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Abstract. Most of the (non-turbulent) shear in the sea is associated with motions of vertical scale
1-100 m. The dynamics which govern this field are strongly non-linear and poorly understood. To
document the nature of upper ocean variability, a geographic survey is conducted. Using Doppler
sonar, the shear field is observed at five sites globally (with Arctic and equatorial stations repeated).
Equatorial shears (2°S, 156°E) have the greatest variance. Arctic Beaufort Sea data are the least
energetic. When shear spectra are normalized by the Vaisala frequency the distinction between the

Beaufort Sea observations and all the rest is enhanced.

Classical spectral scalings based on convective instability, and Kelvin Helmholz instability, and
wave-current interaction are examined. With the exception of the Beaufort Sea, shear spectral

levels tend to rise with increasing wavenumber, for wavenumbers less than k.= N/U,,, (intrinsic

waves) and fall at higher wavenumber (compliant waves). Here, £, is the wavenumber of the wave

whose horizontal phase speed equals the rms horizontal velocity, U, , of the overall wavefield.

Introduction

Gregg (1989) has noted that the mean rate of dissipation
of mechanical energy, €, in the thermocline can be related
to the square of the variance of 10-m scale shear. The
general success of his relationship suggests that there is
indeed a cascade of energy from large to fine (1-100 m) to
micro (<1 m) vertical scales and that, with proper
parameterization, the process can be modeled accurately
(e.g., Polzin, 1995). As the new scaling arguments are
applied to a wider range of issues (e.g., D’Asaro and
Morison, 1992), it becomes appropriate to take a closer
look at the fine-scale shear field itself.

There is clearly a need to have a realistic statistical
model of the shear field which advances beyond the notion
of “universality” to describe the changing spectral form as
a function of overall field variance. Such models have
been suggested for the atmosphere by Smith et al. (1987),
Fritts (1991), and in the ocean by Duda and Cox (1989).
In a previous Aha Huliko’a conference, Miiller et al.
(1991) presented a unified spectral model, synthesizing
existing atmospheric and oceanic information (Figure 1).

In this work we provide observations in support of the
unification effort. Shear data are presented from seven
sites, ranging from 83°N to 2°S latitude. The observations
span a factor of 100 in internal wave energy density, a
factor of 30 in shear variance, and a factor of 30 in the
inertial frequency, /. The measurements are obtained in
the upper ocean. Variation in the magnitude of the Vaisala
frequency, N, is slight, relative to studies such as Polzin et
al. (1995).

Methods

Data were obtained primarily with a 161-kHz Doppler
sonar developed at the Marine Physical Laboratory of

Scripps in the winter of 1988-1989. The sonar transmitted
repeat sequence coded pulses (Pinkel and Smith, 1992),
with a bandwidth of 5-10 kHz. The four beams of the
sonar were orthogonal in azimuth, and directed 30° off
vertical. For the 1995 coastal California shear
observations, a 140-kHz system was employed. This sonar
was technically similar to the earlier device, although the
acoustic beam widths were significantly narrower (+1.5°
vs +2.5°). The sonars typically achieved ranges of 300-
400 m.

At the small scales of interest here, a variety of noises
and distortions contaminate the signals. The dominant
sources of uncertainty are the imprecision in the velocity
estimate and geometric distortion resulting from the finite
resolution of the measurements. Theoretical performance
bounds have been derived for sinusoidal transmissions
(Miller and Rochwarger, 1972; Terriault 1986) and
broadband coded pulses (Edwards, 1979, Pinkel and
Smith, 1992). Velocity imprecision results from the
limited “dwell time” of the acoustic signal in individual
resolution cells. This “noise” is correlated spatially, with
the correlation scale set by the duration of the transmitted
pulse. Secondary sources of velocity imprecision include
electronic noise in the sonar and distortions that occur as
the signal is amplified, digitized, and processed. Nearly
white noise in the velocity spectrum (as limited by the
finite receive bandwidth of the sonar, not the bandwidth of
the transmitted pulse) results from these real-world
electronics problems. Motions of the platform on which
the instrument is mounted produce an error which is
uniform in range.

A number of important error sources are instrument-
independent, associated with the definition of “the”
velocity. Swimming acoustic scatterers and time changes
in velocity that occur during the period in which a given
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Figure 1. Schematized vertical wavenumber spectra of the
vertical shear of internal gravity waves in the ocean, troposphere,
stratosphere, and mesosphere, scaled to a common value of the
buoyancy frequency N. The wavenumber power law ranges are
indicated. The transitional wavenumbers for the ocean are the

bandwidth m*, the cut-off or roll-off wavenumbers m , the

1/2
3
buoyancy or Ozmidov wavenumber "p =(N /3) , and the
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Kolmogorov dissipation wavenumber g 2(8/‘)3) with g
being the kinetic energy dissipation rate and the molecular
viscosity v. The analogous wavenumbers for tropo-, strato-, and
mesosphere are indicated by superscripts ¢, s, and m, respectively.
The oceanic spectrum consists of a large-scale part
(m > m™)which is not well established, an intermediate-scale part
(m™ <m<m, ) which is well described by the Garrett and Munk
spectral model; a small-scale or “saturation” range between 7,
and Mpg. The variability of the spectrum is indicated by the
shading., The “saturation” range is much less variable than the
other ranges. The atmospheric spectra also show a saturation
range with the same spectral slope and level as the oceanic

spectra.  The line N 2/ m represents theoretical predictions by
Lumley (1964) and Holloway (1983) for buoyant turbulence or
nonlincar wave interactions (from Miiller et al., 1991).

velocity estimate is formed are examples of this type of
imprecision. The spatial correlation scale of these error
sources is determined by the length of the transmitted
pulse.

As the performance of sonar systems improve,
environmental noises become progressively more
significant. Our approach with the 161-kHz sonar has
been to adjust the range resolution such that the
fundamental velocity precision of the transmitted code is
comparable to the expected environmental uncertainty in
“the” velocity.

To quantify noise levels we have formed profiles of
vertical velocity from both pairs of back-to-back sonar
beams. The spectrum of the difference of these profiles

describes the individual beam noise variance, as well as
geophysical signals whose horizontal spatial scales are
comparable to or smaller than the horizontal separation of
the beams. This vertical velocity difference spectrum is a
viable standard for estimating the signal-to-noise ratio as a
function of wavenumber and frequency.

To minimize the influence of noise, elemental one- or
two-minute averaged profiles of echo covariance (whose
phase is proportional to Doppler shift) are further averaged
in time. Noise variance decreases linearly with increased
averaging. Variance associated with signals that are
unchanging in time does not decrease. A 20-min profile
averaging time was selected for this study. In the process
of minimizing the influence of noise, motions of short
horizontal and vertical wavelengths, which are seen at high
encounter frequencies, are also filtered from the data.

The depth-time measurements from the sonar are used
initially to estimate wavenumber-frequency spectra of
shear. These are formed from profiles of slant velocity
that are rotated into horizontal zonal and meridional
components by combining estimates from the various
sonar beams at like depths. Depth regions in the records
below or between maxima in N2 are selected. No attempt
is made to “WKB stretch” the observations prior to
processing the data. The component profiles are
differenced in depth over a distance comparable to the

nominal spatial resolution ¢(7-1)/2, as well as first
differenced (“pre-whitened”) in time. Here, ¢ is the speed
of sound, 7 is the duration of the transmitted pulse, and T
is the lag of the autocovariance used to estimate velocity.
A time-mean shear is then removed, a triangle window
applied, and the data are Fourier transformed in time. In
each frequency band, the depth mean is removed. Fourier
coefficients are windowed and transformed in depth.
Spectral estimates are formed from the wavenumber-
frequency Fourier coefficients. These are “recolored” in
frequency and corrected for the finite difference
approximation to the true shear. A modeled k2 noise
spectrum is then removed from the shear spectral estimate,
presumably accounting for effects of electronic noise. The
spectrum is then response corrected through division by

sinc’ (kc(T-1)/2) Finally, a second k2 noise spectrum
is removed, corresponding to the fundamental imprecision
of the velocity estimate, as well as environmental noises.

The various corrections have little effect on the spectrum
at vertical scales greater than 10 m, significant effect at
smaller scales. The two-stage noise removal process
employed here, while formally correct, produces a
resulting estimate which differs but little from estimates
corrected by a single stage process.

Measurement Sites

Broadband sonar measurements of shear were first
obtained north of Svalbard (83°S, 13°E, CEAREX) during
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