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ABSTRACT

The time sequence of events that lead to internal wave breaking and ocean
turbulence is investigated. Data are obtained from depths 100400 m with a
repeat profiling CTD and a coded-pulse Doppler sonar. The instruments were
deployed from R/P FLIP during February—March 1995 while stationed 30 km
west of Point Arguello, California, as an aspect of the Marine Boundary Layer
Experiment. Although the water depth at the site is 1500 m, both rms shear and
diapycnal diffusivity, asinferred from the average rate and size of overturning
events, increase with depth below 250 m. A deep source of wave energy is
implied.

Depth-time series of 6.4-m shear S, 2-m strain (y = N%/N2, where N is the

buoyancy frequency), 6.4-m gradient Richardson number Ri = N%/<2, and 2-m
“effective strain rate”

aw 1y

iz Y
(the depth derivative of CTD-inferred vertical velocity W) are obtained at 4
minute intervals over a 9-day, 100400 m domain. The occurrence of
overturns, static instabilities of vertical scale =2 m in the observed density

profiles, is monitored. Data are examined in both Eulerian and isopycnal-
following (semi-Lagrangian) reference frames.

Over two thousand overturns are detected and mapped relative to the
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low values of 6.4-m Ri and overturnsis indeed significant. However, 2-m strain
and effective strain rate appear to be better indices of overturning: y = 2 in 60%
of al overturning events, and |[##%/3z| is greater than average in 80% of
overturns.

. Robert Pinkel

Depth—time maps of effective strain rate show wavelike features on vertical scales 5-20 m, which extend coherently
across isopycnal surfaces. Time series of depth-averaged #W/dz variance (expressed as a dissipation rate), and depth-
averaged dissipation rate £, estimated from observed overturning scales are highly correlated. Time-mean /=86

x 10 ° W kgL, implying an eddy diffusivity R; =0.89 x 10 % m? s L. Mean dissipation rate and diffusivity

computed from 10-m shear display comparable magnitude (Z1w = 6.8 x 102w kg_l, R; =0.70 x 10 4 m? s_l) and

similar dependence upon mean stratification and shear to the overturn-inferred quantities. It is suggested that the
overturns seen at this site result from breaking of these high @%/dz waves.

1. Introduction
a. Focus

Ocean mixing in double-diffusively stable regions of the thermocline is thought to be accomplished through dynamic
instability of finescale motions. Gravitationally unstable regions (“overturns’) are produced, which subsequently collapse,
dissipating mechanical energy and diffusing scalar quantities. The vertical fluxes produced by this mixing are of importance
in maintaining global balances. Proper parameterization of dissipation rate in general oceanic environments requires an
understanding of the governing factors. With this as a goal, we present simultaneous observations of overturns and the
finescale conditions that accompany them. The issue of flow context is central.

Overturns can result from Kelvin-Helmholtz (K—H) or shear instability (Miles 1961; Howard 1961), the convective
instability of internal waves (Orlanski and Bryan 1969), and several other mechanisms. The objective of this study isto
identify the processes that lead to instability. We focus on the phenomenon of (meter scale) overturning rather than the
measurement of (centimeter scale) microstructure. Observations of overturning and of microstructure offer complementary
views of the mixing process. To oversimplify, we view the overturns as an early phase of the instability and the
microstructure as the aftermath. (Microconductivity data from this experiment are analyzed in a companion paper.)

Overturns are monitored over a 300-m vertical extent for nine days in March 1995 in a strongly sheared, coastal
environment. Depth—time fields of 6.4-m Ri, 2-m strain y, and a quantity termed the 2-m “effective strain rate” W/dz are
also measured with the overall aim of determining the relationship between these finescale quantities and overturning.

The paper is organized as follows. Section 2 provides an overview of conditions and observations made during the
experiment, as well as a description of the methods and definitions used. Section 3 focuses on depth-time maps of Ri, y, and
ank/az for a representative 12-h period. Locations and times of overturns are overplotted, allowing visual determination of
the finescale conditions that accompany them. In section 4, probability density functions of these quantities are produced,
using the complete dataset as well as subsets of the data where overturning is observed. In addition, related PDFs are
computed using data sampled just before, and just after, overturns. This statistical approach corroborates the qualitative
conclusions drawn from section 3. Section 5 examines time series of severa indirect estimates of depth-averaged dissipation
rate. Section 6 discusses the dependence of overturning, and resulting mixing, upon instantaneous and mean stratification.
The relative contributions to total mixing from overturns of varying size and background stratification are presented in
section 7. Section 8 is a summary. Conclusions are presented in section 9.

b. Background

A pioneering study of mixing and its finescale context was conducted by Gregg et al. (1986), who tracked a persistent
mixing patch, 5-10 m thick, for several days. It appeared to be associated with a near-inertial feature. The patch was
centered, during most of its lifetime, on the velocity maximum of the feature, not the shear maximum. Gregg et al. (1986)
suggested that the near-inertial wave provided a preferentia site for instability of smaller-scale internal waves.

Marmorino et al. (1987), using Doppler sonar and towed thermistor chains, monitored meter-scale temperature
fluctuations as well as larger-scale variations (7-50 m) in shear and Richardson number. They observed a number of regions
of intense temperature fluctuation similar to the one observed by Gregg et al. (1986). These also had 5-10 m thickness and
existed within a near-inertial wave packet. Within the patches 1-3 m overturns were observed. The patches were associated




with high shear and with values of 7-m Ri lower than one.

In addition to the near-inertial groups, Marmorino et al. (1987) observed small-scale internal wave groups (e.g., their Fig.
6a ©=). The groups had vertical extent 5-8 m and horizontal wavelength 20-30 m. One-meter temperature inversions
observed within the groups were interpreted as evidence of wave breaking. Observed 7-m Ri in this region was greater than

unity.

Hebert et al. (1992) observed a 22-m overturn above the core of the equatorial undercurrent. Using towed thermistor data,
they showed that it was associated with low Ri and high internal wave strainy = N%/N?, where

is the buoyancy frequency (their Figs. 2a ©= and 3c ©=). A packet of high frequency (o = N/2), high vertical
wavenumber (m = 1/100 cpm) internal waves was also present. High correlations were observed between dissipation rate
and the presence of these waves (Moum et al. 1992). The authors concluded that instability associated with the waves
generated the overturn. However, they were unable to determine the specific instability mechanism responsible.

In parallel with these observations, theoretical studies by Henyey et al. (1986) and Broutman and Y oung (1986) have
explored the processes that transfer energy from the larger-scale flows to breaking scales. The vertical scale of interna
waves can be reduced through refraction by the “background” flows of larger-scale waves (Henyey et al. 1986; Broutman
and Young 1986). Their Eikonal approach involves injecting “test waves” into a Garrett and Munk (1975) background
wavefield (Henyey et al. 1986) or into a near-inertial wavefield (Broutman and Y oung 1986), and tracking the resulting
changes in wavenumber and frequency.

It has thus far been difficult to resolve small-scale internal waves in the ocean and to verify whether this mechanism is the
dominant cascade process. However, the Eikonal approach provides an important intellectual context for this work.
Observations are here presented of small-scale propagating disturbances with some of the same characteristics as these “test
waves.”

2. Observations and methods
a. Experiment

An eight-beam Doppler sonar system and a repeat-profiling CTD (Fig. 1 ©=) were operated from the Research Platform
FLIP during the first leg of the Marine Boundary Layer Experiment (MBL |, Feb—-Mar 1995). The experiment was sited
approximately 30 km west of Point Arglello, California, in 1.5 km of water (Fig. 2 ©=). FLIP was secured with a one-point
mooring during the first part of the experiment (Fig. 2 ©=). Five days before the end of the experiment, on 6 March
(yearday 66), the mooring was released and FLIP drifted freely toward the northwest.

The 9-day mean buoyancy frequency profile (Fig. 3 &=, heavy line) peaks at 7 cph at 30 m, dropping approximately
exponentially to 2 cph at 400 m.

Mean velocities relative to FLIP are computed over the moored portion (yearday 59-66) of the experiment (Fig. 4 ©=,
heavy solid ling), the drifting portion (yearday 66-68, heavy dashed line), and the 12-h period from yearday 67.5-68 (light
black line). The moored averages reflect the presence of a persistent westward “jetlike” flow: at times, observed surface

currents during the experiment exceed 1 m s L. While drifti ng, FLIP approximately follows the depth-mean current from O
to 90 m (Smith 1998). During this period, currents relative to FLIP from 100 to 400 m are smaller than during the moored

period, but still appreciable (10 cm s 4.

MBL | is an energetic, coastal site. Strong shears, large baroclinic tidal displacements, and frequent overturns are
observed, making it an ideal location for a mixing study. An awareness of the differences between MBL | and more typical
conditions is, however, essential. To illustrate, the depth dependence of shear squared and the tidal displacements are
discussed here briefly.

Garrett and Munk (1972, 1975; henceforth GM75) synthesized numerous observations to provide a characterization of

“typical” open ocean conditions. To compare MBL | shears with GM75 conditions, 6.4-m Lis plotted as a function of
mean buoyancy frequency N (Fig. 5 ©=). Profiles are multiplied by 1/(0.6) to account for biasing due to horizontal




separation of the sonar beams (appendix A) and corrected for attenuation by the first-difference operator. At al depths, £

(N) is significantly above GM levels (dotted line). However, observed (N) ~ N for N = 2.75 cph (depth = 250 m).
Below this, shear increases with depth (decreasing N), departing from the GM 75 standard.

Doppler sonar records often suffer from increased noise at great range as the strength of the returned signal falls. If the
observed deep elevated shear were due to instrument noise with a white frequency spectrum, the shear variance should
decrease by afactor of 6 and 30 as the time-averaging is increased from 4 min (right) to 24 min (middle) to 2 h (left). The
decrease is, in fact, much less, indicating that the frequency spectrum of the observed shear is red, not typical of noise.
Visual examination of individual velocity profiles (Fig. 9 ©=) provides additional confidence that noise is not dominant.

Increasing 2 with depth below 250 m is arobust feature of the MBL | site, presumably due to bottom-generated motions.

In addition, baroclinic tidal activity is much stronger in MBL | than typically seen in the open ocean. During the spring tide
of early March (yearday 59-62, Fig. 6 ©=), 40-m vertical displacement of isopycnalsis observed at depths of 100200 m.
Heightened potential energy due to the displacements (black contours) is associated with a discrete tidal ray emanating from
nearby topography.

b. CTD observations

The CTD, amodified Sea-Bird Instruments SBE-9, profiles the upper 415 m of the water column every 4 minutes. The

fall rate of the instruments is approximately 3.6 m s L Atthisrateit is not necessary to pump the conductivity cell to assure
adequate flushing. Data are sampled at 24 Hz, providing a measurement every 15 cm. Only the downcast of each drop is
used for analysis; during the upcast the sensors are in the wake of the package. A Macintosh computer controls the CTD
winch, reads and stores the data, and displays them in real time. An external clock ensures that the profiles are synchronized
to the sonar, as well as to other onboard sensors.

To reduce the effects of salinity spiking, the cross-spectrum between conductivity and temperature is estimated, using
data from aregion of near-uniform salinity. The magnitude and phase of conductivity are then altered to match those of
temperature. The data are corrected for effects of the thermal inertia of the conductivity cell, as described in Lueck and
Picklo (1990) and Morison et a. (1994). Temperature and conductivity are then low-pass filtered with a 2-m cutoff, and
sdlinity and density are computed. The matching technique is described in more detail in Anderson (1993) and Sherman

(1989).

c. Overturns

The CTD data are used to form time—depth series of density, buoyancy frequency, isopycnal depth, strain, and effective
strain rate as described below. They also determine the locations of overturning events.

The Thorpe scale L (Thorpe 1977) is a useful indicator of both the location and vertical extent of overturning regions.

Within observed density inversions, data are sorted to reestablish a monotonically increasing profile. The Thorpe
displacement Th(z) is the vertical distance each parcel of water must be moved to restore it to a stable position in the water
column (Fig. 7 ©=). Thus Th is zero except in the vicinity of density inversions. There, it is an objective measure of vertical
excursions within the overturn. Other useful overturn statistics include the maximum displacement L and the patch size

Lp, defined as the region over whichZ (Th) = 0 (Seim and Gregg 1994).

In practice, it is often difficult to determine whether observed density inversions are in fact statically unstable overturns.
There are two main challenges. First, random noise in the temperature and conductivity sensors can introduce unphysical
inversions. These might appear in low-temperature-gradient regions, where small sensor-induced fluctuations are
comparable in magnitude to the true background gradient. Second, salinity spiking can create spurious inversions in density.
Spiking can be detected either by examining water-mass characteristics in the immediate vicinity of the inversion, and
insisting on atight T-Srelation (Galbraith and Kelley 1996), or by requiring that Thorpe displacements be nonzero in both
temperature and density (Peters et al. 1995).

To maximize confidence in our determination of overturning, temperature, conductivity, and density profiles are
independently sorted and Thorpe displacements computed for each. Only regions for which the conductivity- and density-
based Thorpe displacements are comparable to the temperature-based Thorpe displacement are classified “overturns.” These
regions are characterized using the temperature-based Thorpe displacement, rather than the density-based one, to exclude
noise introduced in the density calculation. By requiring that inversions be present in both temperature and conductivity
records, we minimize the influence of random noise in the sensors. In fact, nearly every observed inversion in temperature is
accompanied by one in conductivity. Insisting that both temperature and density invert ensures neither lateral intrusions nor
salinity spiking contaminates the overturn record. Given this cautious approach, we may not have caught all of the overturns



but are confident that we have not introduced spurious ones.

A sample (large) overturn, which passed these tests, is shown in Fig. 7 @=. Unfiltered (15 cm) conductivity and
temperature are converted to equivalent densities and plotted on the same axis as density. The sorted density profile is
overplotted. Calculated Thorpe displacements are shown to the right. Despite the higher resolution of the unsmoothed
temperature and conductivity relative to density, all three profiles show similar Thorpe signatures.

Stable (salinity compensated) temperature inversions are common at the MBL site, particularly above 200 m. We restrict
guantitative studies to the range 200-350 m to minimize concerns of intrusive contamination.

To produce depth-time maps of overturning, profiles of Th are initially formed. A list of time-depth pairs is then created,
documenting each region in which the maximum Thorpe displacement L exceeds 2 m. In all, 2227 overturnswith L

= 2 m were detected over the 9-day period (yearday 59-68), between 200 and 350 m. These occupy 3.06% of the sampled
water column (Table 1 ©=). During the 12-h period (yearday 67.5-68.0) highlighted in this work, 330 overturns with L max

= 2 m were found (Table 2 ©=). They occupy 2.96% of the water column.

The probability density of L. for the 2227 overturns is presented in Fig. 8 C=. The PDF falls off for L, <15 m,
reflecting our minimum size cutoff. For L = 1.5 m, the distribution is consistent with the tail of alognormal distribution
(dashed line), with o, 0g,Le = 0.37, log oLy =01 Lognormal distributions of L. are typically observed (e.g.,

10T
Wijesekera et al. 1993; Moum et al. 1992).

d. Sonar observations

The Doppler sonar, designed and constructed at the Marine Physical Laboratory of Scripps, was mounted on the stern of
FLIP at approximately 87-m depth (Fig. 1 ©=). It consists of four upward-looking (170 kHz) and four downward-looking
(140 kHz) beams directed 30° from vertical. Only the downward-looking portion of the sonar data is used here. A repeat
sequence code (Pinkel and Smith 1992) consisting of four repeats of a 7-bit Barker code is transmitted. The bandwidth of
the transmitted code is 16.6 kHz. Vertical resolution is 3.2 m (however, data are sampled every 1.6 m). Transmissions are
made every 1 s, and estimates recorded every minute. To improve precision and to enable integration with CTD data, 4-min
averages are subsequently formed. These are aligned in time with the downward section of each CTD profile. The rms

precision of these 4-min averages, estimated from frequency spectra, is 1.1 cm s L. The usable range of depths sampled by
the downward-looking sonar is 100-500 m. Horizontal velocity estimates are computed by averaging back-to-back beam
velocities. Shear magnitude, S, is computed by differencing velocities over 6.4 m and then smoothing with a 6.4-m
convolution filter.

A sample of full (3.2 m)-resolution velocity datais displayed in Fig. 9 ©=. Twenty profiles of zonal velocity spanning 80

min near yearday 67.9 are plotted, offset by 5 cm s 1. Notethe reproducibility of small-scale velocity features from profile
to profile.

The high quality of the MBL sonar enables the present examination of finescale Ri. Still, two aspects of the sonar affect 4
(and therefore Ri) estimates. The horizontal separation of the beams biases S? low since shear on horizontal scales

comparable to the beam separation is underrepresented: |nstrument noise biases S high. These competing effects are
discussed in appendix A.

e. Finescale quantities

Estimates of the 6.4-m Richardson number are formed from the combined CTD and sonar data. Profiles of buoyancy
frequency N are formed by differencing the sorted density profiles, then smoothing with a 6.4-m Butterworth filter. This
procedure ensures that the two constituents of Ri have similar bandwidth. Variationsin N are comparable to those in Sin
producing 6.4-m Ri fluctuations.

We wish to monitor fluctuations in finescale quantities in both Eulerian and isopycna following frames. The Eulerian time
series of athermocline variable reflects tempora and spatia variability; that is,

90 DO
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When V0 has finescale irregularities, the time series is termed “fine-structure contaminated.” With a continuous depth—
time view, we can alter the concept of an Eulerian time series to avoid “contamination.” Specifically, we define the Eulerian
time fluctuation of a variable at depth z, relative to its time mean, where the mean is taken along the isopycnal, which is

passing through z_ at that instant.

As an example, consider an Eulerian temperature record under this definition:

j:liul(f, z) = I,z

=="" 1
T'(p(t, 2)) (1)

where f"Eul indicates whether the various isopycnal surfaces passing through z, are warmer or colder than their

respective long-term average values. In the absense of lateral T-S variability, mixing, and radiative transport an Eulerian
temperature record is constant. The signature of vertical advection is absent.

In like manner, we consider the anomaly in strain

N=2(t, 2)
Yeull, 2) = | == (2)
N (p(t, z))
and squared shear
ral Sz f', :
‘S‘Elll(r! E} = —.J(—) (3)
S(p(t, 2))

The Eulerian Richardson number is simply related to the strain and shear anomalies:

N> _N(pt,2) 4,
P Eu ISl:.{- (4)
2 Sp(, 2)

I
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It is aso instructive to examine time variability in a semi-Lagrangian (isopycna following, s-L) reference frame. The s-L
frame is established by a set of reference isopycnals, {p;}, whose mean depths are separated by 1 m. The depth z(t, p,), and
displacement 5 (t, p,) = z(t, p;) — E(pi), of each isopycnal are computed from each density profile (after sorting to remove

inversions) by linear interpolation. Observations are expressed in an s-L frame by linear interpolation of the Eulerian data to
the depths of the specific reference isopycnals.

It is convenient to define s-L strain slightly differently than in an Eulerian frame (Pinkel et al. 1991). Between any two
time series of isopycnal depth z(t, p;) and z(t, pj), the normalized depth difference is given by

Az (1) ozt p) — z(t, py)

where z is the mean depth of the pair and Az is the mean separation. The finite difference strain is defined in terms of the
normalized isopycnal separation:

y(t,Z) = y,(0) = (5)

| -
V) = v, — 1 = =(Az,,(1) — Az). (6)

-

Positive values of strain (normalized isopycna separation greater than one) refer to isopycnals farther apart than average.

An “effective strain rate’ can be defined as



oz az az Y ol

To estimate this quantity, strain observations are differenced in time and divided by the normalized separation. Precision of
y and dW/az estimates is discussed in appendix B.

The lateral advection of horizontal structure complicates interpretation of this strain rate. In fact,

aw  dw
; = F + ﬁfaz{u . v”n]* (8)

Specific acknowledgment of the advective presence in these data distinguishes our “effective strain rate” from the true
“vertical divergence” dw/dz as considered in Sun and Kunze (1999), for example.

3. Depth—time maps

a. Eulerian maps

Representative 12-h depth-time series of Eulerian 2-m strain y,, 6.4-m shear squared anomaly ngul' and 6.4-mRi Ri

are presented in Fig. 10 @=. Twenty-three such 12-h periods have been examined. One hundred and eighty 4-min profiles
compose each 12-h map.

Two-meter Eulerian yg,, (Fig. 10a =) represents the distortion of the water column by passing waves. (It is also

affected to a smaller degree by lateral intrusions—see appendix C.) By and large, strain features advect vertically with the
displacement field. However, some cross-isopycna migration is seen (this aspect of the strain field will be seen more clearly
in the s-L view). Notice the tendency of overturns (yellow—green dots) to lie in regions of high strain, low N.

The 6.4-m §2Eu| is characterized by “layers’ of several hours duration (Fig. 10b ©=). These are advected vertically by the

isopycnal displacement field, as observed by Anderson (1993). High frequency features are reproduced in the shear and
displacement fields (e.g., the “wiggles’ at yearday 67.63—67.65, 150 m).

Contributions to Ri may be examined separately in Figs. 10a and 10b ©=; jointly in Fig. 10c ©=. Layers of low Ri advect
vertically with time with an apparent (advection affected) timescale of a few hours. By and large, these layers follow
isopycnal surfaces. However, there are notable exceptions, which will be more apparent in the close-ups and s-L. maps,
which follow.

Many overturns (black dots) liein regions of low 6.4-m Ri (e.g., yearday 67.93, 350 m, yearday 67.93, 350 m and
yearday 67.94, 300 m). Larger-scale internal waves vertically advect the latter region and associated overturns. The large
overturning region beginning at yearday 67.75, 375 m is centered on alow Ri, high shear layer but moves relative to it.

Some layers of 6.4-m Ri remain low for hours without any observed 2-m overturning (e.g., yearday 67.8-67.9, 350 m).
The Richardson number Ri must remain subcritical long enough for instability to develop, atime of order 4/(|§ — 2N) (Hazel
1972). Therefore a one-to-one relationship between low Ri and overturning is not expected. For example, Kunze et al.
(1990) noted alack of 1-m overturns in unstable 1-m Ri regions. But the lack of 2-m overturnsin low 6.4-m Ri regions is
surprising. Assuming that there is active overturning, which we do not resolve, a significant separation between the scale of

the unstable Ri and that of the resulting instability is implied. Alternately, Ri < R ¢ (Where Ri . isacritical Richardson
number) may be necessary, but not sufficient, for instability, as suggested by linear theory (Miles 1961; Howard 1961).

Seventy-four percent of overturnslie in regions of 6.4-m Ri = 1, 50% where 6.4-m Ri = 2. Regions at (yearday 67.75,
150 m), (yearday 67.95, 160 m), and (yearday 67.73, 340 m) are examples. Many such overturns lie in regions of either
high strain or high effective strain rate magnitude (described below).

Recall that shear variance estimates (on which 6.4-m Ri is based) are increased by instrument noise and decreased by the
finite beam separation of the sonar (appendix A). Our 6.4-m Ri estimates might be large by as much as a factor of 1/(0.6)
relative to a“true” 6.4-m Ri estimate.

In addition, vertical resolution is a concern: Ri decreases with decreasing vertical scale (e.g., Kunze et a. 1990).
Assuming a*“canonical” shear spectrum white out to vertical wavenumber m = 0.1 cpm and falling off as m * thereafter
(Garoett et al. 1981), 6.4-m S is only 55% of 2-m . Nevertheless, the observed large-scale patterns are intriguing. Is




(unresolved) shear between 6.4 m and 2 m sufficient to trigger 2-m overturns? The observations of extended regions of low
6.4-m Ri with no 2-m overturning, by contrast, are robust with respect to instrument concerns.

Apparent time variability in Fig. 10 ©= and subsequent figures is due to true temporal modulation, mixing, and the

advection of features past FLIP. Relative currents are 20 cm s 1 toward the south-southwest during this period (Fig. 4 ©=).
In the absense of intrinsic temporal changes, an observed hour-long feature would correspond to a 720-m-long structure

drifting past at 20 cm st Attempts in later sections (3d and 4b) to assess the relative contributions of intrinsic and
advective variability suggest that neither can be ignored.

b. Case studies of instabilities

It is of value to examine individual overturning events in detail. In Fig. 11 ©=, we present close-ups in depth (i 50 m)
and time (ﬂ 3 h) centered around three different overturning events seen in Fig. 10 ©=.

Figure 11a ©= shows a series of overturning events associated with low 6.4-m Ri. Shear is high in this region, as evident
from Fig. 10b ©=. In addition, the buoyancy frequency is low, as indicated by a larger than average spacing between
isopycnals. The region is sandwiched between higher gradient regions above and below. The feature crosses five isopycnals
(moving toward less dense water) over the 3-h period. It is also advected vertically with the background flow. Intermittent
overturning is approximately centered on the shear maximum. We interpret Fig. 11a ©= as a“classic” shear instability,
caught in the act.

Figure 11b ©= depicts a second event, where 6.4-m Ri is not uniformly low (the color scale has been extended so that
white indicates Ri = 2, instead of Ri = 1 asinFigs. 11a and 11c ©=). Scale differences (6.4 m for Ri, 2 m for overturns)
and/or beam separation effects (section a of appendix A) may be responsible for the poor correspondence. However, the
event is also associated with the passage of a strain feature across these isopycnals, as seen by the large isopycnal
separation. High-wavenumber, high-frequency motions make the isopycnals appear “jittery” in this region. These motions
will be explored in detail in section 3d. Overturning ceases when the feature propagates (or is advected) away.

A third example of an instability event is presented in Fig. 11c ©=. It is associated with low 6.4-m Ri, asin Fig. 11a@=,
and with the passage of a small-scale disturbance, asin Fig. 11b @=. Very large overturns are colocated with a high strain
feature, which “peels off” isopycnals from above as it migrates vertically. Reminiscent of a spilling surface wave,
overturning follows the wave feature as it migrates upward.

c. Semi-Lagrangian maps

In Fig. 12 ©=, semi-Lagrangian maps of strain, shear squared anomaly, and Ri are presented from the same time and
depth range as the Eulerian fields of Fig. 10 ©=. Each map has been averaged over 24 min (six profiles) in time prior to
plotting (longer time averaging is possible in the s-L frame since smearing of features by vertical advection is avoided). The
ordinate is not depth, but rather the isopycnal whose mean depth is indicated. Vertical excursions on as-L plot imply cross-
isopycnal migration, while horizontal variations indicate change at fixed density.

Contours surrounding regions of 6.4-m Ri < 1 have been plotted in Figs. 12a and 12b ©=. Low-Ri regions are formed by
both high shear and low strain; ignoring variations in either constituent is not justifiable.

The2-my , features (Fig. 12a ©=) slowly migrate across isopycnal surfaces; e.g., at (yearday 67.77, 330 m) and

(yearday 67.52, 250 m). They persist for several hours on average. Lateral advection affects the perceived cross-iospycnal
migration: observed vertical excursions can represent true propagation or the sampling of spatialy tilted features as they drift
past.

Overturns, marked with yellow—green spots, demonstrate a clear tendency to lie in regions of high strain. Persistent, high
strain features that exhibit overturning are reminiscent of the low-gradient, high-dissipation “patches’ observed by Gregg et
al. (1986) and by Marmorino et al. (1987). Relative to 6.4-m shear (Fig. 10b ©=) and 6.4-m Ri (Fig. 10c ©=), changing
(propagating) strain is often the best indicator of overturn locations.

d. Effective strain rate

The effective strain rate, #%/dz (Fig. 13a @=), involves both the depth and time derivatives of isopycnal displacement,
emphasizing higher-frequency, higher-wavenumber constituents in the resolved field. In the absence of horizontal advection,
it is equivalent to the “vertical divergence” aw/dz [Eq. (8)], which appears in the ray-tracing equation governing the time rate
of change of the vertical wavenumber of a Henyey/Broutman “test wave” (Sun and Kunze 1999).




Imprecision in density estimates introduces rms [##/dz| =32x 10 *s Lin our estimates (appendix B). The color

noise
scale of Fig. 13 €= is such that strong features are well above the noise level.

Wavelike motions are seen in the &W/dz field. Anticipated horizontal phase speeds (0.5-5 cm st appendix D) are lower

than typical advective velocities (Fig. 4 ©=, 20 cm s_l). Sloping features may therefore represent the advection of spatially
slanted wave crests, in addition to true vertical propagation.

To focus on the wavelike aspects of the &W/dz field, components of downward-propagating (Fig. 13b @=) and upward-
propagating phase (Fig. 13c ©=) are separated. These are formed by two-dimensional Fourier transform filtering of the
depth—time series in Fig. 13a 0=,

Clear “groups,” localized regions of large amplitude, may be seen in both upward and downward fields. Notice the
presence of upward-traveling groups, with downward-traveling phases (consistent with linear internal wave propagation):
for example, Fig. 13b ©= (yearday 67.73, 300 m), (yearday 67.53, 240 m), and (yearday 67.57, 170 m). Also common,
however, are regions where group and phase are both up (e.g., yearday 67.72, 200 m) or both down (e.g., yearday 67.73,
250 m). These apparent nonpropagating features are consistent with the lateral advection of internal wave groups.

Other interpretations are of course possible. However, if the observed @W/az features result, for example, from the
advection of quasi-permanent density structure, it is hard to account for the regular crest/trough patterns, groupiness and
presence of up/down features in the same region. If the signals do indeed represent waves, what can be conjectured about
their intrinsic frequency and magnitude?

The intrinsic frequency . . is difficult to determine, given the Doppler shifting of the waves by background currents and

int
larger waves (Doppler shifting due to vertical motions is absent in as-L frame). Still, smple estimates of e, . and horizontal
wavenumber k may be made assuming a linear internal wave dispersion relation and advection by observed horizontal

currents (appendix D). In a current of 20 cm st atypical wave of vertical wavenumber 0.08 com (12 m) and observed
frequency 4 cph (like the feature at yearday 67.73, 300 m) would have w, . near 0.14 cph (7 h timescale) and k near 5.7 x

1073 cpm (180-m wavelength), for a variety of propagation directions relative to the current. Advection can shift such
waves from intrinsic timescales of hours to observed frequencies near N and higher. Uncertainties in velocity and encounter
angle strongly affect these estimates.

It is also instructive to consider the magnitude of fluctuations that results from a single internal wave with displacement »

=asin(kx + mz - o, 1); k and m are horizontal and vertical wavenumbers, and o, . is the intrinsic frequency. Then, o /aiz)

= amw, .. To prevent isopycnals from crossing, am = |’J}!’| < 1 Heew S N implies | /dz] S N=5x103st (3 cph),

int’
representing an upper bound on single-wave “intrinsic” contributions to #&/#z. Observed values are in this range (Fig. 13
©=, Figs. 19-20 ©=). On the other hand, the same wave swept past FLIP at velocity U would produce |ow/az] o, [the

second term on the rhs of Eq. (8)] = Ukma. TakingU = 20 cm s * and k = 1/(300 m), |Efﬁf/&z|adv < 4x103s 1 the
same order as the intrinsic term.

Based on these simplistic considerations, the observed #¥/dz features appear consistent with Doppler-shifted internal
waves of intermediate frequencies. Still, their short duration and limited vertical propagation range suggest that they are
significantly nonlinear, violating the assumptions of the intrinsic frequency calculation. A more detailed study of the
dynamics of these wavesis clearly called for and will be the subject of a future paper.

Whatever their nature, overturns are much more likely to occur in regions of high |¥/dz| (Fig. 14 ©=). Here the
envelopes of the small-scale wave packets are highlighted. For example, the instability event given in close-up (Fig. 11c ©=)
appears on this plot as a feature that begins at (yearday 67.5, isopycna number 250) and migrates upward. Most overturns

lie inside the packet envelopes (yellow regions): 80% of observed overturns occur where |3%/dz] = 1.73 x 10 %572 the o-

day mean value from 200 to 350 m. Regions with 6.4-m Ri < 1 are dlso contoured in blue in each panel. Almost every
overturn is encircled by either a blue or a yellow contour. Based on these observations, two types of phenomena appear to
result in 2-m overturns. high 6.4-m shear layers, which are well resolved by the sonar, and internal wave groups, which are
better indexed by CTD-inferred |5¥/az].

4, A statistical summary of overturning

Due to the size of the MBL dataset, it is not possible to publish depth—time maps of the entire cruise with the necessary



detail. The analyses in this section center around formation of probability density functions (PDFs) of the finescale
guantities, using all observations from the 9-day, 200350 m domain. These are then compared to corresponding PDFs
computed using only observations at observed overturns (section 4a), as well as before/after them (section 4b). In section
4c an analogous procedure is applied to joint (rather than 1D) PDFs, computed between pairs of the finescale quantities.

a. Finescale statistics: Overturns

To quantify the relationship between the various finescale fields and the overturns, probability density functions (PDFs) of
Richardson number, strain, and effective strain rate are estimated. Separate PDFs of the total field (259 856 Eulerian data;
339 599 s-L data) and the subset of observed overturns (10 422 Eulerian data;5522 s-L data) are created. The overturning
totals are greater than the number of observed overturning events (2227) since the events can span multiple isopycnals and
depth bins.

PDFs of inverse Richardson number in the s-L frame (Fig. 15a ©=) and the Eulerian frame (Fig. 15b ©=) are in qudlitative
agreement with results of Pinkel and Anderson (1997a). In both reference frames, high values of Ri 1 are more likely when
overturns are present (light black lines): 37% of overturns, compared with 30% of al observations, have Riflsrl_ = 1. Inthe

Eulerian frame, 23% of overturns have RiflEul = 1, compared with 16% of all observations.

PDFs of inverse 2-m strain for all data (Fig. 15¢ ©=, heavy line) are consistent with the gamma distribution of Pinkel and
Anderson (1992). When only overturning data are sampled (light line), the distribution is shifted toward lower values of
inverse strain: overturns are much more likely to lie in regions that are less stratified than average. Thisis consistent with the
conclusion drawn visually from the depth—time maps (Figs. 10a'@= and 12a ©=).

The PDF of Ioglo[(r:“ﬂ:'?.»f/w?iz)z] (Fig. 15d ©=) is indistinguishable from lognormal (dashed line, obscured by heavy line). The

PDF of (31.,’1‘;;/32)2, considering overturning data only, is also roughly lognormal, but peaks at a higher value, demonstrating
the tendency of overturns to occur where the effective strain rate magnitude is large.

_The probability density of aW/az, computed using all data, is symmetric about #%/4z = 0 (Fig. 16 ©@=). Extreme values of
W /dz are more common than in Gaussian distributions (dashed and light lines).

b. Finescale statistics: Before and after overturns

The previous section examined differences in statistics of finescale variables under all conditions and under “unstable”
conditions. That analysis is here extended to include not only overturns but periods just before and just after overturns as
well. The goal isto use statistics of many overturns to construct a schematic picture of finescale conditions before and after
a representative “event.” Can differences be detected between “leadup” and “aftermath” of overturns? Relevant issues are
the degree to which observed before/after data represent the time history of events (rather than just upstream/downstream
samples of drifting features), and the amount by which the existing flow is altered by the overturning process.

Before/after PDFs of Ri T and y_l and (313!/32)2 are presented in Figs. 17 ©= and 18 ©=. “Leadup” PDFs of Rt (Fig.

172 ©=), y_l (Fig. 17c ©=), and &W/dz (Fig. 182 @=) are computed from data sampled 4 min (magenta line), 8 min (blue
line), and 24 min (approximately one buoyancy period 1/N, green line) before observed overturning events. PDFs of al data
and overturning data (last section) are replotted in black and red, respectively. Figures 17b.d ©= and Fig. 18b ©= are the
corresponding “aftermath” PDFs, computed using data sampled after overturning events. The number of observations used
in forming the various PDFs (noted in the legends of fig. 17a.b ©=) differs dightly since overturns at the very beginning/end
of the record cannot be used to form before/after PDFs, respectively.

Ri 1 andy 1 PDFs (Fig. 17 ©=) each constitute a family of curves leading smoothly from “normal” to “unstable’
conditions (before: Fig. 17a.c ©=), and back again (after: Fig. 17b.d ©=). Conditions one buoyancy period before overturns

(magenta line) are already distinguishable from “normal” conditions (black line): the probability of higher Ri1 and lower y_l
valuesis elevated. Here y_l PDFs continue a steady progress toward “unstable” conditions. By contrast, the 4-min and 8-

min before Ri~ PDFs are similar to the overturning PDF. Apparently, Ri "1 reaches the overturni ng value 4-8 min before a
2-m overturn is detectable.

No asymmetry is distinguishable between “before” and “after” in the Ri 1 and y_l curves. Two interpretations are
possible. If intrinsic time dependence is not being observed, “before” and “after” represent spatially offset “upstream” and
“downstream” samples. In an isotropic ocean, no asymmetry would be seen. Alternately, the similarity between the curves



can mean that overturns affect the larger-scale flow only dlightly, as in spilling surface waves. Overturns occur without
drastically affecting the surrounding Ri T and y L fields.

Effective strain rate, in contrast, exhibits differences between before (Fig. 18a©=) and after (Fig. 18b ©=) periods.
Relative to the curve representing normal conditions, the 24-min before curve is shifted to the right. The 4, 8-min before
curves overlie the overturning curve, indicating that “overturning” conditions are present 8 min before overturns actually

occur, asin the Ri 1 curves. After overturns, however, the behavior is different. A more rapid transition back to normal
conditions is seen:the PDFs 4 min and 8 min after are shifted slightly relative to the overturning curve. That is, [#%/dz| drops
immediately after overturning occurs. The difference between before and after effective strain rate PDFs suggests that
perceived variability in #%/dz is due to true temporal evolution, in addition to horizontal advection. Evidently, the #%/az field
is affected by overturning. Does instahility in the small-scale waves result in their destruction, leaving the larger-scale flow
relatively unaffected?

c. Joint statistics

We observe correspondence between overturns and low Ri, high y and high [#%%/4z]. The codependence of these
quantities is thus of interest. To investigate, joint PDFs of (logy, . aWlaz) and (Ri™L, #W/az) (Figs. 19 ©@= and 20 ©=) are

formed. Asin the one-dimensional study (section 4a), probability density is computed for all data over 9 days and 200-350
m, as well as for overturning observations only.

The y and aW/az are not independent quantities (Fig. 19a ©O=). Isopycnals that are far apart (large y) are more likely to be
converging (negative dW/dz). Conversely, isopycnals closer together than average display a slight tendency to diverge.
However, at extreme (large or small) values of y, large values (positive or negative) of &W/az are unlikely.

Considering only overturns (Fig. 19b ©@=), the PDF is shifted toward higher values of y and exhibits more spread in &% /dz
than the PDF computed from all data. These features are consistent with the one-dimensional PDFs (Fig. 15 ©=) and the
depth—time maps (Figs. 10a ©=, 12a @@=, and 14 ©=). The probability density is again asymmetric in the sense that low
gradient regions are associated with converging isopycnals.

The log of the ratio of the two PDFsis presented in Fig. 19¢c ©@=. Values greater than zero indicate higher probability
density for overturning conditions than for the entire population. Regions where both the numerator and the denominator are
small are left white. From 19c, overturning is much more likely for large vaues of y. However, if it isto occur at smaller
values of y, then |[#¥/3z] must be high. It is much less likely for overturns to be associated with low y and low [#%/dz| than
for the general population.

Joint probability density functions of 6.4-m Ri ™1 and a/az are presented in Fig. 20 ©@=. Simultaneous large values of

general population Ri 1 and a/az are unlikely (20a). This may be due to the small implied horizontal wavelength of the &%/
dz waves (appendix D), which causes their shear to be underestimated due to the separation of the sonar beams (section ain

appendix A). PDF\erturns (Fig. 20b ©=) extends to higher values of Rt and |H"-if/r?iz| than PDF,,.

The log of the ratio of the two PDFs (Fig. 20c ©=) suggests two distinct conditions that accompany overturning: high
Rt (associated with shear instability) and high |5%/3z| (associated with the presence of wave groups). As noted, however,
the &% /az waves likely contain shear unresolved by the sonar. The probability of overturning is increased for either low Rt

and high |7W/az] (K—H stable, waves present) or high Rt and low ik /iz| (K—H unstable, no waves present). A ridge
connects the two regimes.

5. Dissipation rate estimates

Though no direct dissipation rate measurements are obtained during MBL, it is of value to compare several indirect
estimates of mixing (appendix E). Dissipation rate parameterizations (Fig. 21 ©=) in terms of shear (& Greaa (1989),

gray line] and Thorpe scales [&, Thorpe (1977), Dillon (1982), black line] are eval uated.t In addition, an ad hoc

parameterization in terms of observed (#¥/dz)? [& A p = 500<(aW/az) 2,2 dotted line] is computed.

The Gregg estimate involves shear squared, which is biased low by an estimated factor of 1/(0.6) due to the horizonta
separation of the sonar beams (appendix A). Since &, involves the fourth moment of shear, the time series has been

multiplied by 1/(0.6)2 = 2.78 to account for this bias.



Here &,,,, and £ are similar in magnitude, usually remaining within a factor of 3 of each other. Short-term correlation

W
between &,,, and & is weak, but discernible during portions of the record (e.g., rising from yearday 59.5-60, the hump
from yearday 63.5-65, the increase between yearday 66-67). In general, variability is greater in £, than in&,,,. Of course,

both estimates are expected to equal true dissipation rate only in a highly averaged sense Gregg et al. (1993).

Fluctuations in the ad hoc strain rate estimate of dissipation rate, & AP

features of decreasing £ over the 9-day period, as well as variation on shorter timescales (e.g., yearday 60.5-62.5, 63-64),
are reproduced. The strong correspondence is not surprising given our finding that a large percentage of overturns are
accompanied by high [i¥/az| (Figs. 14 ©= and 15d ©=). High effective strain rates are closely tied to mixing in a depth-
averaged sense as well as event-by-event.

appear quite correlated with £. The general

Some correspondence is also seen between £,,,, and £, .. From yearday 63-68, the same general trends are seen.

Apparently, depth-averaged (aﬁf/az)z and 10-m shear levels (Slo) are related. This may be a clue to the generation
mechanism of the observed small-scale waves. Do they arise from instability in larger-scale waves (indexed by S, ;) so that

Sy and (H\i-f/e?iz)z levelsrise and fall in tandem? Perhaps the Gregg (1989) parameterization is robust because it indexes not
only large-scale shear (and, indirectly, Ri), but also (more relevantly) the presence of instability-triggering waves.

Dissipation rate can also be inferred from centimeter-scale conductivity fluctuations, which were measured by a high-
frequency microconductivity probe mounted below the CTD package. These are the subject of a companion paper. Here we
note that dissipation rates obtained from this method are highly correlated with and similar in magnitude to £ This confirms

that £, though approximate, is a reasonable estimate of the true mixing rate.

Cruise-mean values are summarized in Table 3 ©=. From each dissipation rate estimate, a corresponding “ dissipation
Reynolds number” and effective eddy diffusivity

E
Re = — 9
© viN? ©)
L
Kﬂ' = amixNj (I'U)

can be obtained. Here, v is the kinematic viscosity of water, and o, ... is the mixing efficiency, taken to be 0.2 (Oakey
1982). If we consider mean values of & and N over 200-350 m, the deep forced region, inferred eddy diffusivities are 70%—

90% of Munk’s canonical value of 10 4 m?s 3, significantly larger than typically observed in the open ocean (e.g., Gregg
1989). In spite of the uncertainties involved in each, the two estimates agree to within 20%.

6. Overturning: Stability and mixing

The dependence of overturn size and rate of occurrence on stratification is central to the broader issue of ocean mixing.
The relationship between mean mixing rates and low-frequency (subinertial) fields must be determined before such fields
can be adequately modeled. However, overturns occur in an environment characterized by the instantaneous, local buoyancy
frequency, shear, and fluid acceleration. These can assume values that differ greatly from their low-frequency averages.

The dissipation accomplished by an overturning event, where vertical gradients dominate and lateral fluxes are small, isa
function of the overturn size and stratification & = O.64L2TN3 (Dillon 1982). In the next two sections we focus on 2227
L+, N and & triplets, one for each observed overturn exhibiting L > 2 m.

By way of introduction, we discuss statistics of £ from all 2227 overturning events. Though £ is an inference (Dillon
1982) rather than a“ground truth” dissipation rate, its distribution is lognormal (Fig. 22 ©=), as often observed (e.g., Gregg
et al. 1993). The distribution of £, = O.64L2TN3 differs from that of L (Fig. 8 =) in its greater spread and lack of visbible

minimum size (L, . > 2) cutoff. For comparison with these distributions we also compute the PDF of £.¢c = .ETNZIN2

(light line). Note that ;¢ — LZTN ~ K~ Cox number. For higher values, the distributions of £ and &c are similar. At



lower values, the minimum size cutoff evident in Fig. 8 &= is recovered in the PDF of &.C.

Here L, €, and &c all represent different “moments” in N. Clearly, an understanding of the codependence of L and
both local and mean stratification is called for.

a. Variability as a function of instantaneous stratification

We first investigate statistical relationships between L, & and the instantaneous bouyancy frequency N(t, 2).
Considering only the overturns, L and & from discrete events are averaged with corresponding values from other events at
like N. Forty averaging bins, evenly spaced in log, /N, are established between 0.1 and 10 cph.

Over instantaneous bouyancy frequency ranges, 0.8 SNS 3 cph, Ly~ N-V2 (Fig. 232 ©=) and & - N2 (Fig. 23b

O=). There are very few realizations at the more extreme values of N. (The mean buoyancy frequency does not fall below 2
cph in this domain, Fig. 3 ©=.) Sampling error reduces the precision of the relationship at these extreme N. We emphasize
that decreasing local N does not imply increasing depth since strains at the MBL site are sufficient that all values of N are

deformed into a wide range in N. We aso note that a fixed rms error in density, Ap = 3 x 104 kg m 3 (appendix B),
establishes apparent overturns of magnitude

d A
Lo =y /% _ gAr

T nonse az p

This function (Fig. 23 ©=, dash—dot line) is much steeper than, and well below, the observed relation, indicating that that
instrument noise does not dominate these overturn estimates.

N2, (11)

b. Variability as a function of mean stratification

Typicaly, the N dependence of & isinvestigated in terms of long-term Eulerian averages, where average dissipation rate
estimates are compared with mean stratification, N. The MBL observations are here viewed in this format. To convert from
averages over “event” to averages over time, the overturning fraction p(2) is introduced. To compute p,, an overturn index

matrix is formed, with bins every meter in depth, every 4 min in time, over the 9-day data record. The matrix isinitialy zero
filled.

Iterating through each of the 2227 overturns, a value of unity is stored in al bins spanned by that overturn. Averaging in
time then produces the fraction p (2) of the water column sampled (at depth 2), which is occupied by overturns. (The depth

mean of p, from 200 to 350 m yields the overall overturning fraction, 3.06%.)

The overturning fraction Py is then plotted versus the 9-day mean N (Fig. 24 @=). Unfortunately, N exhibits only a small
range of variation (2-3 cph) over the 200-350 m observation window. To widen the range of N to 4 cph the study is
extended upward, including overturns to depths of 120 m (thin line). For N = 2.5 cph p(N) ~ N3, N2 (dashed lines). At
lower N, p, appears constant.

A similar procedure can be used to compute the Eulerian average dissipation, £, (2). Instead of storing unity in the

overturn index matrix, & = O.64L2TN3 is stored for each overturn. Averaging across time produces &, (2, which is
plotted versus N(2) in Fig. 25a ©=.

For N = 2.5 cph, & oo ™ N2, consistent with previous observations R NI — N2 (Gargett and Osborn 1981

Gargett and Holloway 1984; L ueck et al. 1983; Gregg et al. 1986) and with theoretical predictionse .. ~ N2 in terms of

wave-wave interactions (Henyey et al. 1986; McComas and Muller 1981; Gregg 1989; Polzin et al. 1995). At greater depths,

N< 25 cph, a different regime is encountered. Dissipation increases with increasing depth, decreasing N. In this depth
range, rms shear also begins to increase with depth (Fig. 5 ©=), suggesting the influence of seafloor/coastal wave
generation. The Gregg (1989) dissipation parameterization [Eq. (E1)] explicitly accounts for both shear and stratification

(Fig. 25 @=, light line). For the regime N = 2.5 cph, the two dissipation rate estimates show & ~ N2 For N = 2.5 cph,




both show the increase in dissipation with depth. Though agreement in this range is not perfect (the Gregg parameterization
exhibits steeper dope), the similarity in general form of the two estimates (one involving only CTD observations and the
other involving primarily sonar data) is significant.

Under both parameterizations, strong diapycnal diffusivities are implied by these results (Fig. 25b ©=). Estimates of Kp

increase with depth for N <3 cph, exceeding 104 m? s 1 a the bottom of the record, still 1000 m above the seafloor.
Polzin et al. (1997) observed heightened Kp values (up to 10 3 m? s_l) above the mid-Atlantic Ridge, decreasing upward

into the water column. Upward-propagating breaking waves generated by flow over the ridge topography are assumed to be
responsible. Given the proximity of the MBL site to topography and the observed #W/dz waves that appear to be breaking,
the similarity in magnitude and depth dependence of MBL-inferred Kp values and those of Polzin et a. (1997) is interesting.

Are the same processes at work in both locations?

7. Mixing, overturn size, and background strain

We have seen that mixing occurs preferentially in regions of lower than average N2. To what extent do finescale dynamics
conspire to minimize the buoyancy flux, which depends on N2? To address this issue we can compute the conditional sums:

c, ()= > e.L,. (12)

ily '=x

Here &, and L represent the Thorpe inferred dissipation and patch size in depth and time of theith event. The sum

represents the total dissipation over those events associated with inverse strain y_l < X. The normalized equivalent

cy () o)

(13)

Gl = ¢, 1() B

gives the fraction of & associated with events occurring with inverse strain y_l < X. An egtimate of Cy—l(x) is presented
in Fig. 26a ©@=, where data are binned in 40 intervals over 0 < y_l < 2. Overturns occurring where y_l <1 (weaker than
average stratification) are associated with 95% of the Thorpe-inferred dissipation rate. Evidently, the strong tendency for
overturns to occur in regions of lower than average N overcomes the NS wei ghting in the individual event dissipations.

Is most mixing accomplished by large, rare overturns or smaller, more frequent ones? The contribution to mixing of each
size class can again be quantified in terms of a conditional sum:

C,,x)= > &L,/ (14)

Ly=x

which gives the fractional contribution to overall dissipation from events with rms Thorpe scal e less than x. Our minimum
overturn size restriction, L . <2 m is manifest by the lack of contributions from L <1 m. ExtrapolationtoL, =0

suggests that inclusion of smaller overturns would affect & only little (<10% or so). The slope of C(x) is approximately
constant for L < 8m, indicati ng that overturns in each size class contribute comparably to total dissipation.
Approximately half of dissipation is accomplished by those overturns with L & 5 m, 80% with L, < 8 m. Larger
overturns contribute rather less: only 10% results from the largest overturns, L > 10 m. It appears that, due to their

increased frequency of occurrence, more modest overturns outweigh the “big bangs’ in dissipating kinetic energy. On the
other hand, 5-7 m overturns are still quite influential by open ocean standards.

In asimple statistical mixing model based on K—H instability, Pinkel and Anderson (1997b) suggest that 3-m overturns are
the dominant contributors to ocean mixing at the Garrett—Munk energy (shear variance) level. Interestingly, as energy levels
advance above GM, the (modeled) contribution from larger overturns increases rapidly. These model results are generally
consistent with the MBL observations.

8. Summary

MBL is an energetic coastal site. Strong frontal activity and offshore jets characterize the region. Baroclinic tidal activity is



confined in both depth and time, exhibiting a pronounced raylike character. In contrast with the open ocean, < increases
with depth below 250 m. We take this as an indication of midwater or bottom forcing of the finescale fields. Large eddy

diffusivities (K = 0.70-0.89 x 104 m? s7Y) are implied by parameterizations of Gregg (1989) and Dillon (1982).

Density overturns are identified as inversions of 2-m vertical extent or greater that are detected simultaneously in density,
temperature, and conductivity profiles. Overturning is most likely to occur in regions of high strain (lower-than-average
stratification) and low 6.4-m Ri. Strongest correspondence, however, is seen between overturning and occurrences of high
effective strain rate magnitude. Intense strain rates appear to be associated with groups of small-scale internal waves. Also
seen are regions in which the 6.4-m Ri remains critical for hours, with no overturning observed. Although overturns smaller
than 2 m might be present, the long-term stability of these regions is surprising.

Probability density functions of y_l, Ri L, and (Efﬁ.f/&z)z are computed for all data, as well as for data sampled at, before,
and after observed 2-m overturns. Typically, y_l and Ri begin to differ from background conditions approximately one

buoyancy period before overturning. Here y_l steadily decreases to its minimum value at the overturn, then gradually
returns, approaching normal values after another buoyancy period. The Ri drops to its minimum value 4-8 min before the

overturn, remaining there until 4-8 min afterward. It then gradually returns to normal. For yil and Ri 1, “leadup” and
“aftermath” are indistinguishable.

By contrast, (&ﬁr/&z)z increases to a maximum value 4-8 min before the overturn, but drops quickly afterward, before
continuing its return to normal values. One possible interpretation is that overturning results when small-scale internal waves,

propagating through a slowly varying background flow, become unstable. The larger-scale flow (indexed by yfl, Rifl) is
relatively unaffected by overturning, while the waves themselves [indexed by (e’a"ﬁﬂ’/r.'fz)z] are atered significantly.

Estimates of depth-mean dissipation rate employing overturning scales (Thorpe 1977; Dillon 1982), and 10-m shear
(Gregg 1989) are correlated in time. Short-term (- 1 day) differences are seen since each method requires extensive
averaging in order to be accurate. However, long-term mean values agree to within 20%, and both quantities exhibit the

same scaling with mean stratification (&, — N%or N = 3 cph, €, increasing with decreasing N at greater depths).

9. Conclusions

The goal of this study has been to document the finescale conditions that accompany overturning. While 6.4-m Ri is a
factor in determining overturn locations, the presence of small-scale waves associated with high [6%WW/dz| appears to be even
more important. The Gregg (1989) dissipation rate parameterization (which involves only finescale shear S, ) is consistent in

level and N-dependence with overturn-inferred dissipation rate (Fig. 25a ©=). That is, in the long-term average, the locdl,
finescale shear determines the local dissipation rate. Apparently, the history that the small-scale “test waves’ bring into a
region is unimportant. Indeed, the vertical propagation of the waves is clearly inhibited, as seen from Figs. 13 ©= and 14 ©=.
Presumably, they interact strongly with the local finescale environment. The observed waves appear to be an important link
in the energy transfer from large scales to turbulence.

The observed waves must contain shear at scales unresolved by the sonar. Indeed, the waves are clearly evident in s-L
records of “dant shear” obtained from individual sonar beams (which suffer from limited vertical, but not horizontal,
resolution). In spite of the measurement challenge presented by the waves, these records show correspondence with the
CTD-based observations. A detailed CTD/sonar study of the waves is the subject of a future paper. For the present

discussion, we have considered a canonical wave with observed [i¥/dz] = 1 x 10°3s1 m=0.08 cpm, and k = 5.7 x 103

cpm (appendix D). From linear theory, such a wave has a peak shear of order 1.4 x 102s L Ina region where N = 3 cph
(i.e., neglecting the wave' s strain), this shear corresponds to Ri = 0.14. While the assumption of linearity is dubious and the
influence of horizontal advection is significant, the waves are clearly capable of producing Ri low enough for K—H instability.

It is tempting to associate the “high |7¥/4z], high Ri” overturns of Fig. 20 ©= with convective instability and the “low [
az], low Ri” overturns with K—H instability. However, the intrinsic shears of the small-scale breaking waves are poorly
resolved by our sonar. We thus cannot claim a definitve determination of the breaking mechanism.

Regardless, the association of overturning events with the presence of small-scale internal wave groups (which, in turn,
are closely tied to larger-scale shear) represents a step forward in our understanding of ocean mixing. An improved
description of the dynamics, as well as the climatology, of these waves is caled for.
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APPENDIX A

10. Velocity and Shear M easurement Errors

Horizontal beam separation and sonar noise affect shear estimates. The former biases 6.4-m sgquared shear <2 low, while

the latter biases S high. An understanding of these effects is of use in interpreting the observations. Here, “worst case”
estimates of the magnitude of the biases are presented.



a. Finite beam separation

Estimates from back-to-back beams are combined to obtain horizontal velocity. For the present study where beams are
directed 6 = 30° from the vertical (Fig. 1 ©=), the horizontal beam separation Ax increases from 20 m at the top of our
records (100-m depth), to 360 m at the bottom (400-m depth). Each beam registers the component of velocity parallel to the
beam, where positive velocity indicates motion toward the sonar. Consider the FLIP sonar located at (x =0,y =0, z=-87
m), oriented such that back-to-back beams 1 and 3 are aligned with zonal flow. Then, in terms of “oceanic” velocity
components u and w, the beam “slant” velocities b, and b, are given by

Ax ) Ax

b,(z) = ul ——, z| sinf + w| ——, z| cosf (Al)
2 2
Ax Ax

b,(z) = —u ?1 z|sinf + w ?1 z | cosé. (A2)

Neglecting horizontal variations in w, the Janus horizontal velocity estimate is given by

u,,-—zn 5 ? 1{2,;
_ bi(2) = bi(2)
- 2 sinf (A3)

Shears are then obtained by differencing in depth.

Motions of horizontal scale comparable to the beam separation or smaller are not properly represented in a Janus
description. Specifically, u(x, 0, ) can be represented as the Fourier transform of its horizontal wavenumber components:

u(x, 0, z) = ik, z) e™dk. (A4)

1
V2
By substituting (A4) into (A3) it is easily shown that the transfer function that relates spectra of true “oceanic” velocity u

(x) and Janus velocity is

T(K) = cos?(zkAX),(A5)
where k isin cyclic units. The T(k) for shear is the same as that for velocity. Here T(K) has a zero at k = Ax/2: waves of

wavelength 2Ax are not registered at all in Janus estimates since signals at the two beams are 180° out of phase. In contrast,
all of the variance of awave of length Ax is registered (although it is aliased). We can define an underresolution factor,

ST (k) dk

F= : (AG)
S(k) dk

which represents the fraction of variance resolved by the sonar for a given input shear spectrum k), wherer =1
represents full resolution.

While a direct estimate of k) is not available, it is possible to form a precise lower bound for r directly from our data.
We compare the Janus shear estimates with counterparts formed from individual beams, which are not subject to beam-
separation distortion. We define



o\’
0z
Fz, 1) = . (AD)

max .
oz dz

Here u; and u, are the dant velocities at each beam, normalized as if they were purely horizontal velocities;that is, u =

b,/sind, uy = b,/sing. Given that (A7) selects the maximum of the individual beam values, F< 1 The angle brackets denote

averaging over a specific depth-time interval. The individual beam shears do not suffer the effects of spatial aliasing.
However, they include the vertical strain rate along with horizontal motions (see below). Thus, F is a worst case metric of
spatial aliasing.

Here F(z, t) is computed for back-to-back beam pairs 1, 3 (Fig. A1la@=) and 2, 4 (Fig. Alb @=) for yeardays 67.5-68;
F varies between about 0.4 and 1. Values near 1 presumably represent the local dominance of larger-horizontal-wavelength
features. Using (z, t), alower bound on 6.4-m Ri may be determined for any desired depth-time region. For example,
yearday 67.75, 150 m (Fig. 10c ©=) shows overturning in a region where Ri = 2. In this region, ¥ = 0.6; therefore, it is
possible to say with confidence that 6.4-m Ri = 1.2. From the probability density function of ¥ (Fig. A2 ©=, heavy lines), it

is seen that # <= 0.5 less than 4% of the time. From this pessimistic analysis, we conclude that 6.4-m S? and Ri 1 estimates
are rarely biased as low as a factor of 2, but are frequently about 60% of their true values.

Is ¥ an overly pessimistic estimate? After all, the “beam shear”

u, ou 0 w  w
S T ane+ 2+ oe (A8)
0z dz ax ox 0z

has a variance clearly greater than the true vertical shear. The effect of the &/az term on F can be estimated by
subtracting different values of (aw/az)2 from the denominator of (A7),

AN
Fi(z, 1 = - - ==
dit, \” duts \~ aw\”
max| (| —1| ), 2 — cot?*f| —
z dz z
(A9)

PDFs of F' are plotted on the same axes as PDFs of F (Fig. A2 @=). For simplicity, the mean vaue Zf?“'ﬁﬁﬁﬁ% as
determined from CTD observations, is used as a reference. Values of (#%7az)? used are 25 (light dashed line), 50 (light
dash~dot line), and 100 (light solid line) percent of the 9-day mean value of (/a2 . = 1.73 x 10 ° s 2. Asthe
modeled strain rate variance is increased, the PDFs of ¥ move toward higher values. Eventually, some values =1 are

obtained, indicating that the assumed (#%742)2 value is too high for some observations, Note that though #¥/az includes
effects of advection [Eq. (8)], relatively low values produce substantial shifts. Recalling, too, that contributions to (A9) from
dw/ax and du/ax have not been considered, we conclude that  is indeed a pessimistic metric.

b. Velocity imprecision

Here S estimates are biased high by imprecision in the sonar-derived estimates of horizonta velocity. For example, if
measured shear



S - - - bt -
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where d; and d, are noise (assumed uncorrelated) in each velocity estimate, then estimated squared shear SZS is elevated
relative to the true oceanic squared shear:

Au\’ :
52 = (24) 424

; All
; A (A2)° (All)

where d? = <d21> = <d22>. As one pushes for higher vertical resolution, the expected velocity difference across Az

decreases, while the measurement imprecision d grows (due to shorter transmitted pulses). The present look at finescale
shear is only possible with the development of coded pulses, which minimize d for given pulse length. An upper bound on
the noise is given by comparing estimates of vertical velocity between the two back-to-back beam pairs. In a noise-free
environment with no spatial variability, the two estimates of w, given by

(b, + b;)
= ——, A12
"1s 2 cosf ( )

(b, + by,)
= 2 Oa) Al3
W 2 cosf (A13)

should be identical. The noiseis
(W — W)
H =
2 tan’0

where the factor 1/tan®0 converts n from avertical to an equivalent horizontal velocity noise. Note that n represents a
conservative upper bound on the noise, as horizontal variability between the beams are included. A signal to noise ratio Rgy

may be computed as a function of vertical wavenumber m and frequency « from the noise spectrum S (o, m) [the Fourier
transform in space and time of n(z, t)] and the spectrum $,(, m) of u

Ron(w, m) = 222 g’}(; i;‘” " (Al4)

We present an estimate of R, computed from 100 to 400 m, over yearday 67.5-68 (Fig. A3 O=). At low wavenumbers
and freguencies, Ry exceeds 10, falling as frequency and wavenumber increase. As the vertical scale of interest decreases,

the required averaging time increases. Given our finding that overturns often occur where Ri is higher than expected, rather
than lower, we have erred on the side of including some noise, rather than averaging out real fluctuations at these timescales.

APPENDIX B
11. Strain and Effective Strain Rate M easurement Errors

Random fluctuations in density estimates introduce uncertainty in isopycnal depth determinations. To what extent does
noise influence y and odW/az?

Uncertainty in isopycnal displacement # is given by

(BI)



whereg=9.8m s? p = 1026 kg m 3, and Ap isthe rms density noise. Sherman (1989) estimates Ap = 3 x 104 kg
m~2 for the PATCHEX experiment, which used the same CTD and matching procedure as in MBL. Here Ap estimated for

the MBL data (from the magnitude of density fluctuations unaccompanied by temperature signatures) is 2 x 104 kg m 3,
Sherman’ s value is retained as a conservative estimate. Equation (B1) yields Ay = 15 cm for the MBL cruise mean value, N
= 2.53 cph. From 5, y involves a depth difference of two isopycnal displacement estimates 5. If each contains rms noise
An, then mean sguare noise in strain is given by

2(An)?
Tﬁnisc = a * (BZ}
(Az)?
Combining (B1) and (B2) and the relation y = N%/N? yields the fractional uncertainty iny estimates
Ay V2gap (B3)
v Az pﬁz '

Substituting Az = 2 m and the values used above yields Ay/y = 0.1, indicating that individual strain estimates are precise to
within 10%. Here #W/az involves differencing in time and in space:

P 11
—_— = —— + At, z + Az) —
> A &:Hn{f At Az) — n(t + At, 2)]

— [n(t, z + Az) — n(, 2)]}. (B4)

If each of the four separate isopycnal depth estimates in (B4) contains rms noise Az, uncertainty in (f.-“i"-if'/r?iz)z is given by

w44y
dz (Az)*(An)* (53

Tise

Substituting Az = 2 m, At = 240 s, Ay = 0.15 m yields (#W/a2)?, . =39 x 10"’ s % inindividual esimates. Averaging

noi
=1.0x 10"/ 3_2, rms (
%)

each over two time bins and two depth bins reduces noise variance by 4 and resultsin (Hﬁ-f/r?iz)z

aWliz) =32 x 10 *s . Visual determination of the green noise “floor” level in Fig. 14 ©= (by eye, 1-2x 107’ s~
supports this estimate. We conclude from this analysis that the visible sloping features of the #¥/az field in Fig. 13 @=
[magnitude 1-2 (><1O*3 sfl)] are 3-6 times the rms noise level.

noise

APPENDIX C
12. Lateral Intrusions

Latera intrusions can displace isopycnal surfaces, thereby introducing strainlike features. Intrusive activity is anticipated
a the MBL site. Can it be distinguished from internal wave straining? To detect intrusions, we form time—depth series of
temperature variation at fixed density p (Fig. Cla ©=). Here, the temperature anomaly along each isopycnal surface, defined
relative to the time-averaged temperature along the isopycnal, is presented.

Much advective activity is seen. One distinct water mass is replaced by another, warmer, one at around yearday 67.7.
Some vertical “interleaving” is seen at the interface between the two water masses and el sewhere. Both the time and depth
scales of this intrusive activity contrast with those of the strain field of Fig. 12a ©=.

To emphasize the finescale intrusive variability, the derivative dT/dp is formed, and again plotted in a s-L reference frame
(Fig. C1b ©=). The dominant signal is seen in the upper portion of the record, in contrast to the strain record (Fig. 12a ©=).
Linear internal waves are incapable of altering temperature along isopycnals, except by horizontally displacing water of



different characteristics. The strain field is affected by the advection of lateral features shown in Fig. C1 ©=, and by interna
waves as well. Comparison of Fig. C1 ©= and Fig. 12a ©= shows that though both fields are active and complex, there is
little correspondence. We conclude that the variability in the strain field is not primarily due to latera intrusions.

APPENDIX D
13. Estimating Intrinsic Frequency

Are the high-frequency waves seen in MBL really high frequency? Advection by larger waves and background currents

can cause a wave's observed frequency o obs 10 differ from its intrinsic frequency it The frequency shift depends on

horizontal wavenumber k, the magnitude of the advective velocity U, and the angle between current and wave propagation
directions 6

o, = o~ KIU| cost.(D1)

int

Intrinsic frequency and horizontal wavenumber may be estimated using the dispersion relation for linear internal waves

XNEJ’{: + f2m?
wiul =
\ k> + m?

. (D2)

Here f is the Corialis frequency, N the buoyancy frequency, and m the vertical wavenumber; 9 is the angle between
current and wave propagation directions, and N, f, m, and s A€ observed quantities. Consider a representative, well-

defined wave packet (Fig. 13b ©=, 300 m and yearday 67.72), with m = 0.08 cpm, ®ps = 4 Cph. Typical values of [U] are

20cms L. Using N = 2 cph, f == 1/24 cph, and these values of m, w , _, and |U|, curves D1 and D2 are plotted on the same

obs’
axes, for different values of 9(Fig. D1 @=). All frequencies and wavenumbers are expressed in cyclic units. The

intersections of the colored curves with the gray one yield values of it and k, consistent with linear theory for the

indicated value of 8. Some Doppler shifting must have occurred, for the observed frequency w_, . = 4 cph is higher than

obs
local N = 2 cph. The minimum value of e, . (assuming maximum Doppler shifting) is 0.14 cph (7-h period). A lower bound

onkis5.7 x 103 cpm (180-m wavelength), implying a horizontal phase velocity Cp = wlk=0.7cms L If angles of
incidence were uniformly distributed, half of all values would lie between the 0° and 45° curves (less than a factor of 2
difference). Higher assumed values of ¢ result in lower estimates of w; .. Assuming |U| = 30 cm st for example, places
maximally Doppler shifted waves of the dimensions above at near-tidal frequencies, with horizontal wavelength around 270
m.

APPENDIX E
14. Dissipation Rate Parameterizations

A number of parameterizations have been developed that attempt to relate microscale dissipation to more easily measured
finescale quantities. We can compare these schemes for self-consistency using this coastal California dataset. The Gregg
(1989) parameterization involves the fourth moment of shear:

L)

N S
(ew) =7 X 10710 e =) (Wkg"), (ED
il e LT |

b

where N = 0.0052 st (3 cph) is areference buoyancy frequency, S, is the shear having wavelengths greater than 10
m, and S, is the corresponding GM75 shear. Here N is the mean observed buoyancy frequency.



Another estimate of dissipation rate uses Dillon’s (1982) observed EB = O.BET. Here&, is computed for each overturn i
(of the 2227 overturns described in Table 1 ©=) in terms of its rms Thorpe displacement L+ and local mean stretification N
(computed from reordered density profile in the nonzero Thorpe displacement region):

& = 0.64L% N> (E2)
i

Depth-mean dissipation rate is given by integrating over the volume V spanned by each profile (or, equivaently, by
summing over the observed overturns in depth range sampled, H):

1 |
(e,) = vl edv=2 2 gL, (E3)

..-

where L, isthe patch size of theith overturn.
|

Correspondence is observed between overturns and the presence of small-scale waves, indexed by the effective strain rate

a¥7/az. To determine if this quantity is related to other dissipation rate estimates, an ad hoc scaling of depth-mean (3"3.?/32)2
is used to form a quantity whose magnitude and range of variation are comparable to those of observed &

A2\ 2
W

(€xp) = 500 r (E4)

(gisin W kg %, and (#%/az)2 isin s 2).

Tables

Table 1. Experiment overturn summary. Properties of the 2227 overturns with L max = 2 mfound during the entire experiment

(yeardays 59-68), between 200 and 350 m. The Thorpe scale Lr isthe rms Thorpe displacement in the overturning region; L max is

the maximum Thorpe displacement and Lo isthe vertical extent of the region, defined as the distance over which X (Th) # 0.

Min Max Mean Median

L e, () 2.15 36,92 4.40 3.38
L, (m) 0.77 38.77 532 415
L, (m) 0.97 15.91 2.38 1.88

Click on thumbnail for full-sized image.

Table 2. Twelve-hour overturn summary. Properties of the 330 overturns (a subset of those in Table 1) with Loax =2 from
yearday 67.5 to yearday 68.0, between 200 and 350 m.

Min Max Mean Median

Lo (M) 2.15 14.77 4.15 3.23
L, (m) 1.23 15.69 4.93 3.85
L, (m) 0.98 8.44 227 1.80

Click on thumbnail for full-sized image.

Table 3. Mixing estimates of mean kinetic energy dissipation rate &, corresponding dissipation Reynolds nhumber [Eg. (9)], and
eddy diffusivity K; [Eq. (10) for yeardays 5968, between 200 and 350 m. See appendix E for details.

Technique B(Wkg ") Re = &/1N? K, (m*s 1)

Gregg (1989) 6.81 X 10 351 7.04 X 10°%
Dillon (1982) 8.65 X 10°* 447 8.94 X 10

Click on thumbnail for full-sized image.

Figures



Click on thumbnail for full-sized image.

Fig. 1. Schematic diagram of CTD and Doppler sonar aboard FLIP.

Click on thumbnail for full-sized image.

Fig. 2. Location of the Marine Boundary Layer Experiment (MBL). Bathymetry contours in meters (Sandwell and Smith 1997)
are shown. The contour interval is 200 m, with 1000 m intervalsindicated by increasing gray shading. FLIP was moored for the
first portion of the experiment (black “x”). At UTC 66, the mooring line was severed. By UTC 67.5, FLIP had drifted to the

position indicated by the black circle.
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Click on thumbnail for full-sized image.

Fig. 3. MBL 9-day (solid line) and 12-h (yearday 67.5-68) mean (light line) buoyancy frequency profile.
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Click on thumbnail for full-sized image.

Fig. 4. MBL mean zonal (a) and meridional (b) currents. Averages are computed while moored (yearday 56-66, heavy solid
line), while drifting (yearday 66-68, heavy dashed line), and for the 12-h period from yearday 67.5-68 (light line), which isfeatured

in subsequent figures.
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Click on thumbnail for full-sized image.

Fig. 5. Mean shear squared (§2) profiles are plotted vs 9-day mean buoyancy frequency N for depth ranges 150400 m. The
depth interval 200-350 m isindicated by the heavy lines. Therisein variance with depth below N = 2.75 cph suggests a deep

source of wave energy. All curves show S ~ N?aboveN=2.75 cph (250 m). The 4-min Fis approximately twice Garrett—Munk
(dotted line) for N = 2.75 cph, above the zone of increased shear. It increases further with depth.
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Click on thumbnail for full-sized image.

Fig. 6. Semi-L agrangian depth—time map of tidal band [1/(16 h) Sos 1/(8 h)] isopycnal vertical displacement (color) and
potential energy (contours), showing passage of abaroclinic tidal ray (yearday 60-62, 150 m). Displacements have been “WKB

stretched” using the 9-day mean buoyancy profile (Fig. 3 ©=), by multiplying by (N(z)/No)ll 2, where N0 =2.53 cphisthe 9-day

mean value. Contours of potential energy p 0N2n2 (where s isthe isopycnal displacement) are 2, 4, 6, 8, 10J m 3.

Click on thumbnail for full-sized image.

Fig. 7. (a) Full-resolution temperature (light solid line), conductivity (light dashed line), and 2-m density (heavy solid line)
profilesfor asample overturn; T and C are expressed as equivalent densitieﬁ,oT =aT+ g Pc= aCC + ﬂc. The sorted density

profileis plotted with a heavy dashed line. (b) Thorpe displacements computed from temperature (light solid line), conductivity
(light dashed line), and density (heavy solid line). All three measures of L. must be comparable before theinversionis

considered an overturn.

Click on thumbnail for full-sized image.

Fig. 8. Probability density function of log Thorpe scale, Ioglo(LT), computed from all 2227 overturns (L m ax) used in the study.
To compute, data are binned into 51 bins spanning 0 <= log, o(L;) < 1.5, A reference Gaussian with 010, (L7) =0.37,Tog5(L5)
10

=-0.1isoverplotted (dashed line); L is approximately lognormal for L. =15m.
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Click on thumbnail for full-sized image.

Fig. 9. Representative zonal velocity data (3.2-m vertical resolution) obtained from the MBL sonar. Twenty profiles (spanning
80 min) are plotted, offset by 5cm st Adjacent profiles are averaged, resulting in independent estimates every 8 min.
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Click on thumbnail for full-sized image.

Fig. 10. Eulerian 2-m strain 7, = N%/N(z 1) (), 6.4-m shear squared anomaly (b), and 6.4-m Ri = N?/S° (c) from yearday 1995

67.5-68.0 (12 h). Each has been averaged over 12 min (3 profiles) in time prior to plotting. Blue colorsin (a) indicate lower than
average buoyancy frequency; red colorsin (b) indicate higher-than-average shear; red colorsin (c) indicate low 6.4-m Ri. Y ellow-
green (a,b) and black (c) dots mark the locations of overturns whose maximum Thorpe displacement L max = 2m. Solid black lines

areisopycnal depths (20-m mean spacing).

Click on thumbnaii for full-sized image.

Fig. 11. Close-ups of individual events: 6.4-m Ri is contoured, and isopycnals (1-m mean spacing) and overturn locations are
plotted for three events. Note the increased color scalein (b). In (b) and (c) the depth-mean has been removed at each time. Blue
dotted linesindicate times of individual CTD drops, spaced 4 min apart.

Click on thumbnail for full-sized image.

Fig. 12. Semi-Lagrangian strain, 6.4-m shear squared anomaly, and 6.4-m Ri, for the same depth range and period asin Fig. 10
©=. The ordinate specifies the isopycnal whose mean depth isindicated. Y ellow—green (a,b) and black (c) dotsindicate overturn

locations. Solid black lines surround regions where Ri <1
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Click on thumbnail for full-sized image.

Fig. 13. Depth-time map of s-L effective strain rate #%/az (a): #W/dzis computed from s-L y using Ea. (7) and smoothing over
two binsin time and two binsin depth. Wave propagation is more apparent when the field is separated into downward (b) and
upward (c) propagating phase components. Y ellow—green dots indicate overturn locations asin Fig. 12 @=.
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Click on thumbnaii for full-sized image.

Fig. 14. Effective strain rate squared, (H‘ﬁf/«?iz)z. Data are smoothed over four isopycnals and 16 min in time, highlighting wave
envelopes. Blue contours surround regions of Ri < 1B ack dotsindicate overturnsasin Figs. 10-13 0=
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Click on thumbntail for full-sized image.

Fig. 15. Probability density functionsof s-L Ri " (a), Eulerian Ri * (b), s-L 5" (c), and log, (i%/32)* (d). Heavy lines are
computed using all observations from 200 to 350 m. Light lines represent observations at overturning regions. Overturning PDFs
have been smoothed over A(Ri_l) =0.25, A(y_l) =0.25, and A(Ioglo(ﬁﬁf /32)2) =0.20, respectively. In (d), a Gaussian distribution

withy = -5.67, o = 0.56 is plotted but completely obscured by the (r.:?f‘-i-’/r?iz)2 curve.
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Click on thumbnail f[)r full-sized image.

Fig. 16. Probability density function of effective strain rate aki/az (heavy black line). Data are from the same time-depth range
asin 15. Overplotted are reference Gaussians with same peak value (dashed line) and same variance (light black line) asthe
observed distribution.
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Click on thumbnail for full-sized image.

Fig. 17. Probability density functions of Eulerian Rt (a, b)and s-L yfl (c, d) computed using data before (a, ¢), and after (b, d)
observed overturning events. In each, the black lineis computed using all data. Thered line is computed using data at
overturning locations. Magenta, blue, and green lines are computed using data 24, 8, and 4 min before/after observed overturns,
respectively. Overturning and before/after PDFs have been smoothed asin Fig. 15 ©=.




Click on thumbnail for full-sized image.

Fig. 18. Probability density functions of Ioglo(r.:i"-i-i'/r.:iz), computed using data before (a) and after (b) observed overturning
events. Colorsare the same asin Fig. 17 &=
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Click on thumbnail for full-sized image.

Fig. 19. Joint PDFs of #%/dz and Iogloy_l. The logarithm of the PDF is displayed, computed using all data (a) and overturning
dataonly (b). Theratioisshownin (c) Data are binned in a 100 by 100 matrix, and histograms are then computed. The solid black
lines are a smoothed version of the color contours. Values used are IoglO(PDF) ={05,1,15,2,25,3,3.5} in(a b) and Iog10

(ratio) = {0, 7 3, %3, 1} in (c). Color contoursin (b) and (c) have been smoothed with a convolution filter [3 binsby 3 binsin (b), 5
binsby 15 binsin (c)] before plotting.
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Click on thumbnail for full-sized image.

Fig. 20. Joint PDFs of #¥/dzand s-L Ri L. Asin Fig. 19 ©= the logarithm of the PDF, computed using all data, isshownin (a),
overturning dataonly in (b). Theratio isshownin (c). The black contour levels (smoothed versions of the color contours) in (@)
and (b) arethesameasin 19. Levelsin (c) are IoglO(ratio) ={0.15, 0.4, 0.8, 1.2}. Color contoursin (b) and (c) have been smoothed

with a convolution filter [3 binsby 3 binsin (b), 10 bins by 10 binsin (c)] before plotting.
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Click on thumbnail for full-sized image.

Fig. 21. Time series of inferred depth-averaged dissipation rate (appendix E), estimated from Thorpe scales (black line), 10-m

shear (gray line) and (mﬁr/az)z (dashed line). Each time series is computed using data from 200—-350 m and is smoothed with a 16-
h convolution filter prior to plotting. Extreme values appear in the filtered record as flat-topped features (e.g., black line, yearday
66.5).

Click on thumbnail for full-sized image.



Fig. 22. Probahility density of Thorpe-inferred dissipation E; (= 0.64L2TN3) for all 2227 observed overturnswith Lmax =2m,
= 0.5,"intermittency” factor ol nf = 1.3]. The PDF of EC=

. . . log . _
E.is approximately lognormal [dotted line, (*“&mEs =-7.15, o 0g, &

& N?/N?isplotted with alight line.

Click on thumbnail for fuli-éi zed image.

Fig. 23. Dependence of Thorpe scale LT (a) and Thorpe-inferred dissipation E; (b) upon instantaneous, local stratification N;
LT and Eare averaged over all overturns whose mean buoyancy frequency (computed from sorted density profiles over the

extent of the overturn) fallsinto the given range of N. For intermediate values of N, Lo N2 and &~ N2, Observed Lr is
N) [Eg. (11), dash—dot lin€], the expected size of noise-generated density inversions.

clearly not related to LT,noise(

Click on thumbnail for full-sized image.

Fig. 24. Overturning fraction p o (N), where N is the mean Eulerian mean buoyancy frequency. The plotting scale islogarithmic
on both axes. For depth ranges 200-350 m (heavy line) and the extended 150-200 m (light line), p o (N) scales approximately as

N3, N2 (dashed lines). For N 2.5 cph, p , appears constant.

Click on thumbnail for full-sized image.
Fig. 25. Mean dissipation rate € ean (N) (a) and diapycnal diffusivity Kp(N) (b) computed from overturns[Dillon (1982), black

lines] and from (§2)2 [Grega (1989), gray lines]. Heavy lines correspond to the range 200-350 m, and light linesspanarange
extending upward to 150 m. Parameterizations in terms of overturns and shear demonstrate similar dependence upon N [Em ear](N)
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Click on thumbnail for full-sized image.

~ N%forN =3 cph). High diapycnal diffusivities (b) are implied, which increase with depth.

Fig. 26. Contributionsto the 9-day mean Thorpe-inferred dissipation rate from overturns associated with inverse strain y_l @
and Thorpe scale Lr (b); Cy—l(x) (a) and C. (x) (b) are plotted [Egs. (13), (14)]. Each quantity C(x) represents the fraction of total
T




dissipation accounted for by all overturnswith yﬁl < x (a) or Lr < x (b). From (@), 95% of dissipation results from weaker-than-

average stratification (yfl < 1). From (b), overturns of all sizes contribute comparably to dissipation, for Lt < 8m. “Big
bangs” (LT = 10 m) contribute less than 10% of total.
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Click on thumbnail for full-sized image.

Fig. Al. Theratio f'(z, t) of Janus average shear variance to the maximum of the variance in the two constituent beams [Eq.
(AT)], for zonal (@) and meridional (b) shear, for the same period considered el sewhere. For plotting only, averages are computed
over 20mindepthand2hintime; 1 — Fisan upper bound on the fraction of shear variance unresolved due to beam separation
effects. It includes contributions from the true strain rate, dw/dz.
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Click on thumbnail fbr full-sized image.

Fig. A2. Probability density function of F estimated from zonal shears (heavy solid line) and meridional shears (heavy dashed
line). Data from 200 to 350 m, yearday 67.5-68.0 (— 18 000 data) are used in the cal culation. Both estimates have < 4%
probabilitiesof F <= 0.5. Light lines are PDFs of F [Eq. (A7)], computed with mean [#¥¥/dz| = ¥4 (light dashed line), ¥ (light dash—
dot line), and 1 (light solid line) times the 9-day mean value of 1.73 x 10 ® 572,
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Click on thumbnail for full-sized image.

Fig. A3. Signal to noiseratio SN(a), m) is computed by attributing to noise the difference between vertical velocity estimates

made from the two different back-to-back beam pairs. It is aconservative lower bound, astrue spatial variability between the
beamsis considered as noise. Darker regions (low wavenumber and frequency) display SN(a), m) = 10. Lighter regions high

wavenumber and frequency) have SN(co, m) < 2,§,=2a10-m scaleswith — 1 h averaging.

Click on thumbnail for full-sized image.



Fig. C1. Semi-L agrangian temperature anomaly (a) and its depth derivative (b). Temperature fluctuations along isopycnals
relative to a 12-h time mean are displayed. Intrusive activity and frontal interleaving is seen. Variability in these plots cannot be
dueto straining by internal waves.
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Click on thumbnail for full-sized image.
Fig. D1. Equation (D1) (light black lines) and (D2) (heavy black line) are plotted vs horizontal wavenumber. Different light lines
refer to different assumed angles (0, 45, 60, 70, 80, 85, 90) between wave vector k and advective velocity U. Assumed values are U
=02ms %, m=0.08 cpm, N =2 cph, f=1/24 cph, w =4 cph. Intersections correspond to inferred values of k, o, . consistent

t
with linear internal waves Doppler shifted by the indicated amount.

1 The Ri-based parameterization £, of Kunze et al. (1990) appearsto track &, quite well. Its magnitude is ad hoc due to uncertaintiesin
which differencing scale and critical Ri value are appropriate (Polzin et al. 1995).
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