reordered)
density profile, it is also a valid approximation of the
PDF expected for a typical nonlinear density profile.
Thus, the result appears to be robust.

This suggests a test for noise-induced inversions,
based on the difference between the observed run-
length PDF and (9) . With no accepted statistical model
of overturning, we have little theoretical guidance for
measuring the difference between the two PDFs. We
suggest an ad hoc scheme, in which the minimal ac-
ceptable run length is defined as the shortest run length
at which the observed occurrence rate is double that
predicted by (9). Figure 3 illustrates the criterion. Our
doubling requirement is wholly empirical and was
guided by visual inspection of dozens of reordering
ranges.

As a diagnostic of the typical run length within a
reordering region, we chosethermsvalue. Statistically,
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Fic. 5. Sample profiles used in anaysis. (&) CTD profile at the

head of the Laurentian channel in the SLE. (b) Profile 206 of the
EUBEX dataset acquired near Svalbard.

B- EUBEX

this corresponds to forming a mean value of run length,
with individual runs being weighted by the thickness
of water they represent.

The test procedure then, is to discard any reordering
regions in their entirety that have rms run length less
than the cutoff run length. The cutoff is calculated from
a sample set considered representative of the physical
regime of interest, for example, the whole CTD cast or
all casts in the geographical region.

c. Water-mass test

Density inversions that pass the run-length test are
unlikely to result from random CTD noise, but they
may result from systematic noise, such asthat resulting
from mismatches in time response of temperature and
conductivity probes or from the thermal inertia of con-
ductivity cells. The problem is worst when the CTD
passes through regions in which T and C vary rapidly

A- SLE
9 A

B- EUBEX
2 -

26 28 30 32 31 32 33 34 35
S (PSV) S (PSV)

Fic. 6. Temperature—salinity diagrams corresponding to the
profiles of Fig. 5. The dashed lines are selected isopycnals.
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than four points are shown.

(whether or not salinity varies at all). This includes
regions of density-compensated lateral intrusions, as
may be formed by double diffusion.

On a T-Sdiagram, spurious inversions may appear
as loops at the base of the near-isopycnal T—S changes
representing the lateral intrusions (see examples later)
even after all precautions have been taken during data
acquisition and careful postprocessing has been done.
It is a common practice to inspect T—S diagrams vi-
sually and to smooth the data over a scale chosen to
eliminate the loops; automated methods might examine
the scale dependence of the T—S phase relationship.
Smoothing profiles is akin to a possible conservative
approach to this problem in our context—namely, to
discard reordering regions near intrusions. Unfortu-
nately, the cost of being conservative could be to miss
overturning motions in precisely the regions of most
interest. This cost can be illustrated with two schemes
that have been used to process CTD data. First, it has
been suggested that T and C signal's should be postpro-

TABLE 1. Resolution limits for SLE and EUBEX test data.

SLE EUBEX
Vertical resolution 6, (m) 0.02 0.25
Density resolution 6p (kg m™—) 0.001 0.001
Buoyancy frequency N (s ™) 0.03 0.003
Overturn resolution L, (m) 0.1 1.25
Overturn resolution L, (m) 0.02 2
Dissipation resolution ¢, (m? s7%) 3x10°7 4x10°®
Dissipation resolution ¢, (m? s~°) 1x 108 1x1077

cessed with filters whose coefficients have the effect of
minimizing the APEF of density inversions. Clearly,
this would adversely affect the possibility of using our
technique. An even more limiting processing technique
would be to discard all density inversions, completely
erasing Thorpe-based mixing signals.

A reasonable scheme may be to discard only those
reordering regions in which alarge variation in water-
mass characteristics is observed. If aregion of smooth
T—Scovariation is subjected to an overturn, the heavy
water at the top of the overturning patch will lie on the
same T—S line as the light water at the bottom of the
patch, independent of the vertical shuffling. Thus, the
smoothness of the T—Sdiagram is unaffected by over-
turning. However, time-constant mismatches will lead
to deviations from the original T—S curve. One method
for rejecting these spurious inversionsisto perform the
reordering procedure on both p and T, rejecting reor-
dering regionsthat are significantly different according
to the two methods (Peters et al. 1995). This approach
requires matching reordering regions from the two
techniques, which may be difficult when the T and p
reordering regions lack a one-to-one mapping (e.g., a
given reordering region in one variable might span sev-
eral reordering regions in the other).

We seek to measure this T-Sdeviation in away that
is independent of the unitsof Sand T. We also seek to
acknowledge that T and S may contribute unequally to
density.

Our scheme examines each reordering region indi-
vidually. L east squares curvefitsare donefor the points
within the individual reordering regions. We use the
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FiG. 8. Reordering regions for SLE case showing (&) density profile; (b) absolute value of the Thorpe fluctuation;
(c) rms run length indicated (by vertical lines) for reordering regions with more than four points, eliminating only
inversions that fail our criterig; (d) £&+; and (€) £s. Only reordering regions that pass the run-length test are shown in
(d) and (e). Cases with run length of at least 7 and (&1, £s) less than 0.5 [shaded regions of panels (c)—(e)] are
suggested indicators of overturning. Regions labeled S,—S; are discussed in detail in the text.

simplest models of smooth T—S covariation, namely,
ps = as + bsS and pr = ar + byT. The deviations
between the observations and these lines are measured
by computing the rms values of p — psand p — pr.
These are made nondimensional by dividing by therms
Thorpe fluctuation [N™* =N, (p — p)?]*2. Roughly
speaking, the division by rms Thorpe fluctuation scales
the T and S deviations to the density amplitude of the
suspected overturn. The resultant ratios, denoted £sand
&1, respectively, are positive-definite quantities that ap-
proach O for tight T—S relationships and that exceed 1
for rather loose relationships. When T or S contributes
overwhelmingly to density variation, the larger con-
tributor tends to have low values of &, so our test is
applied to £ = max(&s, £r).

To determine a critical value of &, we visudly in-
spected the reordering regions within the SLE dataset

(described below) that passed the run-length test. In-
dividual reordering regionswere scored on aqualitative
scale from 0 to 1, according to the tightness of the T—
Srelationship. (We employed visual inspection, rather
than some numerical measure, so we could easily apply
penaltiesfor large rms deviation or large individual de-
viation.) We assigned scores below 0.5 to reordering
regions that would be discarded by the usual visual
method of rejecting regions with loops in the T—S di-
agram. The results of this scoring procedure were com-
pared with measured values of £ as a crude calibration
of our test (Fig. 4) . The correlation coefficient between
the visual score and ¢ is R? = 0.88. Based on the tight
relationship between ¢ and visual score, we assign a
critical value £, = 0.5. Only reordering regions with ¢
< & are judged to have T—S relationships sufficiently
tight to be regarded as signatures of overturning mo-
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Fic. 9. AsFig. 8 for the EUBEX case. A few reordering regions pass the run-length test

tion. A physical interpretation of this value is that it
requires the density variation about a linear base state
in T—Sspace to be less than half the typical convective
density anomaly in the suspected overturning region.

4. Test data
a. Oceanographic setting

Two CTD profiles are used for illustration (Fig.
5). The **'SLE’’ measurements were made in the St.
Lawrence estuary, Canada. The ‘‘EUBEX’’ mea-
surements were made near Svalbard (84°N, 1°E),
where warm salty Atlantic water interacts with cold
fresh Arctic water. The datasets represent opposite
ends of the mixing spectrum, SLE being a highly
stratified and vigorously mixed coastal regime and
EUBEX being a more weakly stratified and less vig-
orously mixed deep-sea regime. An additional dif-
ference is that the EUBEX measurements are in a
region of prominent interleaving (Lewis and Perkin

1983; Perkin and Lewis 1984). Thisis indicated by
large (~50 m) T variations in Fig. 5; the T-S dia-
gram of Fig. 6 makes the case more clearly, illus-
trating that the T variations are largely compensated
in density terms by Svariations.

We use a single profile for the EUBEX case, taken
using a Guildline Mark IV CTD. The details of cali-
bration and data acquisition are described in Lewis and
Perkin (1983). Inthe SLE case, more profilesare avail-
able since the experiment was designed specifically to
investigate mixing. High-resolution (6z = 0.02 m)
CTD profiles were taken at 4-min intervals using a
Guildline Mark IV CTD lowered at arate of 0.4 ms™*
in very cam seas. The drop rate was fairly constant,
and depth reversals never occurred. The sensors were
positioned at the leading end of the pressure casing to
keep them out of its turbulent wake. Only downcasts
were used, sampled at 25 Hz. ADCP shears were mea-
sured using aR& D Instruments 1200-KHz ADCP. The
Richardson number Ri(z, t) was calculated using
buoyancy frequency computed from reordered density
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profiles, smoothed with a 3-m triangular filter to match
the wavenumber response of velocity measured with
the R&D Instruments ADCP. The resultant depth res-
olution of Ri is of the order of several meters.

The SLE Ri(z, t) field has regions of low Ri (Fig.
7), indicative of the potential for Kelvin—Helmholtz
overturning and mixing. These regions are seen near
the top of the water column and between 15- and 20-m
depth. There is a reasonable correspondence between
areas of low Richardson number and regions of large
density inversions, as indicated by Thorpe displace-
ment. This preliminary comparison suggests that the
CTD is, in fact, responding to mixing signals instead
of noise. We note, however, the presence of many small
inversion regions generally removed from low-Ri
regions. A natural question is whether these inversions
are caused by noise.

b. Resolution limits

Table 1 shows SLE and EUBEX resolution limits,
following the analysis of sections 2b and 2c. The SLE
data can only resolve overturns thicker than 0.1 m and
dissipation rates greater than approximately 10~
m? s~3, with depth resolution being the limiting factor
by an order of magnitude. Resolution in the EUBEX
caseislimited almost equally by depth and density res-
olution. EUBEX resolution of ¢ is similar to that in
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SLE, but the resolution of overturn thicknessisan order
of magnitude poorer.

We must emphasize that the resolvable mixing rates
are orders of magnitude larger than the noise floor of
conventional microstructure instrumentation ¢ ~ 10~%°
m? s~3. This illustrates the important point that infer-
ence of mixing rates from finescal e observations cannot
be expected to replace microstructure instrumentation
in general; it isunlikely to be useful in regions of weak
mixing. The hope, however, is that the technique ap-
pliesin vigorously mixed regions that have been sam-
pled by CTD but not microstructure probes. The rea-
sonable depth-time correspondence of Richardson
number and large Thorpe displacement illustrated in
Fig. 7 provides a case in point.

Given these rough estimates of resolution of our
technique, might one expect to detect mixing in our test
cases? For EUBEX, the prospects are poor since the
resolution limit is of the same order of magnitude as
the average value ¢ ~ 107" m? s~ measured by Pad-
man and Dillon (1991). However, since the observed
dissipation rates sometimes exceeded the mean by an
order of magnitude, it might be possibleto resolvelarge
mixing events, implying that further consideration is
warranted. For SLE the method appears to be more
promising. No dissipation measurements are available
for SLE, but assuming tidal friction to be the source,
we estimate ¢ ~ CqU3*/H ~ 107® m? s3, (using drag
coefficient Cy ~ 1072, tidal velocity ~ 0.5m s™, and
water depth H ~ 100 m). Thus, the expected signal is
an order of magnitude greater than the resolution limit,
suggesting that the reordering method should give use-
ful resultsin the SLE case.

5. Application of criteriato test data
a. Overview

Diagnostic diagramsfor SLE and EUBEX are shown
in Figs. 8 and 9, respectively.

Several SLE inversions are easily visible. A promi-
nent example is associated with the reordering region
marked S;, at 14-m depth. Casual inspection reveals
that the density anomaly is of order 0.1-1 kg m™3,
clearly above the instrumental resolution of about
0.001 kg m=3. Furthermore, the O(1)-m thickness
greatly exceeds the CTD depth-resolution limit of
0.02 m. Thus, the inversion is well above the limit of
resolution. The absence of density variations of similar
magnitude in the rest of the profile suggests that the
inversion is not caused by noise. Furthermore, exami-
nation of Figs. 5 and 6 shows that this inversion does
not deviate from the overall (linear) T—Srelationship,
eliminating the possibility that it results from temper-
ature and conductivity sensor time-constant mis-
matches. These considerations strongly suggest that the
reordering region S; signals actual overturning maotion.

Other reordering regions in the SLE case are harder
to detect visually. For example, Fig. 8b shows apparent
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overturning in aregion extending approximately 10 m
below the reordering regions S; and a thinner reorder-
ing region at about 39 m.

There is little visua indication of inversions in the
EUBEX density profile in Fig. 9a, although the other
panels of the figure indicate many density inversions.
Some of the reordering regions are much too large to
represent individual overturns. For example, consider
the reordering region covering a 400-m span near the
bottom of the profile. According to (1), a cylindrical
overturn this thick embedded in a region with N
~ 0.003 s~* should have dissipation rate e ~ 4 x 1072
m? s~2. This cannot be reconciled with observed val-
ues, which arethreeto four orders of magnitude smaller
(Padman and Dillon 1991), implying that the long re-
ordering regions must result from noise and should be
discarded. Still, might the less dramatic reordering
regions result from actual overturning? The next sub-

sectionsillustrate how our tests may help to answer this
question.

b. Run-length test

The Thorpe fluctuation run-length PDF for the sam-
ple profiles of Fig. 5 is shown in Fig. 10. The dashed
lines indicate the PDF of random noise calculated with
(9). For short runs, the observed PDF is very similar
to the noise PDF. These short runs are therefore indis-
tinguishable from noise. In contrast, long runs are much
more frequent than would be expected for noise-in-
duced inversions. In both SLE and EUBEX, runs
longer than about 7 occur twice as often as would be
expected if the inversions had been caused by random
noise added to an inversion-free profile. Therefore, we
consider runs shorter than 7 to be indistinguishable
from noise and regard the reordering regions with rms
run length smaller than 7 as being spurious.
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The two SLE reordering regions marked S, and S,
on Fig. 8 areillustrated in greater detail in Fig. 11. The
rms run lengths are respectively 2.9 and 1.2, substan-
tially lower than the cutoff value. Both reordering
regions S; and S, are thereforerejected in their entirety.
Visua inspection of the Fig. 11 density profiles sug-
gests that these reordering regions might result from
random density perturbations added to weakly stratified
profiles, with the Thorpe fluctuations being aterna-
tively positive and negative. Furthermore, the Thorpe
fluctuations p’ in S; are comparable to the CTD reso-
lution (6, = 0.001 kg m~2) so that S, fails the density
resolution requirement of (6), given the low value of
N. [We have found that reordering regions near the
(6z, 6p) resolution limitsusually fail the run length test,
although it is prudent to first reject any reordering
regions having rms Thorpe fluctuations near 6p or
Thorpe scales near 6z.]

It is worth noting that the 400-m-thick reordering
region near the bottom of the EUBEX profile has an
rms run length that fails our test. The entire reordering
region istherefore rejected. Unfortunately, overturning
is not resolvable in this depth span because noisein the
density measurements creates an apparent instability
that requires the entire 400-m span to be used in order
to sort it to monotonically increasing density. Another
diagnostic test that also flags this reordering region as
being questionable is the ratio of Thorpe scale to the
depth span of the reordering region. For a Z-shaped
inversion, thisratioisof order unity. For this case, how-
ever, the ratio is about 0.02.

c. Water-mass test

Two reordering regions that pass the run-length test
but fail the water-mass test are shown in Fig. 12. Al-
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though no visible looping is seen in S, the jagged T—
S offset appears to indicate that the reordering region
contains more than one water mass. Perhaps this is
caused by sensor mismatch and could be sufficiently
reduced by some data postprocessing to pass our water-
mass test. This is a reminder that our criteria are de-
signed to reject inversions associated with sampling er-
ror and not to fix these errors.

The E; case is a thick reordering region, spanning
20 m vertically, located at the core of an interleaving
water mass (see Fig. 5). The T-Sdiagram has a prom-
inent loop at this location, a classic signature of spu-
rious density anomalies resulting from temperature—
conductivity sensor mismatch. Such loops trandate
into asmoothly varying top-heavy signature on density
profiles that might appear to be a cleanly sampled over-
turning region. Case E; is thus a good illustration of
oneintention of the water-masstest—to reject spurious

overturns caused by temperature—conductivity sensor
mismatch.

d. Examples of acceptable reordering regions

Two examples illustrate the T-S and p(z) charac-
teristics of reordering regions that pass the proposed
tests (Fig. 13). Each easily meets the resolution re-
quirements, being about 1 m thick, with Thorpe fluc-
tuation of approximately 0.1 kg m~3. The rms run
length in each case is about 20, far in excess of the
minimal acceptable value of 7 (Fig. 10). The density
profiles roughly follow the Z-shaped pattern expected
for cylindrical overturns, with the top half of the reor-
dering regions consisting of heavier water and the bot-
tom half of lighter water. The T—S relationship within
these reordering regionsis tight, the ¢ values, 0.03 and
0.05, being very low.
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6. Discussion

The EUBEX case contains many reordering regions
that might be taken as overturning signatures if no cri-
teriawere applied other than the mere existence of den-
sity inversions. However, none of these passed our run-
length and water-mass tests (Table 2). The run-length
test rejected many reordering regions appearing in
areas of low stratification, including a dramatically
thick 400-m reordering region, which we know cannot
have resulted from a single overturn (based on energy
constraints). The remaining reordering regions are
mostly located at interleaving locations. The water-
mass criterion rejects all of these, and visua inspection
of the T—S diagrams confirms the presence of looping
characteristic of time-constant mismatches. Thus, as
expected from our initial estimates of resolution con-
straints, inference of mixing from CTD signals is not
possible in the EUBEX case.

The SLE case, by contrast, appears to have large
enough mixing, high enough stratification and fine
enough depth—density resolution to allow inference of
mixing from the reordering technique. Again, thisisin
line with our preliminary resolution estimates.

However, it should be emphasized that many SLE
reordering regions failed our tests, suggesting that cau-
tion must be exercised even in resolvable regimes. Fig-
ures 14 and 15 illustrate this.

Figure 14 isin the same format as Fig. 7 except that
the Thorpe displacements are only shown for accepted
reordering regions. Comparison of the figures illus-
trates clearly that many small reordering regions have
been eliminated, particularly in the regions of large
Richardson number, where mixing is not expected to
occur. Thisimproved correspondence between regions
of low Ri values and our revised estimate of mixing
locations is encouraging.

Histograms of a surrogate for mixing intensity fur-
ther support the suggestion that our procedure has suc-
cessfully regjected spurious inversions. Figure 15a
shows the SLE distribution of APEF N, which is pro-
portional to e according to (2). The histogram for all
the reordering regions is less symmetric than the his-
togram of those that pass through our noise-rejection
filters, which is in line with the expected lognormal
distribution of mixing signals. The prefiltered histo-
gram is strongly skewed toward small values of APEF
N, or small mixing values. Since APEF = L2N?/2 for
acylindrical overturn, and since the N in the reordering
regions was fairly constant (about 0.015 s™*, with an
interquartile range of 50%), we interpret the histogram
as being skewed to small values of Thorpe scale L.
To investigate this further, we assumed Lt ~ L,éz,
where L, is the run length distributed according to the
noise PDF (9). Converting the PDF to a histogram by
using a scale factor to match the observed number of
reordering regions, we derive the noise histogram
shown in Fig. 15b. This curve is in good qualitative
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TABLE 2. Results of filtering reordering regions.

Number of reordering regions SLE EUBEX
In total 1640 110
With n > 4 points 560 27
As above plus passing run-length test 84 3
As above plus passing water-mass test 59 0

agreement with the histogram of discarded reordering
regions, also shown in the figure. Both histograms are
strongly skewed to low mixing rates, with a cutoff
value at APEF N ~ 107 °-10"m? s~3. The similarity
of the noise histogram and the rejected histogram, to-
gether with the marked difference between each and
the filtered histogram in Fig. 15, further supports our
contention that our filtering process rejects spurious in-
versions.

It is worth noting that the log-mean value of prefil-
tered and filtered APEF N histograms differ by over an
order of magnitude, so that ¢ will vary by the same
amount and so will the vertical eddy diffusivity K,.
Thus, processing the complete set of reordering
regions, even in a nominaly resolvable dataset like
SLE, could yield inaccurate results.

7. Summary and conclusions

We have outlined a procedure that indicates when
mixing conditions can be inferred reliably using a re-
ordering technique.

Thefirst step isto examinethe preliminary resolution
requirements on overturn thickness and dissipation
rate, which are easily calculated [e.g., Table 1; Egs.
(4),(6),(7),and (8)]. Incaseswhere these resolution
limits exceed expected signal amplitudes, there may be
little point in going through the reordering analysis. In
cases that appear to be resolvable, we suggest two fur-
ther tests to reject reordering regions that cannot be
distinguished from noise.

The second step is to calculate the run lengths of
Thorpe fluctuations in sample representative density
profiles. By comparing the PDF of this quantity to the
PDF for density noise added to alinear, gravitationally
stable profile, we derive a threshold run length (e.g.,
Fig. 3). Reordering regions with rms run lengths below
thislimit are discarded, since they are indistinguishable
from the result of random noise in regions of low strat-
ification. This selection procedure is potentialy very
useful, because regions of low N2 are often regions of
low Richardson number, where one might expect mix-
ing to occur. Thus, we hopethat the run-length criterion
will reject spurious mixing signals that might otherwise
be regarded with little suspicion.

The third step in our analysis eliminates remaining
reordering regions caused by systematic, rather than
random, CTD errors. In particular, we hope to discard
inversions caused by T—S *‘looping’’ associated with
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Fic. 14. Asin Fig. 7 but for reordering regions that pass our quality tests. Note the improved
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time-constant mismatches in sensors. Our method ex-
amines the T and S contributions to p independently.
We require that variation about a linear T-S model be
small, in density terms, compared to the overhanging
density anomaly of the inversion itself. Thus, we hope
to accommodate situations of arbitrary density ratio,
allowing application in interleaving regions.

Our test procedure was calibrated with examplesrep-
resenting opposite ends of the application spectrum: 1)
a highly stratified, vigorously mixed, coastal environ-
ment and 2) a weakly stratified, weakly mixed deep-
ocean environment. Our test cases also span the range
of CTD resolution, the coastal case having fine reso-
lution and the deep-sea case having coarse resolution.
Our preliminary comparison of resolution limits and
expected mixing signals suggested that the reordering
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Fic. 15. (a) Histograms of surrogate for dissipation rate for all
reordering regionsin SLE (thin line) and for just those that pass our
noise-rejection tests (thick line). (b) Histogram for noise (thick line)
compared to histogram of rejected reordering regions (thin line).

technique would fail in the deep-sea case and work in
the coastal case. This prediction was correct. The deep-
sea case had no reordering regions that our tests could
distinguish from noise or systematic T-C errors. In
contrast, the coastal case showed many reordering
regions that passed our tests. Encouragingly, these ac-
cepted reordering regions are predominantly found in
regions of low Richardson number where mixing is ex-
pected. This point is made clearly in Figs. 7 and 14.
Furthermore, the histogram of APEF N, a surrogate for
dissipation rate, was roughly lognormally distributed
but only after spurious reordering regions had been re-
jected (Fig. 15). These results suggest that our proce-
dure is effective in rgjecting spurious inversions in
CTD profiles and that reordering regions that pass our
tests are likely to represent actual mixing events.
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