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ABSTRACT

In this work a profiling CTD, operated from the research platform FLIP, is used to monitor the fine-scale
density field as a function of both depth and time. A sequence of 10 000 CTD profiles from the surface to 560
m is examined. The data were obtained off the Southern California coast in the 1986 PATCHEX experiment.
The vertical separation between successive isopycnal surfaces is tracked. The separation is related to the vertical
derivative of vertical displacement, and is here referred to as the strain. The purpose of this work is to present
a simple picture of the fine scale strain field as it evolves in time as well as depth.

When viewed in isopycnal following coordinates, the qualitative nature of the strain field depends on the
characteristic vertical scale over which it is estimated. The “20 m strain” field has a wavelike character, dominated
by inertial and semidiurnal tidal motion. Wavelike fluctuations are seen in the 20 m strain field even at subinertial
frequencies. This suggests that nonlinear processes are significant even at these relatively large vertical scales.
The “2 m strain” more closely resembles the classic picture of fine structure. Lenses of low density gradient
fluid are separated by sheets of higher gradient water. The lenses are seen to persist up to eight hours. They can
propagate with respect to the density field over tens of meters. The low gradient regions evolve into regions of
high gradient and visa versa. The probability density function (PDF) of isopycnal separation is Gaussian for
isopycnal pairs of large (~20 m) mean separation. As mean separation distance is decreased, the skewness of
the distribution increases.

Since all scalar fields in the sea are strained by the same velocity field, fluctuations in the fine-scale vertical
gradients of a variety of quantities are correlated. Averages of the products of fine scale gradients can differ
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significantly from products of the averages.

1. Introduction

In recent decades considerable progress has been
made at determining the space-time scales of the in-
ternal wavefield (Garrett and Munk 1972, 1975, 1979;
Munk 1981). Emphasis has generally been placed on
the energy containing features of the field, such as near
inertial waves or the baroclinic tide. Fine-scale (1-50
m in the vertical) aspects of the motion field are known
primarily through vertical profiling observations. Can-
didate vertical wavenumber spectra of shear (Gargett
et al. 1981) and strain/temperature gradient (Gregg
1977) are now generally accepted. However, little is
known about the appropriate lateral and temporal
scales associated with the observed fluctuations of shear
or strain in depth.

As a step in this direction, we present observations
of the fine-scale strain field in both depth and time.
The data are collected using a repeated profiling CTD
system (Pinkel 1975) operated from the research plat-
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form FLIP. A set of 10 000 profiles from the surface
to 560 m is the basis for this study. The data were
obtained as part of an overall program to observe both
shear and strain fields simultaneously (Sherman 1989;
Sherman and Pinkel 1991). The strain measurement
is in some sense the most satisfying, in that a broad
range of vertical scales is covered and the fine scale
signal is easily seen above measurement noise. Impor-
tantly, the time evolution of the strain field can be
conveniently observed in either an Eulerian (fixed
depth) frame or in isopycnal following coordinates.
The views obtained in these two frames are quite dif-
ferent (Sherman and Pinkel 1991). The difference is
due to the vertical advection of the fine scale field by
the internal wavefield itself. The vertical advection ef-
fect has been considered a source of “‘contamination”
of Eulerian measurements and has been studied from
that point of view (Phillips 1971; Garrett and Munk
1971; McKean 1974). In an isopycnal following frame,
the so-called *‘fine-structure contamination” problem
is avoided. Time evolution of the observed field will
depend on the vertical rate of strain, dw/dz, rather
than vertical velocity itself.

Operating in an isopycnal following frame is not
without an attendant set of subtleties. Isopycnal fol-
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lowing coordinates are neither Eulerian nor Lagran-
gian. To illustrate the nature of situations which can
occur when in isopycnal following coordinates, con-
sider the process of time averaging. In Fig. 1, 20-day
averages of density gradient are plotted. The gradients
are calculated at a set of 470 fixed depths, (90-560 m)
and at 470 variable depths, as well. The variable depths
represent the instantaneous positions of isopycnal
whose mean depths correspond to the respective fixed
depths. It is seen that averages of the density gradient
are approximately 50% greater in the isopycnal follow-
ing (semi-Lagrangian) frame than in the Eulerian
frame. This rather odd result is an inherent property
of observing in isopycnal following coordinates. It re-
sults from the non-Gaussian nature of the fine scale
field. '

The purpose of this paper is to describe qualitatively
the depth-time evolution of the strain field. The
changing nature of the field will be noted as the char-
acteristic vertical scale of the observation is reduced
from internal wave (~20 m) to extremely fine (~2
m) scales. Strain statistics become progressively less
Gaussian with decreasing vertical scale. Depth (den-
sity )-time statistics of the occurrence of extremely high
and low strain events are presented. An extended dis-
cussion, again primarily qualitative, suggests why this
non-Gaussianity is observed and lists some geneéral
oceanographic implications.

The tone of the discussion is similar to that of the
pioneering statistical studies of Desaubies and Gregg
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FIG. 1. Averages of density gradient at fixed depth Z, as a function
of the density gradient averaged along the corresponding fixed density,
p, where p = p(Z). Averages are formed from 9600 profiles obtained
over a 20 day period. Eulerian gradients are formed from 40 cm first
differences of the density profile, centered at fixed depths. The semi-
Lagrangian gradients are estimated from 40 c¢m differences which
span the isopycnal whose mean depth is that of the corresponding
Eulerian estimate. Data from 90 to 560 m are included in the plot.
The semi-Lagrangian average exceeds the Eulerian average by a factor
of approximately 1.7, at 400-500 m, to 1.4 in the high gradient region
of the water column.
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(1981) and Desaubies and Smith (1982), although in-
fluenced by present ability to work in isopycnal fol-
lowing coordinates. The discussion is based on the as-
sumption of the existence of some mean, monotonic
density profile, which is equivalently expressed as
p(z)or Z(p). The profile is distorted under the strain-
ing influence of the motion field. The distortion is seen
through the vertical displacement of various isopycnals

w(t, p) = z(t, p) = Z(p). (1)

Using this notation one can describe a depth-time field
of isopycnal depth difference as

AZ(I, E,A_Z)= Z(t, p\)’_Z(I, pZ)' (2)

Here Z = (Z(p,) + Z(p2))/2 is the mean depth of the
isopycnal pair and Az = (Z(p,) — Z(p2)) is the mean
separation. Protagonists in the present study are the
normalized depth difference

¥(t, Z, Az) = Az/Az, (3)

a positive quantity (as isopycnals cannot cross), and
the finite difference strain

e, 2, bz) =y — | = (Az — Az)/Az.  (4)

2. Experiment description

The data are derived from density profiles obtained
from a profiling CTD system on the Research Platform
FLIP. Ten thousand profiles were collected from the
surface to 560 m in the 1986 PATCHEX Experiment.
The PATCHEX site was 34°N, 127°W, about 500 km
west of Pt. Conception, California. Water depth is 4
km. FLIP was placed in a two-point taut moor, re-
stricting lateral motion to an area of several hundred
meters square.

Seabird Instruments model SBE-9 CTD systems
were used, following modification for high speed op-
eration. The modifications included the construction
of an open cylindrical frame to protect and support
the instrument and the addition of a weighted (25 kg
lead shot) nose piece to increase the fall rate. A static
pressure port was interfaced to the Digiquartz pressure
sensor, to reduce the magnitude of turbulent pressure
fluctuations associated with the high fall rate.

In PATCHEX, a pair of instruments covered the
depth ranges 0-300 m and 260-560 m. The CTDs were
cycled every three minutes, corresponding to a drop
rate of 3.8 m s~'. The Nyquist frequency, 10 cph, was
not sufficient to prevent aliasing of internal wave mo-
tions in the upper thermocline (80-150 m). The alias-
ing of low mode internal wave motions is the dominant
high frequency noise in these measurements.

The instruments are sampled at 12 Hz, correspond-
ing to a sampling distance of 32 cm. Given the high
fall rate, it is not necessary to pump the conductivity
cell to achieve reasonable spatial resolution. The phase
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and amplitude response of the conductivity sensor is
matched to that of the temperature sensor. T — C gra-
dient cross spectra, estimated from data in nearly iso-
haline regions of the water column, are used to deter-
mine the relative response of the instruments. Follow-
ing the response matching, the outputs of both sensors
are lowpass filtered with a 2 m cutoff, to assure uniform
high wavenumber response. (Sherman 1989). Potential
temperature, salinity and potential density profiles are
obtained from the response corrected CTD informa-
tion. Cruise-averaged profiles are computed. A set of
reference densities, whose mean depths are separated
by 1 m, is then chosen. The encounter depth of each
of these reference densities (isopycnals) is computed
for each profile using linear interpolation.

3. Observations

In this section the isopycnal information is first used
to describe the large scale vertical displacement field.
Subsequent plots display strain calculated on progres-
sively finer depth and time scales. The objective here
is to contrast qualitatively the nature of the motions
at the various scales.

In Fig. 2 we see the isopycnal displacement field
during PATCHEX.

Clearly apparent in the motion field is the semidi-
urnal baroclinic tide. This has vertical wavelength long
compared to the 400 m observation depth and vertical
displacements as great as 30 m, crest-to-trough. Some
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evidence of a spring-neap fluctuation in amplitude is
seen, particularly at depth.

The fine vertical scale motions of interest in this
study are obscured by the tide and the other higher
frequency constituents of the wavefield, which are
highly coherent with depth. To view the smaller scale
field, it is convenient to form plots of isopycnal depth
difference, Az(t). These can be plotted against either
the instantaneous mean depth of the isopycnal pair or
against the cruise averaged mean depth of the pair, Z.
In the latter case the time evolution of the field is seen
in a “semi-Lagrangian” frame, with Z effectively serving
as a label for the isopycnal pair. In Fig. 3, the depth-
time series of 20 m strain, Az(¢, Z, 20), is plotted. This
is a record of the instantaneous difference in depth
between an isopycnal whose mean depth is 10 m above
the depth signified in the ordinate and one whose mean
depth is 10 m below. The two hour smoothing nearly
obscures the period on day 4 when no data were taken.
The dominant signals apparent in the 20 m strain are
associated with both inertial waves and semidiurnal
motions. The vertical coherence of the tidal strain signal
is greatly reduced when compared to the displacement
signal. This is to be expected, as the strain is effectively
the derivative of displacement with respect to depth.
The vertical wavenumber dependence of the strain
spectrum is “less red” than that of displacement by
the factor k,>. While the strain field has a lumpy and
irregular aspect in general, there are periods where both
upward and downward phase propagation are seen.

It is perhaps surprising to see a strong inertial signal
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FIG. 2. The vertical displacement field observed in the 1986 experiment, PATCHEX. One hundred
isopycnal surfaces, each separated by 5 m in the mean, are tracked. The record starts at noon local time, 6
October and is smoothed by a two hour running mean filter. The filtering partially obscures a 6 hour period

(days 4.2-4.5) when data were not collected.
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F1G. 3. Twenty meter isopycnal strain or depth-difference time series. Vertical excursions of these lines
are proportional to the separation between isopycnals whose mean separation is 20 m. The record starts at
noon local time, 6 Oct 1986, and is smoothed by a two-hour running mean filter. Successive strain series
are offset in depth, in proportion to the mean depth of the isopycnal pair. Isopycnal following removes the
effect of the gross vertical advection of the internal wavefield.

in the strain field. Linear inertial motions are not ex-
pected to produce a vertical displacement signature.
Nevertheless, the signal is present. In the 1983 exper-
iment, MILDEX, power spectra of strain (Pinkel et al.
1987, Fig. 10f) also reveal weak inertial as well as tidal
peaks. When contrasted with other Southern California
observations (Pinkel 1984) the near inertial field in
PATCHEX is relatively weak. It is likely that the near
inertial signal is a ubiquitous feature of the strain field.

It has been suggested (Holloway 1983; Muller 1984)
that much of the strain signal might not be due to
internal waves, but rather to the small-scale analog of
two dimensional quasi-geostrophic turbulence. An ap-
parently reasonable test of this hypothesis is to examine
sub-inertial frequencies, where internal waves presum-
ably do not exist. In Fig. 4, a 20 day record of isopycnal
depth difference is again presented. Here the smoothing
period is 24 hours, rather than the 2 h used previously.
A simple running mean filter is used. Surprisingly,
wavelike motions are again seen. Evidence of cross iso-
pycnal propagation, clearly not a feature of two di-
mensional turbulence, is seen throughout the record.

In the discussion section below, a simple nonlinear
model for isopycnal straining is introduced. A quadratic
nonlinearity allows the isopycnal strain signature to
appear at sum and difference frequencies (and wave-
numbers) of the underlying motion field. Higher order
nonlinearity enables even greater “leakage” of the strain
signal out of the internal wave band. Thus the internal
wavefield might be responsible for these observed sub-
inertial variations in isopycnal separation.

The dominant motions in Figs. 3, 4 have vertical

scales of tens of meters. Most of the strain variance
occurs at far smaller scale. We can focus on the smaller
scale motions by considering the depth difference be-
tween isopycnals whose mean separation is 5 m rather
than 20 m.

In Fig. 5 the logarithm of 5 m isopycnal separation
is plotted over a 24 hour period. The displacement of
the profiles to the right in Fig. 5 corresponds to large
isopycnal separation, a layer of depressed local Viisila
frequency. Displacement to the left corresponds to
small isopycnal separation, a sheet of enhanced sta-
bility. The vertical profile format is a concise method
for providing a large scale look at the fine scale field.
Depth difference information from 400 isopycnals is
incorporated in Fig. 5. Cross-isopycnal propagation of
features, when it occurs, is easily detectable. The depth
difference profiles themselves are skewed. Isopycnals
can never be closer together than 5 m from their mean
position. They can be arbitrarily far apart. By taking
the logarithm of separation, the apparent asymmetry
in the profiles is greatly reduced.

In this plot of 15-min averaged strain profiles, there
is little evidence of the large scale semidiurnal signals
which are prominent in Fig. 3. Here one sees motions
which appear as isolated lumps, slowly propagating
vertically across isopycnal surfaces. The maximum rate
of phase propagation is of order 4 m h™! ~ 10™! cm
s~ ! relative to the large scale field.

It is likely that horizontal advection influences the
observed time evolution. Consider a linear internal
wave group with characteristic vertical wavenumber
0.1 cpm and intrinsic frequency midway between the
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FI1G. 4. Subinertial strain. Data are as in Fig. 3 except smoothed with a 24-hour running mean filter, to

reveal the subinertial strain field. The vertical scale here has been exaggerated relative to that of Fig. 3 by a
factor of 3.33.

inertial and Viisdld frequencies. The characteristic
horizontal phase speed, ¢, is
W N
c=-—m==—=1cms . 5
ky k, ()
Here, N, the local Viisild frequency, is taken as 3.6
cph and kg, k. are horizontal and vertical wavenum-

bers, respectively. As typical horizontal advection
speeds are typically larger than 1 cm s ™!, spatial as well
as temporal variation is being observed in these figures.

In Fig. 6, the logarithm of 2 m isopycnal separation
is presented. Profiles are presented every 3 minutes for
a single day of the PATCHEX experiment. As in Fig.
5, layers or lenses of nearly constant density appear as
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FIG. 5. Five meter strain: the logarithm of instantaneous separation between isopycnals whose mean
separation is 5 m. Depth differences are averaged over 15 min prior to forming these profiles. Data are
plotted as a function of isopycnal mean depth. Excursions to the right correspond to large isopycnal separations,
or layers. Excursions to the left correspond to small isopycnal separation, sheets. An excursion equivalent
to the mean offset between profiles corresponds to a factor of !5, 3 departure from the mean isopycnal
separation. The signal consists predominately of isolated events which persist for a fraction of a day, and
propagate significantly with respect to the density field. Data are from year day 280, 1986.
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fine, nearly horizontal lines. Cross isopycnal propa-
gation of these lenses is often seen (0200 at 300 m or
0800 at 320 m, for example). The layers persist for
periods up to six hours. The evolution of these layers
takes place against a fine-scale background which is
remarkably repeatable in detail, except in isolated
depth-~time regions of rapid and irregular change. The
region above 200 m is typically quiescent, with the
smallest details in the strain profiles repeatable over
periods of an hour or more.

The regions of rapid variation (e.g., 340-380 m at
0100) stand out strongly in Fig. 6. The physical phe-
nomenon that causes this effect is not known. It was
originally suspected that problems associated with es-
timating density from the conductivity and tempera-
ture sensors on the CTD were responsible for the pe-
riods of irregularity. However, analogous plots using
only temperature data show similar behavior. It re-
mains to investigate the correlation of occurrence of
these active patches with the horizontal velocity and
shear fields measured using the Doppler sonars on
FLIP. If patches tend to occur during periods of high
horizontal velocity, the advection of small horizontal
scale perturbations in the density field must be consid-
ered. If they occur during periods of low velocity, in-
strument wake might be responsible.

The relative abruptness of the 2 m strain tends to
overshadow much of the less dramatic detail in Fig. 6.
An enlarged view of the upper 160 m of the figure is
replotted in Fig. 7. Here the finest scales resolvable by
the CTD are seen. When viewed in isopycnal following
coordinates, the profile-to-profile repeatability of the
fine scale features is impressive. The apparent lifetime
of the modest strain “events” is comparable to that of
the extreme sheets or layers.

Note the similarity in appearance of Figs. 5 and 7.
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The 160 m record of 2 m strain has the same qualitative
character as the 5 m strain, over a depth interval %
times greater. No ad hoc rescaling of the plots has been
done to enhance their resemblance. From inspection
of the raw strain profiles, one can deduce only the ratio
of Az to the total field of view. Neither parameter,
alone, can be estimated from an “unlabeled” dataset.
The tendency toward self-similar behavior in the strain
field will be discussed below.

The apparent homogeneity of Figs. 5-7 with depth
1s also notable. Internal wave displacement and velocity
fields are strongly influenced by depth variations in the
Viisild frequency. Plots of large scale fields must be
appropriately “Vdisidla stretched” in order to remove
the refractive distortion. The Viisila distortion of the
strain field is apparently more subtle than that of dis-
placement and velocity. The relative lack of depen-
dence of strain on Viisild frequency is consistent with
linear internal wave theory in the WKB approximation.
More sensitive tests are called for to investigate this
issue in detail.

4. Strain statistics

The character of the strain field changes markedly
between 20 m and 5 m vertical scale. The differences
between the 5 m and 2 m strain fields are less obvious.
Simple statistics can be presented to emphasize the ef-
fect of changing scale. In Fig. 8, the isopycnal depth
difference variance is plotted as a function of mean
vertical separation, Az. Patterns from four depth zones
are presented. At mean separations greater than 10 m,
the variance is seen to increase linearly with mean sep-
aration. This is consistent with a strain spectrum which
is essentially white in vertical wavenumbers less than
0.1 cpm (Appendix). The straight lines, if extrapolated
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FIG. 6. The logarithm of two meter strain. Depth difference profiles are presented every 15 min. The data
are from year day 280, 1986, as in Figs. 5, 7. The scaling of the abscissa is unchanged from Fig. 5.
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FIG. 7. The logarithm of two meter strain. An enlargement of the top 160 m of Fig. 6. The scaling of the
abscissa is unchanged.

to small separation, do not indicate zero variance at
zero mean separation. The actual curves indeed roll
down at less than 10 m, providing a physically sensible
result. The roll down is a consequence of the finite
variance of the strain spectrum (Appendix).

At very large mean separations (not shown in Fig.
8), where the participating isopycnals are uncorrelated,
the variance should approach a constant value, equal
to twice the variance of the individual isopycnal dis-
placements.
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Fi1G. 8. The variance of isopycnal displacement difference (Az’)
as a function of mean separation Az.

The mean separation and variance are not adequate
to describe the statistics of the strain measurements.
This is seen in Figs. 9, 10, and 11 where representative
probability density functions of isopycnal separation
are presented. The “events” recorded in these PDFs
represent individual encounters of the isopycnal pairs
during the first 9000 profiles of the PATCHEX exper-
iment. The events are equally sampled in time but not
necessarily in depth. Each histogram records the dis-
tribution of nearly two million observations. However,
adjacent events in time are highly correlated. The pro-
files are repeated 20 times per hour and the correlation
time of the strain field is of order eight hours. Thus,
the number of independent strain events represented
by these PDFs is approximately a factor of 160 less
than the total number of observations recorded. The
issue of statistical stability is not of great import here,
however, as the estimates have converged to stable
forms.

One sees at large separation (Fig. 9) near-Gaussian
PDFs. The deep data have broader histograms than
the shallow at similar mean vertical separation. As
mean separation is decreased (Figs. 10, 11), the dis-
tributions become progressively more skewed. Also,
the difference between the upper and lower depth
ranges decreases. Indeed, the 2 m strain shows no sig-
nificant variation with depth.

In the algorithm used to calculate isopycnal position,
density inversions are removed. There is no possibility
of observing “‘crossed isopycnals” in this dataset. The
distributions are truncated at v = 0. Also, the occur-
rence of closely spaced isopycnals implies the existence
of large density gradients. The finite resolution of the
CTD significantly smooths the high gradient regions,
artificially separating the isopycnals. As a consequence,
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FIG. 9. Probability density of isopycnal separation fluctuation, Az
— Az from PATCHEX. Data from 100-300 m are drawn with a
dotted line, 300-500 m with a solid line. The PDFs become increas-
ingly broad (more variance) with increasing mean separation Az.
The PDFs from the shallow region have less variance than their deep
counterparts, at fixed mean separation. The histograms are each based
on 1.8 X 10° points.

a precutoff increase in probability is often seen just
preceding the truncation. Instrument resolution has
little effect on other aspects of histogram form.

It is reasonable to exploit the 2-D view obtained by
the CTD to calculate joint depth-time statistics of the
strain field. A traditional investigation would be based
on the autocorrelation of isopycnals, as a function of
depth and time lags. However, the extreme skewness

of the separation probability density cautions that the.

time evolution of the “sheets” might be far different

than that of the “layers.” This aspect of the field would

not be represented by an autocorrelation function.
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FI1G. 10. Probability of Az ~ Az, asin Fig. 9, except for smaller
separations. The PDF of 1 m separation has been truncated.
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FiG. 11. Probability of Az — Az, as in Figs. 9 and 10, for very
small mean separations. Note the change in vertical scale relative to
the previous figures. The histograms representing the upper and lower
depth ranges become more nearly identical as the mean separation
is decreased.

Here we adopt a rather primitive approach, defin-
ing a strain “event” to occur whenever isopycnalse-
parations exceed twice (y > 2:layers) or fall below
half(y < 0.5:sheets) the mean separation. The proba-
bility of occurrence of sheet and layer events is given
by the area under the tails of the separation PDFs pre-
sented in Figs. 9-11. Events are tracked in both time
and density (depth ), as separate studies. In the former
case, the duration of each event, as well as the average
and maximum values of strain are tabulated, at fixed
density. This is done for each of the 400 isopycnal pairs
followed between depths of 100 and 500 m. An “event”
is deemed to start when the separation associated with
a given isopycnal pair first exceeds the threshold. The
event ends when +y returns to values 0.5 <y < 2. The
mean separation between isopycnals is 2 m. A 24 min-
ute time-average is employed prior to searching for the
events. This reduces the influence of the isolated regions
of irregularity seen in Fig. 6.

Histograms of event occurrence as a function of
event duration and extreme /average strain during the
event are presented in Fig. 12. The histograms are nor-
malized such that the sum of the layer and sheet events
is unity. The relative height of the distributions for
sheets and for layers thus gives an index of relative
likelihood of occurrences.

As expected, many more “sheet” events occur than
“layer” events. The typical sheet also lasts longer than
typical layer, although the relationship between max-
imum strain and event duration is similar for both.
Longer lived events are more likely to achieve more
extreme values of strain than shorter lived events.

When one compares event duration with average
strain rather than extreme, a different pattern emerges.
The average strain of events which last longer than
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FI1G. 12. Contour maps of the relative probability of occurrence of strain events, for Az = 2
m. Maps are normalized such that the volume under maps A and C sums to unity; similarly for
B and D. Probability is contoured logarithmically, with intervals separated by 5 db. The interval
between —2.5 and —3 (—25 to —30 db) is shaded. The ordinate indicates the degree of distortion
observed, with isopycnals being encountered two through eight times closer together than average
(sheets; A, B) or two through eight times farther apart (layers; C, D). The longer a strain event
exists, the greater the extreme value strain. The average value of strain is independent of event
duration, for those events which last longer than two hours.

about 2 hours is typically the same. Long lived layers
are typically six meters thick (Az/Az = 3). Long lived
sheets are most often found to be %3 m thick. This result
is most likely influenced by the finite resolution of
the CTD.

A similar study can be made of the extent of these
extreme strain events in density space. When two iso-
pycnals are brought close together (or far apart) by the
motion field, what is the likelihood that the adjacent
pair will also be close together/far apart? To address
this issue, a series of 2016 15-minute average vertical
profiles of the strain are formed. Isopycnal pairs of 2
m mean separation are considered. Again, strain
“events” are defined, with v > 2 or ¥ < 0.5 giving the
threshold of occurrence of “layers” and “sheets,” re-
spectively. Stepping through each profile with increas-
ing depth (density) the number of isopycnals partici-
pating in each event, as well as the extreme and depth
averaged value of strain in the event are tabulated. His-
tograms are presented in Fig, 13.

When extreme layers are seen (v > 3) only one or
two isopycnal pairs participate. On rare occasion, when
five isopycnal pairs are involved in a “layer,” the max-
imum strain experienced by any of them is just over
the threshold. This corresponds to a 6 m region of the
ocean swelling to a thickness of 12 m. No matter what
the maximum thickness, it is always most likely to find
one or two isopycnal pairs participating in a layer.

The situation for sheets is far different. Here the his-
togram has a clearly defined ridge. As the maximum
value of ™! increases, the number of isopycnals most
likely to be involved also increases.

As with the event duration study, a greater number
of sheets is seen than layers. This is an inherent con-
sequence of working in isopycnal following coordi-
nates. In some sense, it takes more isopycnals to form
a sheet than a layer.

In terms of overall statistics, the depth and duration
studies give a slightly different view of the strain field.
Events occur 8.86 percent of the time in the depth
study. Sheet events are seen 6.25 percent of the time,
while layer events occur with a frequency of 2.61 per-
cent. For the duration study, events are seen 7.14 per-
cent of the time. Sheets occur with 5.26 percent fre-
quency and layers with 1.88 percent frequency. These
quantitative statistical results are a strong function of
both the mean separation between isopycnals, Az and
the choice of event threshold, (v > 2, ¥ < 0.5). This
can be seen from direct examination of the separation
PDFs in Fig. 11. Selecting a different Az corresponds
to changing the PDF being considered. Altering the
threshold values of v changes the region of the high
and low v tails of the PDF which are defined as
“events.”

The difference in depth and duration statistics is re-
lated to the nature of the statistical test. For example,
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F1G. 13. Asin Fig. 12, except here the number of adjacent isopycnals participating in an event
is tracked. It is common for many adjacent isopycnals to participate in a sheet. Layers are usually

associated with a single isopycnal pair.

consider a single isopycnal pair which comes together
to form a “sheet event” for one hour. The duration
study would count this as a single event, lasting one
hour. The depth (density) study would count this as
four events (one occurrence in each of the four 15-
minute average profiles), each involving a single iso-
pycnal pair. Also, under the ground rules of the event
duration study, an event can ‘“end” by propagating
vertically from one isopycnal surface to the next. The
visual lifetime of the events seen in Figs. 5-7 is greater
than the statistical lifetime defined in this study.

5. Discussion

a. Reversible fine structure

We have somewhat arbitrarily adopted the position
that all of the observed fine structure is reversible, being
created through the distortion of a smooth “underly-
ing” density field by a perhaps Gaussian velocity field.
By tracking isopycnals, rather than isothermal or iso-
haline surfaces, it is hoped to minimize the influence
of large scale intrusive features on the observations.
Yet there are no grounds to deny the existence of in-
trusions.

The following sections explore some of the conse-
quences of the reversible fine structure interpretation.
For the purpose of discussion, the observed “sheets
and layers™ are taken to be the result of local construc-
tive interference in the orbital displacement of the in-

ternal wavefield. The features can propagate across is-
opycnal surfaces, although their persistence time-dis-
tance (as with any constructive interference) is typically
smaller than the characteristic times-lengths of the
constituent motions which interfere. Layers disappear
as a result of lateral divergence of the underlying current
field. This divergence need not be opposed by frictional
effects, as discussed by Stommel and Federov (1967)
and others. To the extent that the fine structure is truly
reversible, there is no implication of dissipative pro-
Cesses.

In dealing with a significantly skewed scalar field,
the techniques traditionally used to track the state of
the field (here, isopycnal following) require re-exam-
ination. For example, one passes through more iso-
surfaces per unit distance in high gradient regions than
in low, by definition. Averages taken along isopycnal
surfaces will be biased toward the high gradient regions,
to an extent determined by the skewness of the PDF
of separation. In terms of the simple sheet and layer
point of view, the waters of the sea are found in the
layers, while the isopycnal surfaces congregate in the
sheets.

Consistent with this viewpoint, data obtained from
along isopycnal tows (space-series) can also be expected
to have skewed distributions of vertical isopycnal sep-
aration, at the fine scale. Isopycnal separation data ob-
tained from Lagrangian floats should be more nearly
Gaussian. As isopycnals congregate to form high gra-
dient sheets, the floats will be exhausted laterally. Only
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the isopycnals converge in high gradient regions. The
water does not, being incompressible.

b. The non-Gaussianity of strain

Histograms of strain (Figs. 9-11) become increas-
ingly skewed with decreasing mean separation. This
reflects the fact that isopycnals which are closer together
than their mean separation tend to remain close to-
gether for a relatively long time, as they experience the
same motion field. Isopycnals which are farther apart
than their mean separation experience a greater differ-
ence in advecting velocity. The relative separation be-
tween such isopycnals can be expected to change more
rapidly. The sampling format of this experiment, with
profiles spaced at equal increments of time, necessarily
results in skewed isopycnal separation PDFs.

At very small separations, it is conjectured that the
PDFs approach log-normal form. Consider the vertical
advection of nearby isopycnals in a Gaussian vertical
.velocity field.

62([, pl)/at = W(Z(ty pl))

0z(1, p2)/ 8t = w(z(1, p2))- (6)

Here z(z, p;) is the depth at which density p; is en-
countered at time ¢. Isopycnal separation is conve-
niently described by expanding the vertical velocity
field as a Taylor series about the mean depth of the
isopycnal pair, z. Differencing the above equations then
leads to:

9(Az) _ow
Pkt L=_Az+ (7)
d(log (Az/Az)) 9w 3
ot 9z |, )

Here Az is the instantaneous separation and Az is the
mean separation for the isopycnal pair. If the rate of
strain component dw/dz has Gaussian statistics, the
time derivative of log separation will be Gaussian as
well. Integrating with respect to time, it is seen that
isopycnal separation will be log-normal provided the
vertical gradient, d7/dz, of the vertical “progressive

displacement”
1
= fo wdt' (9)

has Gaussian statistics. (Note that the observed dis-
placement field is also influenced by lateral advection).

The relationship between isopycnal separation and
the underlying vertical velocity field is given by

Az(1)/ Az = Coe®F015z, (10)

In order that the expected value { Az(7)) = Az, the
constant of integration Cj is identified as

Co = A%/Az, (11)
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where
AZ = Az{ %)

is the median isopycnal separation. .

In the log-normal limit, the strain ¥ = Az(?)/Az
— 1 isindependent of the vertical scale, Az, over which
it is calculated. Strain measurements over a continuum
of separations centered at some z will be identical.
Thus, the log-normal regime is only found at scales
shorter than the shortest energetic scale in the strain
rate field. In a companion study, it is suggested that
log-normal conditions will prevail at vertical scales
shorter than about 80 cm, in the absence of overturn-
ing. Given the finite spatial resolution of the CTDs
used in this study, it is accurate to state that we have
been observing the tendency toward log-normal be-
havior at small separation, rather than the log-normal
field itself.

The attempt to demonstrate the self-similar aspect
of the strain field is influenced by the resolution of the
CTD, as well as the absence of log-normal conditions
at 2-5 m vertical scale. However, the appearance of
self-similarity is enhanced by the k™' slope of the strain
vertical wavenumber spectrum (Gregg 1977)in the 1-
10 m band. It is easily shown that for a process de-
scribed by a k™! spectrum, the variance per octave of
the field is constant, independent of wavenumber. The
qualitative character of this field as observed at different
scales will be similar, provided the ratio of instrument
bandwidth to center wavenumber remains fixed.

The fine-scale motion field in the thermocline is
reminiscent of a passive scalar field strained by small
scale turbulence, as discussed by Batchelor (1959). In
the turbulent case, at scales smaller than the viscous
cutoff, passive scalars experience a rate of strain which
is uniform in space yet changing in time. The randomly
oriented strain rate typically increases the magnitude
of the spatial gradient of the scalar. This tendency to
increase scalar variance at small scales is countered by
molecular diffusion. In balancing the effects of strain
rate and diffusion a characteristic spectral form is es-
tablished.

The analogy between internal wave straining in the
thermocline and the straining of a passive scalar at
scales smaller than the viscous cutoff is less than ideal.
For “reversible fine structure”, there is no interplay
between one phenomenon which turns layers into
sheets, and a second phenomenon, which destroys the
sheets. As adjacent isopycnals “random-walk” away
from each other, pressure gradients are established in
the fluid which encourage their return. Thus no char-
acteristic balance is implied. It is tempting to hypoth-
esize a Batchelor-like model of “not quite reversible”
fine structure, with some dissipative process occurring
selectively. Such a modeling effort is beyond the scope
of this work.

If we consider the depth dependence of the strain
field, indexing successive isopycnal pairs by their mean

(12)
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depth, z, mean separation, and time, we see

_— . - A% m
Y1, 7, Az) = Coedinver o 221 L T (5 4y
Az 9z

1(a7,_ \?
+§(£(Z,t)) +"']. (13)

A vertical wavenumber spectrum of strain will have
variance at the same scales as 97/9z, as well as much
smaller scales, due to the higher order terms in the
approximation. This point was emphasized by Desau-
bies and Gregg (1981). Frequency spreading will also
occur, resulting in the creation of the subinertial vari-
ance seen in Fig. 4. Note that the form of the semi-
Lagrangian vertical wavenumber spectrum depends not
only on the form of the Eulerian spectrum but also on
its magnitude. The more energetic the motion field,
the greater the observed spread of variance to space-
time scales beyond those in the Eulerian strain field.
In contrast to the commonly discussed problem of “fine
structure contamination” of Eulerian oceanographic
measurements ( Phillips 1971; McKean 1974), here it
is the isopycnal following view of the world which is
becoming “distorted” by a Gaussian velocity field.

c¢. Property gradients

The non-Gaussianity of the strain field can be a con-
sequence of the “passive” advection of isopycnals by
a Gaussian velocity field. Is this phenomenon of any
importance to ocean dynamics?

In the stratified regions of the ocean it is usually the
case that properties vary more rapidly in the cross-
isopycnal direction than in an isopycnal plane. If one
describes the instantaneous vertical gradient of such a
property, 6, in density coordinates,

a0 _ ——. _ 0(pi) — 0(p2)
0z 5 A = AT A
_8(p) = 8ps) Az
h Az Az(t,z, Az) (14)

The instantaneous value of the gradient is the prod-
uct of the mean gradient and the normalized inverse
separation, vy ~'. The inverse strain modulates vertical
gradients of properties in the sea. It follows that fluc-
tuations of the vertical gradients of a variety of passive
quantities such as temperature or density itself, will
have identical probability distributions in isopycnal
following coordinates, at fine scale. Knowledge of the
PDF of v (and hence, v~ ') allows one to predict fluc-
tuation statistics without the need to linearize about
small values of the strain.

While gradient fluctuations may appear as a “subgrid
scale” effect to large scale modelers, not all aspects of
the gradient modulation problems disappear with spa-
tial averaging. In particular, since the vertical gradients
of many quantities are modulated by the identical
strain field, averages of the products of gradients can
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be expected to differ significantly from products of the
averages.

d. Zooplankton and strain

From acoustic scattering studies zooplankton are
known to congregate in regions of high density gradient.
The scattering layers appear to track the vertical dis-
placements of the internal wavefield. Is the zooplank-
tonic world inherently skewed?

To the extent that the plankton are ideal Lagrangian
drifters, the population can be treated as a passive scalar
field. If a particular plankton population exists between
densities p; and p,, the concentration of plankton will
not be affected by reversible fine-structure. As isopyc-
nals come together to form sheets, the plankton will
be exhausted laterally, along with the water. In partic-
ular, acoustic scattering strength should be unaffected,
as this depends primarily on the number of organisms
per unit volume. What of the observations to the con-
trary? Possible explanations include:

e To an acoustician, the distinction between a scat-
tering “layer” and a scattering “sheet” is a second order
effect. If there are a lot more “targets™ between densities
p; and p, than at neighboring densities, the plankton
are a useful tracer of motion. This usefulness is en-
hanced by the fact that at any given time, over most
of the internal acreage of the sea, isopycnals p; and p»
are closer together than average. Hence, most acoustic
observations will see a clearly defined scattering zone.

e The compressibility of the plankton may be
slightly different than that of water. As large scale in-
ternal waves vertically advect the entire fine scale field,
plankton in the layers will find themselves collected
against the vertical boundaries of a layer, i.e. the ad-
jacent sheets. This represents a modest cross isopycnal
migration by the plankton, with no work being done
on their part. It also constitutes a mechanism for ac-
tually increasing the concentration of the plankton,
resulting in increased acoustic scattering.

e. Richardson number

It is instructive to consider an extreme idealization
of the reversible fine structure concept. Consider hor-
izontal (isopycnal ) flows associated with internal waves.
Most of the variance is due to near inertial motion,
which changes significantly in time over a fraction of
an inertial period. The shear will depend on the depth
(density )-time evolution of both the velocity and strain
fields.

u(pi, t) — u(p, t)
z(p1, t) — z(p2, 1)

Au(t, z, Az)
-
_ Au(t, 7, Az)

Az

u _ —
py (t,z,Az) =
v7'(1, Z, Az)

[N%(t, z, Az)/ N*(z, Az)]. (15)
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A Fourier description of the shear will involve a
convolution of the Fourier frequency coeflicients of
the “unstrained” quasi-linear shear and those of the
“inverse strain”, y ",

In the extreme limit of a time independent velocity
field, u(p, t) = u(p), the Richardson number is given

by
Ri(¢, Z, Az) = N*(¢, , Az)/(8u/dz)?

= N?/(Au/Az)*-y =Ri-vy. (16)
When isopycnals are twice as close together as average,
the squared Viisila frequency is increased by a factor
of two. Squared shear is increased by a factor of four.
Local shear instability will thus be associated with
sheets rather than layers, in this idealized model.

One can reconcile the observation that the “internal
wave scale” Richardson number is of order 1 (Munk
1981) with the concept of fine scale instability by in-
voking this reversible fine structure model. Strain suf-
ficient to reduce the Richardson number from 1 to Y,
occurs approximately 0.1% of the time in PATCHEX.
(But was the Richardson number unity before the
strain started to act?)

A true devil’s advocate might make the following
argument: “Most of the shear in the thermocline is
associated with near inertial motion. The shear direc-
tion rotates at the inertial frequency. However, shear
magnitude, of relevance to the Richardson number,
varies only over much longer time scales, with the pas-
sage of near inertial groups (Pinkel 1983). Thus, time
fluctuations in Richardson number depend almost en-
tirely on variations in strain . . .”

The above viewpoint contrasts radically with that
advanced in the various Garrett-Munk internal wave
models. In these models, internal wave shear variation
provides the total variability in Richardson number.
The Viisild frequency is considered a climatological
constant. Desaubies and Smith (1982) account for
variations in both shear and strain in their simulation
of Richardson number statistics. However, they assume
that strain and shear are statistically independent,
Gaussian quantities.

One can add a hint of dynamics to the above dis-
cussion by noting that, as water is ejected laterally from
between isopycnal surfaces, vortex lines in the direction
of the horizontal strain will be stretched, resulting in
an increased horizontal shear normal to the strain di-
rection. Vortex lines oriented at right angles to the lat-
eral strain will be unaffected. Progress toward a realistic
model of internal wave breaking awaits accurate ob-
servations of the strain-shear correlation. Attacking this
problem in density coordinates should prove fruitful.

[ Potential vorticity conservation and relative vorticity

In the absence of dissipation, Ertel potential vorticity
is conserved. Following a fluid parcel that is bounded
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in the vertical by densities p, and p;, the quantity ({
+f)/ Az is constant. Here {is the component of relative
vorticity normal to the isopycnal surface, f'is the Co-
riolis frequency, and Az is the separation between is-
opycnals. If {; is the relative vorticity of a parcel when
Az = Az, the change in instantaneous relative vorticity
is given by

(17)

Since ¥ is highly skewed, is { also?

From the perspective of a fluid parcel which is free
to move laterally (rather than the “tunnel vision” view
obtained by following isopycnals in depth, ¥ might not
be as highly skewed. Strain is more nearly Gausstan in
the Lagrangian frame, and relative vorticity as well.

Significant fluctuations in relative vorticity are re-
quired in order that potential vorticity be conserved.
At large vertical scale, these fluctuations are presumably
provided by the wavefield itself. At smaller scale, be-
yond the energetic scales in the Eulerian strain field,
the nature of the dynamics is unclear. To adjust to a
relative vorticity change comparable to fover a hori-
zontal scale L, velocity fluctuations of order L f are
required. For L = 1 km, the associated perturbation
velocity is approximately 1.2 cm s™!, at 30° latitude.
This is smaller than typical oceanic wavefield velocities,
although comparable to velocity changes over a 1 km
horizontal scale.

Note the apparent inconsistency in viewpoint be-
tween the present discussion and that of the Richardson
number. Here we suggest that the horizontal velocity
field responds to the strain field, in order to conserve
both mass and potential vorticity. Above, the time
variation of the horizontal velocity field was assumed
to be independent of strain.
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APPENDIX

In this work, a finite difference approximation is used
to describe the strain field in a isopycnal following ref-
erence frame. The relation between a finite difference
and a derivative is well known. It is reviewed here for
the sake of completeness.

If the isopycnal vertical displacement field, n(¢, 2),
is described over the depth interval (0, H) by a Fourier
series,

n(t, 2) = 2 A(t, k)e™
k
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then the associated strain field is given by

O
_ kA zkz
% = Z e

The strain variance, for a stationary, homogeneous

process, is
ﬂ 2
0z

2 k*(A4a*)

> k2S(k) Ak
k

i

> T(k)Ak.
P

Here, the brackets refer to either ensemble or time av-
eraging, S(k) is the power spectral estimate of dis-
placement, I'(k) is the power spectral estimate of strain
and Ak = 2x/H is the resolution bandwidth of the
spectral estimates.

The isopycnal depth-difference time series, discussed
in the text, is related to

A”(ta Z—, E) = 17([’ Z(pl)) - ﬂ(l, Z(pl))
= > A(t, k)(e* — e
k

ikZ, )

=23 Ae* sin Az
B 2
where Z=(Z(p1) + Z(p))/2 and Az = Z(p;) — Z(p2).
The depth-difference variance is

(97) =4 3 (44 sin’ %—Z-

= Az? > T'(k) sinc? KAz Ak
i 27

where sinc(x) = sin(wx)/(mwx). The sinc? function has
unit value when kAz is small relative to w. It fallsto a
local zero when kAz = 2. The sinc? thus serves to
low-pass filter the strain spectrum. If the strain spec-
trum is band limited, i.e., I'(k) = 0 for k > ko, then
one can always determine a differencing interval Az,
< 2w/ ko such that the finite difference strain is a good
approximation to the total strain field. In general, as
one reduces the differencing interval Az, the filter
broadens and less of the spectral variance is filtered
out. If the strain spectrum is independent of wave-
number, the observed strain variance will vary like
Az™! as the differencing interval is altered. The iso-
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pycnal depth—dlﬂ"erence variance, {(An®) = {(8n/
9z)? >Az will thus increase linearly with Az, as is seen
in Fig. 8.
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