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Abstract Turbulence is defined as an eddy-like state of fluid motion where the inertial-vortex forces of the eddies are
larger than any of the other forces that tend to damp the eddies out. Energy cascades of irrotational flows from large
scales to small are non-turbulent, even if they supply energy to turbulence. Turbulent flows are rotational and cascade
from small scales to large, with feedback. Viscous forces limit the smallest turbulent eddy size to the Kolmogorov scale.
In stratified fluids, buoyancy forces limit large vertical overturns to the Ozmidov scale and convert the largest turbulent
eddies into a unique class of saturated, non-propagating, internal waves, termed fossil-vorticity-turbulence . These waves
have the same energy but different properties and spectral forms than the original turbulence patch. The Gibson (1980,
1986) theory of fossil turbulence applies universal similarity theories of turbulence and turbulent mixing to the vertical
evolution of an isolated patch of turbulence in a stratified fluid as its growth is constrained and fossilized by buoyancy
forces. Quantitative hydrodynamic-phase-diagrams (HPDs) from the theory are used to classify microstructure patches
according to their hydrodynamic states. When analyzed in HPD space, previously published oceanic datasets showed
their dominant microstructure patches are fossilized at large scales in all layers. Laboratory and field measurements sug-
gested phytoplankton species with different swimming abilities adjust their growth strategies by pattern recognition of tur-
bulence-fossil-turbulence dissipation and persistence times that predict survival-relevant surface layer sea changes. New
data collected near a Honolulu waste-water outfall showed the small-to-large evolution of oceanic turbulence microstruc-
ture from active to fossil states, and revealed the ability of fossil-density-turbulence patches to absorb, and vertically ra-
diate, internal wave energy, information, and enhanced turbulent-mixing-rates toward the sea surface so that the sub-

merged waste-field could be detected from a space satellite (Bondur and Filatov, 2003) .

Key words: fossil turbulence, turbulence, turbulent mixing and diffusion, ocean wastewater outfalls, phytoplankton,

remote sensing

1 INTRODUCTION

What are the fundamental properties of turbulent
flows? What is the definition of turbulence? What is the
direction of the turbulence cascade? What happens if
the ambient density of an ocean or lake is stably strati-
fied? Do random fluctuations of temperature in a patch

of microstructure prove that the fluid is turbulent?

Widespread disagreement about the answers to these
questions has greatly complicated the study of oceanic
and lake turbulence. The subject has become somewhat
controversial so the reader should be warned that the
views that follow are those of the authors and may not
reflect those of everyone else (or anyone else) in the
community . For a range of different and sometimes sim-
ilar views about stratified turbulence, see Riley and de-
BruynKops (2003) ; Fernando (1988); Gourlay et al.
(2001); Itsweire et al. (1993); Ivey and Imberger
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(1991); Ivey et al. (1992); Luketina and Imberger
(1989) ; Smyth and Moum (2000); Winters and D’
Asaro (1996); Winters et al. (1995); Fan (2002)
and other references discussed below in context.
Turbulence is a property of fluid flows that has
been notoriously difficult to define. Oceanographers
such as Gregg (1987) and Fan (2002) treated turbu-
lence as indefinable with classes of turbulence existing
in the ocean that have no counterpart in the laboratory .
Libby (1996) required a wide spectrum of velécity fluc-
tuations to distinguish turbulence from “unsteady lami-
nar flow” . Frisch (1995) also emphasized the impor-
tance of high Reynolds numbers. Stewart (1969) of-
fered a syndrome definition that listed various commonly
accepted properties of turbulence. Similarly, Tennekes
and Lumley (1972) listed irregularity, diffusivity,
large Reynolds number, three-dimensional vorticity
fluctuations, and large dissipation rates as distinguishing
properties of turbulence, and this approach was
continued by Pope (2000). Unfortunately such broad
syndrome-definitions give the impression that turbulence
has no intrinsic scientific basis and may be freely de-
fined according to the needs of the situation. A more
precise, narrow, definition is necessary, especially for
stratified and rotating turbulence applications, and was
provided implicitly by Gibson (1980) and explicitly by
Gibson (1991a, 1996, 1999). The turbulence defini-
tion, based on the inertial-vortex force v x w, was de-
signed to exclude all flows and mixing processes as non-
turbulent that depart from universal similarity laws of
Kolmogorov and the extension of these laws to scalar
fields mixed by turbulence, Gibson ( 1991a) even
though they might fit turbulent-syndrome definitions fre-
quently used in oceanography. Fossil turbulence is an
example, from the Woods (1969 ) fossil turbulence
workshop papers. Random fluctuations in hydrophysical
fields of the ocean must have supercritical Reynolds,
Froude and Rossby numbers to be turbulence according
to the narrow turbulence definition recommended here .
Universal Kolmogorov similarity for wind tunnel,
water tunnel and ocean tidal channel flow turbulence

and universal Batchelor (1959) scalar similarity for the
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high Prandtl number oceanic scalar fields temperature
(Pr~10) and salinity (Pr~ 1000), were first demon-
strated by Gibson and Schwarz (1963) . These concepts
are now generally accepted among oceanographers. The
“Nasmyth spectrum” (Nasmyth, 1970) further con-
firmed that Kolmogorov similarity occurs in the ocean,
and Oakey (1982) confirmed that the universal Batche-
lor spectral form applies to turbulent temperature in the
ocean.

Our physically-motivated definition of turbulence
follows from the momentum conservation equations given
in the next section. The nonlinear term (v x V )V of
the Navier-Stokes equation is decomposed into the gra-
dient of the kinetic energy per unit mass V (v212) so
that %/2 can be included in the (often nearly constant)
Bernoulli group B of mechanical energy terms (B = ki-
netic v2/2 + enthalpy p/p + potential gz), and a lift ac-
celeration term » X @ that we call the inertial-vortex-
force per unit mass. This unique nonlinear term is re-
sponsible for turbulence and its dynamics and therefore
deserves to be included explicitly in any definition of
turbulence. Since v X @ is zero for irrotational flows,
such flows are non-turbulent by definition. The com-
monly accepted notion that turbulence cascades from
large scales to small arises because large-scale irrota-
tional flows often supply energy to smaller-scale turbu-
lent flows. When ¥ X @ is included in the turbulence
definition, the direction of the turbulent energy cascade
from small to large is emphasized. All turbulent flows
form at small scales and cascade to larger scales through
a self-similar eddy-pairing mechanism driven by ¥ x @
forces at larger and larger scales. This is the physical
mechanism and basis of the 1941 Kolmogorov universal
similarity theory of turbulence and the Planck-Kerr in-
stability of the big bang (Gibson, 2003a, b), where
Planck scale inertial-vortex forces balance quantum
gravity to produce space, time, energy, entropy and
the universe. The Gibson (1980) theory of fossil tem-
perature , salinity, and vorticity turbulence in the strati-
fied ocean is based on the application of universal simi-
larity theory to the growth of a small, powerful, patch of

turbulence that grows to larger scales where it is fossilized
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by buoyancy forces. The signature of fossil-turbulence
patches would not be unique if turbulence could originate
at large scales as nearly inviscid Kelvin-Helmholtz billows
as assumed by Gregg (1987), Smyth et al. (2001), Fan
(2002) and others.

Because broad definitions of turbulence are em-
ploved in the interpretation of most oceanic and limnolog-
ical turbulence studies, the reliability of the resulting con-
clusions becomes questionable. Without our proposed nar-
row definition of turhulence, the unique signature of fossil
turbulence is lost and all scalar and vector microstructure
is lumped together as turbulence. Datasets thal contain
fossilized turbulence patches are mistaken as representative
of the turbulence process, even though few or none of the
patches may actually be turbulent at the time of sam-
pling (Finnigan et al., 2002). The tendency is to va-
stly underestimate the vertical turbulent fluxes of heat,
mass and momentum according to Gibson ( 1987;
1991a,b, ¢, d). From the available data we suggest
fossil turbulence effects must always be taken into ac-
count in the analysis of oceanic and limnological strati-
fied microstructure data. No dataset is complete unless
fully active patches of the dominant turbulent events are
included or inferred from fossil turbulence theory. The
proposition that turbulence exists anywhere vorticity or
mixing are above arbitrary thresholds, so that datasets
with many microstructure patches are by definition re-
presentative, as put forth by Gregg (1987), is accept-
ed as a working hvpothesis by a significant fraction of
the oceanographic microstructure community, but is
theoretically incorrect and potentially quite misleading
in practical applications (Gibson, 1987; 1999) . It was
claimed by Smyth et al, (2001) that inviscid, non-tur-
bulent, Kelvin-Helmholtz billows are the large scale
source of stratified turbulence in the ocean based on
very low Reynolds number direct numerical simulations
of stratified turbulence that show a monotonic increase
of the Ozmidov to Thorpe displacement scale ratio {see
§3.2), consistent with the Gregg (1987) model.
Large “pre-turbulence” billows form, collapse by gravi-
ty to form turbulence, and vanish without a trace, so

that datasets containing any microstructure can be con-
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sidered representative. This phenomenology of Smyth et
al. (2001}, Gregg (1987) and Fan (2002) is com-
pletelv orthogonal to that presented here and is contrarv
to oceanic measurements discussed in § 4. We suggest
turbulence alwavs starts with large dissipation rates and
small overturning scales and grows to persistent large-
Thorpe-scale small-¢ fossils, giving a monotonic decrease
in the Ozmidov/ Thorpe scale ratio, and leaving highly per-
sistent fossil-turbulence remnants in all hvdrophysical
fields. According to our paradigm of stratified oceanic and
lake turbulence, it is mandatory to examine the hydrody-
namic state of the dominant patches of microstructure using
calibrated hvdrodynamic phase diagrams to avoid under-
sampling. Our recommended laboratory HPD calibrations
are described in Gibson (1987) .

This paper describes methods to identify from mi-
crostructure measurements different stages of turbulence
as it evolves from completely-active to active-fossil to
completely-fossilized hydrodynamic states in a stratified
fluid. Section § 2 discusses turbulence theory, since
most misconceptions about fossil turbulence result from
misconceptions about turbulence. Section § 3 defines
fossil turbulence and shows how it can be identified
using hydrodynamic phase diagrams ( HPDs)} . Section 4
discusses fossil turbulence measured in the laboratory
and ocean using a summary HPD from Gibson (1996),
and shows a recent application of fossil turbulence theo-
ry and HPDs to interpret sea-truth microstructure mea-
surements for the remote sensing of submerged fossil tur-
bulence. Information about the location of a submerged
municipal waste fleld trapped by buoyancy and found to
propagate vertically to the sea surface and was detected
from a space sateflite image. Two other oceanic applica-
tions of fossil turbulence are discussed: the resolution of
the dark mixing paradox, and evidence that swimming and
nonswimming phytoplankton growth rates respond to turbu-
lence and fossil turbulence in surface lavers of the sea.

Finally, a summary and conclusions are provided in § 5.

2 TURBULENCE THEORY

This section addresses two common misconceptions of
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oceanic turbulence. One is the idea that random micro-
structure in velocity, temperature, or any other hydrophys-
ical field is sufficient evidence of turbulence {*anything
that wiggles is turbulence™). The other is the idea that
turbulence is formed first at large scales by inviscid
Kelvin- Helmholtz billows that later form smaller scales by
gravitational collapse. Both ideas were defended at length
by Gregg (1987), by others in the oceanographic micro-
structure community as listed in his invited review article,
and by Smyth et al. (2001} from numerical studies. How-
ever, Caulfield and Peltier (2000) conclude from a differ-
ent numerical study that inertial forces dominate buoyancy
forces in the formation of turbulence. In defense of the
oceanographers it should be noted that the misconception
about the direction of the turbulence cascade had infested
the turbulence and fluid mechanics literature for decades,
starting with the Richardson (1922) doggerel “Big whorls
have little whorls, that feed on their velocity, and smaller
whorls have smaller whorls, and so on to viscosity—in the
molecular sense”, and persists today (see Gibson, 1999,
for a revised version of the proem' ). Fossil turbulence
cannot be distinguished from turbulence if either of these
ideas is true.

The term “turbulence” as defined in oceanography
has evelved to become progressively narrower over time.
Sixty years ago, Sverdrup et al. (1942) asserted that
most of the ocean is turbulent, but today most oceano-
graphers believe that at any instant of time only a small
fraction (about 5% ) of the ocean is fully turbulent® .
The reazon for the shift in estimated turbulence fraction
is mostly due to a shift in the accepted definition of tur-

bulence among oceanographers.
2.1 Definition of turbulence

We define turbulence based on the nonlinear iner-
tial-vortex force term v X @ in the momentum conserva-

tion equattons written in the form

a’ N - . — . -
a*::vxw+vx2ﬂ—VB+V'(r/p)+b+"' (1
where 3 is the velocity, ¢ is time, @ = ¥ X ¥ is the

vorticity, T is the viscous stress tensor, and the mean
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density p is assumed constant. The Bernoulli group of
mechanical energy terms B = v*/2 + plp + gxy, where
p is the pressure, g is gravity, and x, is up, is con-
stant for steady, irrotational, inviscid flows (the Ber-
noulli equation}. The buoyancy force b depends on a
vertical gradient in the mean density. The Coriolis force
is b x 20 , where 3 is the angular velocity of the Earth.
Electromagnetic, surface tension, and other forces are
omitted for simplicity. Turbulence occurs when the

inertial-vortex forces v x @, exceed the viscous forces,

v (;Ip), if other forces are negligible. The ratio of
inertial-vortex forces ¥ X @ to viscous forces is the Rey-
nelds number, Re = UL/v, where U is a characteristic
velocity and L is a characteristic length scale of a flow.
“Characteristic” means locally or globally averaged,
depending on the flow of interest.

Similar dimensionless groups arise from the other
terms in Eq. (1). All of these must also be smaller
than ¥ x @ for the flow to be turbulent, by definition
{Table 1)}.

It is commonly known that critical Reynolds,
Froude, and Rossby numbers must be exceeded to per-
mit turbulence as shown in Table 1. Other forces like
surface tension or electromagnetic forces can also inhibit
turbulence and have corresponding critical dimension-
less numbers for wrbulence. The inertial-vortex force
causes vortex sheets to be unstable because it is perpen-
dicular to the vortex sheet, and is such that any pertur-
bation of the sheet will be amplified in the direction of
the perturbation to form eddies. This is the basis of our

definition of active turbulence .

1)“Little whorls on vortex sheets, form and pair with more of, whorls
that grow by vortex forces: Slava Ko rov!”

2) About 5% of upper oceanic interior layers have been turbulent re-
cently based on the volume fraction of temperature microstructure typically
encountered by towed microstructure sensors { Washbum and Gibson 1982,
1984) . Most of the microstructure patches are fossilized, with less than
5% classified as " actively turbulent” using hydradynamic phase diagrams
discussed below, giving about 0.3% turbulence. The oceanic fossil-turbu-
lence 1o active-turbulence fraction approximately equals the Reynolds num-
ber ratio &o/er of the dominant turbulence events of a particular layer
( §3.2), which varies from about 10 in surface layers 10 10" or more in
abyssal layers, with a maximum of about 107 near the equator.
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Table 1 Dimensionless groups formed from the ratic between inertial-vortex forces (¥ x ¢3) and other terms in

the momentum conservation equations

Richardson Number the squared ratio of

( sub-critical to be turhulent) b to inertial-vortex forces {v % w)

Froude number the ratio of v x & to &

(super-critical to be turbulent) {normally 1o 1/2 power)

Rossby number . -
the ratio of v x @ to v x 20
(super-critical 1o be turbulent)

Revnolds number The ratio of ¥ x & to

{ super-critical to be turhulent) viscous forces

Fr=1/Ri'"" = UIIN

N 1s Viisild frequency
Al o is density, g is gravity
{7 is the velocity in the horizontal, z is
down
U is a characteristic velocity
L is a characteristic length

scale of the flow

=55 L% 200 is the Coriolis Force

U is a characteristic veloeity
L is a characieristic length

scale of the flow

Definition: Turbulence is an eddy-like state of flu-
td motion where the inertial-vortex forces of the eddies are
larger than any of the other forces which tend to damp

them out .

This definition, discussed in Gibson ( 1991a,
1996, 1999 ), accommodates both three-dimensional
and two-dimensional turbulence. Irrotational flows with
zero vorticity are non-turbulent by our definition because
the inertial-vortex forces per unit mass o x & are zero.
Furthermore , flows like internal waves that are dominat-
ed by buoyancy forces are non-turbulent by definition,
even though the waves are rotational, non-linear, ran-
dom, and may even be caused by turbulence. Coriolis-
inertial waves formed when two-dimensional turbulence
is damped by Coriolis forces can be eddy-like, non-lin-
ear, and random. However, such waves are not turbu-
lent by definition because the Coriolis forces dominate
the inertial-vortex forces. Fddy-like flows in cavities of
boundary layers are random, rotational, and diffusive, but
are not turbulent by definition because the eddies are dom-

nated by viscous forces.
2.2 Formation of turbulence

The following physical model illustrates the signifi-
cant role of inertial-vortex forces ¥ x @ in the formation
of turbulence. Any flow that produces a shear layer is
likely to produce turbulence. The reason is that pertur-

bations of the shear layer induce ¥ x w forces in the di-

rection of the perturbation, so that the perturbation
grows. Such positive perturbation feedback is what is
meant by the term “instability” . Shear layers are pro-
duced by 1)} flow around obstacles, 2) jets into stagnant
bodies of fluid, 3} boundary layers, or 4) mixing
layers. Fig.1 shows a shear layer ( mixing layer) and
the evolution of velocity perturbations to eddy-like mo-
tions because they induce inertial-vortex forces in the
perturbation direction. The demination of v x @ forces
first causes the shear layer to wiggle and then curl up
and form the first turbulent eddy. Turbulence arises be-
cause of this shear instability which is induced by the
growth of inertial-vortex forces.,

Shear layers like that shown in Fig, 1 are unstable
to perpendicular velocity perturbations &v( L) at all
scales L. However, eddies that form first are those with
the smallest overturn time T( L) = L/&v (L), since
usually 8v (L) is weakly dependent on I such as for
turbulence with 8v( L) «c L' so that T(L) o 12 de-
creases with L from the Kolmogorov (1941) second uni-
versal similatity hypothesis. Viscosity limits the smallest

eddy size to the Kolmogorov scale
Ly = (W/e)™ (2)

where v is the kinematic viscosity of the fluid and ¢ is

the viscous dissipation rate

£ =2ve;e; (3}



Journal of Cosmology (2013), Vol. 21, No. 27, pp 9427-9450. 6

6 CHIN. J. OCEANOL. LIMNOL., 22{1}, 2004

e, is the rate of strain tensor,
1
e,-j = ?(31#[']' + al-‘j_,‘) (4)
v, is the ¢ component of velocity, and dv, ; is the par-

tial derivative of v; in the j direction, and repeated in-

perturbation

shear laver L

inertial vortex forces
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dices are summed over { and j = 1 to 3. It turns out
that viscous forces prevent formation of any eddies
smaller than about 5 L; , the scale of the universal eriti-
cal Reynolds number { Gibson, 1991a). Such eddies
have sub-critical Reynolds numbers.

X w @

resulting eddy motion

Fig.1 Fundamental mechanism of turbulence: perturhations on a shear layer cause inertial-vortex ¥ x @ forces in the two

opposite perturbation directions, with consequent eddy formation. Thin shear layers ( vortex sheets) first thicken

by viscous diffusion 1o the Kolmogorov scale before forming eddies

2.3 The turbulence cascade

After formation, nearby eddies with the same aver-
age vorticity induce velocities such that they will orbit
about a point between them. Hence, they pair up and
form a larger eddy. This process will repeat until the
nested pairs of paired eddies reach a length scale for
which inertial-vortex forces no longer dominate. The net
transfer of energy and momentum between eddies of
comparable size from small to large scales is referred to

as the turbulence cascade. It starts from small scales

Non-turbulent energy cascade is from large scales to small

eddies pair

shear layer first eddies form

and grows to larger scales, with continuous feed back
from large to small, As shown in Fig.2 for an evolving
shear layer, eddies draw energy from the irrotational
fluid layers moving in opposite directions on opposite
sides of the shear layer. This process brings in larger
scale kinetic energy to increase the size and strength of the
turbulence. A non-turbulent energy cascade in the exter-
nal, irrotational fluid from large scales to small is induced
by the turbulence, and should not be confused with the net
twbulence energy cascade from small scales to large.

pairs pair, efc.

Turbulent energy cascade is from small scales 10 large, with feedback

Fig.2 Schematic of the turbulence cascade process, from small scales to large. Transition cccurs at scale Rel L.,

T

where empirically the universal critical Revnolds number Re, is about 25

The irrotational fluid entrained at large scales by a

turbulent flow is the source of mass, momentum, and
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kinetic energy for the turbulence, and is also the source
of the common misconception that turbulence cascades
from large scales to small. Turbulent flows such as jets,

wakes, or boundary layers (Figs 2, 3 and 4) do not

Fig.3 The growth of a nonstratified turbulent jet. Small eddies
of turbulence form first, before the larger eddies down-
stream. The figure on top is a schematic of the nozzle
flow, while the bottom one is a picture taken from a lab-

oratory jet (Van Dyke 1982, p97)

To summarize, inertial-vortex forces induce a shear
instability that produces the first turbulent eddy at the
smallest possible scale permitted by viscosity, the Kol-
mogorov scale. The first eddies then pair with others
and form larger eddies, extracting energy from the non-
turbulent flow. The turbulent eddies grow in this fashion
until they reach the maximum scale allowed by bound-
aries or the other forces. The maximum vertical size
may be limited by buoyancy forces, and Coriolis forces
may limit horizontal growth in stratified oceanic flows on
the rotating earth. What happens to the turbulent eddies
and the scalar field microstructure produced after the
patches grow to maximum size? Will the partially mixed
temperature,, density and salinity microstructure patches
collapse and disappear without a trace? Will the vortici-
ty, density, temperature and salinity microstructure
patches produced by turbulence persist as fossil turbu-

lence? Will the fossil turbulence patches simply pre-

shrink but grow in what is wrongly termed an “inverse cas-
cade” . If the extemal flow is irrotational then its inertial-
vortex forces are zero and the energy cascade of the flow

from large o small scales is non-turbulent, by definition.

it T SRR

Fig.4 Top view of a laboratory stratified and viscosity fossilized tur-
bulent jet-wake (Smimov and Voropayev, 2001). Turbulent
eddies stant from small scales, then pair with another similar
size eddy, and the pairs in tum pair with other pairs. The
duration of this sequence is 166 seconds, while the size of

each frame 1s 33 em

serve information about the past turbulence event, or
can they mimic turbulence and absorb ambient energy
and dominate the vertical diffusion of ambient proper-

ties? The next section addresses these questions.

3 FOSSIL TURBULENCE THEORY

A very important characteristic of turbulence is
that it produces highly persistent, irreversible effects in
a wide variety of hydro-physical fields. Linear waves
come and go without leaving any trace, but turbulence
is intrinsically irreversible and leaves remnant hydro-
physical signatures, especially in natural flows where
turbulence is damped out at its largest scales. Such sig-
natures are described by the term “fossil turbulence”™ .

Just as fossil dinosaurs are the evidence and proof of
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previously existing dinosaurs, fossil turbulence is the
evidence and proof of previous turbulent events.
Familiar examples include the contrails of jet aircraft in
the stratified atmosphere. Buoyancy forces damp the
large scale turbulence within a few airplane lengths, but
the fossil turbulence contrails persist and preserve infor-
mation about the turbulence that produced them. The
turbulence process and turbulent mixing process is self
similar. Each stage of the turbulence cascade process
are the same as every other stage. This is the basis of
universal similarity theories of turbulence and mixing
and why it is impossible to tell the Reynolds number of
a photograph of turbulence mixing a tracer such as
smoke or fog if the Kolmogorov scale is not resolved.
This is why it works to use inexpensive models of burning
ships or buildings in movies rather than the real thing.

3.1 Definition of fossil turbulence

Many hydro-physical fields are scrambled during
an actively turbulent event. However, some “foot-
prints” may persist independently for different periods of
time. They preserve the event information as fossil tur-
bulence long after the turbulence has died away. As-
suming the definition of active turbulence given previ-

ously, fossil turbulence may be defined as follows,

Definition: Fossil turbulence is a fluctuation in
any hydro-physical field produced by turbulence that per-
sists after the fluid is no longer actively turbulent at the
scale of the fluctuation .

Fossil turbulence appears in a variety of hydro-
physical fields. The terminology fossil temperature tur-
bulence indicates fluctuations of temperature produced
by turbulence that persist in the fluid after it is no
longer -turbulent at the scale of the temperature micro-
structure . Fossil vorticity turbulence refers to the unique
class of internal wave motions at the ambient stratifica-
tion frequency N produced when buoyancy forces over-

come the inertial vortex forces of the turbulence.
3.2 Formation of fossil turbulence

Gibson (1980) introduced a theory of fossil turbu-

Vol .22

lence based on the evolution of a growing, powerful,
isolated turbulence patch. The recommended experi-
ment to observe the process is pouring cold milk into hot
coffee in a large clear cup. It was assumed from obser-
vations that the turbulence of the patch starts at the
smallest possible scale, the Kolmogorov scale (Eq.2),
and grows by an eddy pairing process to the largest pos-
sible scale. As mentioned above, other forces will be-
come more significant as the turbulent eddies grow
larger. When the eddies reach a certain critical scale,
the density gradient they are trying to overturn is no
longer passive but begins to overwhelm their inertial-
vortex forces. The eddies then fail to overturn, fall
back and start a bobbing motion that is not turbulence
by definition but a unique class of internal waves (fossil
vorticity turbulence ). This happens when the vertical
length scale at which the buoyancy force is of the same
order of magnitude as the inertial forces, which is the

Ozmidov scale

Ly = (el N*)1? (5)

where the dissipation rate € has value ¢,, the value at
beginning of fossilization, v is the kinematic viscosity

and N is the frequency ( N =
v - g(p/3z)/p) of the ambient fluid. The buoyancy

dominated motions of the fossil vorticity turbulence per-

Viisdildg

sist for long periods.

The kinetic energy of the turbulence is converted
to the internal wave energy of trapped fossil vorticity
turbulence motions within the fossilized patch. When
the turbulence reaches complete fossilization, its dissi-

pation rate is

er =30 v N? (6)

as derived by Gibson (1980) . Because e is much less
than e and the kinetic energy of the fossil is the same
as the kinetic energy of the turbulence patch just before
fossilization, the persistence time is greatly increased if
e, /er>1.

Only the largest scales of the fossil temperature

turbulence spectrum are affected by the fossilization pro-
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cess. The small scales continue to dissipate and mix
strongly from the small scale turbulence of the active-
fossil HPD quadrant. From the Gibson (1980) theory,
this provides a means of estimating the dissipation rate

at the beginning of fossilization ¢,
e, ~13DC,N? (7)

where D is the molecular diffusivity of the scalar field
like temperature, and C, =~ C/3 is the streamwise Cox
number. The Cox number C for temperature is the
mean squared temperature gradient over the squared

mean temperature gradient

_(v7T1)
= V1) (8)

The dissipation rate at the beginning of fossilization ¢,

can also be estimated from the maximum Thorpe over-

turn scale of the turbulent patch
€, ~3L% e NV° (9)

using L., =~+'3 Lg, (Gibson, Nabatov and Ozmidov,
1993), where Ly, is the maximum Thorpe displace-
ment of the patch and N is the ambient Viisiild fre-
quency. The Thorpe density displacement is the vertical
distance particles must be moved to achieve a monotonic
vertical density profile from a density profile with over-
turns.

Because the dissipation rates at the beginning and
end of the fossilization are very different but the kinetic
energies remain the same, the fossil turbulence patch
will persist by a factor of ¢,/ longer than a turbulence
patch with € = ¢, without stratification. This ratio may
be 10* to 10° for the dominant patches of interior ocean-
ic layers and only a small fraction of such layers con-
tains any microstructure, either active or fossil. Many
thousands or millions of fossilized dominant patches
must therefore be sampled before an active dominant
patch is discovered so that the dataset may be consi-
dered representative, requiring either very long data
records in the layer before reliable average dissipation

rates can be estimated statistically ( Baker and Gibson,

1987), or estimated by fossil turbulence models. A
contrary view expressed by Smyth et al. (2001) is
widely accepted judging from the sparse sampling strate-
gies commonly employed in interpreting vertical fluxes
in deep ocean layers, and the lack of HPD interpreta-
tion of dominant patches. Suppose the dominant over-
turning patches for a deep layer of the ocean interior
were 10 meters in vertical extent and occupies a fraction
1072 of the layer with €,/ey about 10° . Thus, 10° m of
independent data record (10 x 10°/107*) for the layer
must be examined for a 50% chance of encountering an
actively turbulent dominant patch. At a microstructure
sensor velocity of 1 m/s this would require about 30
years. Since the sensor would encounter a fossil patch
about once every three hours, the motivation for deve-

loping a reliable system of hydro-paleontology is clear.
3.3 Identification of fossil turbulence

Microstructure patches can easily be classified ac-
cording to their hydrodynamic state using a hydrodyna-
mic phase diagram, as shown schematically in Fig.5.
The hydrodynamic phase diagram ( HPD) concept was
introduced by Gibson (1980) as a means of classifying
microstructure patches according to their hydrodynamic
states: active, active-fossil, or fossil turbulence de-
pending on €, €, and ey . In the diagram, the Froude
number of the patch Fr normalized by Fr, at the begin-
ning of fossilization is plotted against the Reynolds num-
ber normalized by Rey of the patch at complete fossi-
lization. Confirmation of the recommended universal
constants is discussed in Gibson (1987, 1999) .

The ordinate of the HPD in Figure 5 is derived
from the definition of Froude number in Table 1, Fr =
U/LN, using U= (eL)'" for the characteristic velocity
U of turbulence from Kolmogorov’ s second universal
similarity hypothesis. The normalized Froude number
Fr/Fr, = (e/ey )" is the ratio between the Froude
numbers of the patch as detected with dissipation rate ¢
and a patch with the same L and N values at the begin-

ning of fossilization with dissipation rate ¢, .



Journal of Cosmology (2013), Vol. 21, No. 27, pp 9427-9450. 10

10 CHIN. J. OCEANOL. LIMNOL., 22(1), 2004

Vol .22

10

non-turbulence r
stratified jets,

layers

laboratory flows:

wakes, boundary

N
ﬂ 7
1

T
active turbulence

>
e=e

™

0.14

fossilization begins
€~ 13DCN"~ 3L IN°

£E=¢t
0

average ) o
powerful oceanic strafified
: £ =30 v N shear layer events
=1/3
slope
e e
F >e>= €,
fossil €0 e =
turbulence active-fossil turbulence
0.01 — } $ {
0.01 1 100 10000 1000000
RE = [ & ]
Rer “&p

Fig.5 Hydrodynamic phase diagram (HPD) used to classify microstructure patches according to their hydrodynamic state

in a stratified fluid. Trajectories for the evolution of stratified laboratory and dominant oceanic turbulent events are

indicated by arrows and lines. Note that the dissipation rate € is measured for the patch, and the normalized

Froude number and Reynolds numbers computed from the expressions for €, and ¢, given on the diagram. The

maximum Thorpe overturn scale, L;, and the Cox number, C, can be used to estimate €, . The ambient N for

the patch can be used to find €., where C and N must be averaged over vertical scales larger than the patch, as

shown in the inserted sketch

The abscissa of the HPD in Fig.5 is derived from the
Table 1 definition of Reynolds number Re = UL/v = ¢
e/uN?, using U =~ (eL)"® with L taken as the maxi-
mum turbulence scale in the patch L = Lg o« (¢/
N*)', so that Rey = 30c for the patch at complete
fossilization Eq.(7). Thus, Re/Rer = elep .

As shown in the HPD of Fig.5, the upper right
quadrant represents fully turbulent patches because the
normalized Froude and Reynolds numbers are both su-
percritical (e = €y = €7 ). In oceans and lakes most

patches are found in the active-fossil quadrant (e, = ¢

=¢€r), indicating that the largest scales are fossil and

the smallest scales are active and overturning. Fully
fossil turbulence patches (ep = e =€) are only found
in laboratories. In the ocean, ambient internal wave
motions supply energy to fossil turbulence patches, so
their ¢ values remain larger than the fully fossil value
Ef .

The laboratory decay line with slope 1/3 shown in
Figure 5 represents a series of stratified grid turbulence
experiments carried out at UCSD by Charles Van Atta
and his students that demonstrated the fossil turbulence
phenomenon and confirmed the predicted universal con-
stants ( Gibson, 1987; 1991d). The schematic line

with arrows shows the evolution of a turbulence patch in
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the ocean starting from critical Fr and Re values where
the patch becomes fully turbulent and growing to large
scales and large Re values until the Froude number be-
comes critical and fossilization begins along the 1/3
slope decay line. Because fossil turbulence patches do
not collapse as often assumed but retain their maximum
Thorpe overturn scale, they retain information about
their initial large values of viscous and scalar dissipation
rates. These can be used in hydro-paleontology, such
as the modeling of vertical diffusivities in oceans and
lakes taking advantage of information about previous
powerful turbulence and turbulent mixing events pre-

served by fossil turbulence remnants ( Gibson, 1991b) .

4 FOSSIL TURBULENCE IN THE OCEAN

Active turbulence is extremely rare in the ocean
because it is rapidly damped by buoyancy, Coriolis and
viscous forces. Potential entropy, represented by the
variance of temperature, salinity, density, chemical
species, and biological species, is produced by the ac-
tive turbulence stirring. The scalar fluctuations are
gradually and irreversibly mixed later and elsewhere by
active-fossil and fossil turbulence motions to produce the
entropy of mixing. Most mixing and diffusion in the
ocean is initiated by active turbulence, but is then com-
pleted by fossil turbulence and zombie turbulence pro-
cesses (zombie turbulence is reactivated fossil turbu-
lence) . We show evidence in the following that fossil
density turbulence patches extract ambient internal wave
energy and re-radiate the energy vertically at the ambi-
ent stratification frequency in a vertically beamed zom-
bie turbulence maser action where the fossil patches are
“pumped” to metastable states by ambient internal wave
energy and information about the submerged fossils and
the ambient internal waves are radiated to the surface
where it can be extracted by remote sensing. The mi-
xing process spreads vertically to much larger volumes
and to other ocean layers as fossil turbulence patches
within the layers. Kinetic energy is radiated as fossil
turbulence waves, re-absorbed from ambient internal

waves, and dissipated by viscous forces. Fossil turbu-

lence processes are complex, but are crucially involved
in all aspects of mixing and diffusion in stratified and

rotating fluids that become actively turbulent.

4.1 Data from the Sand Island Municipal Outfall
study

During the first week of September 2002, an ex-
tensive study of the stratified mixing and diffusion pro-
cesses near the Honolulu Sand Island municipal
wastewater outfall in Mamala Bay, Hawaii was
conducted as part of the Remote Anthropogenic Sensing
Program (RASP) with Russian colleagues. Two micro-
structure profilers ( MicroStructure Measurement Sys-
tem, MSS) were used to horizontally and vertically pro-
file standard CTD parameters plus microstructure param-
eters (temperature gradient, velocity shear, micro-con-
ductivity, turbidity and fluorescence) . The MSS instru-
ments were made by Sea & Sun Technology and are de-
scribed by Prandke and Stips (1998) . The objective of
this project was to provide “sea truth” microstructure
measurements to establish the location and hydrodynam-
ic properties of the waste field plume emanating from
the diffuser for comparison with the plume location and
properties inferred by remote observations of surface
wave effects from space satellites and helicopters ( Bon-
dur and Filatov, 2003). Also see Bondur (2003) and
Bondur and Grebeniuk (2001). The details and results
of this project will be the subject of future papers.
However, some preliminary hydrodynamic phase diagram
results from the vertical profiles will be discussed in the
context of the present paper as a demonstration of how fos-
sil turbulence and HPDs can be useful for interpreting
oceanic mixing and diffusion processes.

Sand Island outfall is a 1.98m diameter pipe that
extends 2. 4km offshore to ocean depths of 69 to 73
meters and continuously discharges about 3 to 4m’/s of
wastewater (sewage after advanced primary treatment )
into the stratified ocean as a buoyant turbulent plume.
Instead of discharging in one big jet from the end of the
pipe, the outfall is designed with a 1040 m long diffuser

section with 282 small jets that cause maximum initial
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dilution with dense bottom seawater. The rising plume
mixes with the ambient ocean water until the diluted ef-
fluent reaches a trapping depth below the surface where
its density matches that of the stratified receiving water
(Koh, 1975). Normally, ocean microstructure studies
have highly uncertain initial conditions where it is not
possible to study the evolution of the stratified turbu-
lence from active to fossilized hydrodynamic states. This

G4010001 |

Vol.22

study is the first application of modem microstructure
instrumentation in a wastewater outfall, so that we can
study the growth of the buoyancy driven actively turbu-
lent plume as the turbulence scale grows and fossilizes
at the trapping depth. The wastewater outfall represents
a field laboratory to test stratified oceanic turbulence,
mixing, and diffusion processes with known and repro-

ducible forcing and ambient hydrophysical conditions.

G4010001 N21 14.849 W157 53.566
G4030002 N21 16.826 W157 53.718
G4060001 N21 16.821 W157 54.524

1400 meters

Fig.6 A GPS map of the Sand Island sewage outfall area, and the stations used for sample HPD calculation (Fig. 9).
Surface wave anomalies from internal waves radiated by the fossil turbulence wastefield were detected from space

satellite images at distances up to 10 km south of the diffuser, and were correlated with microstructure patterns de-
tected at depths above the wastefield by MSS sensors on a tow body

Table 2 Values used to prepare the HPD shown in Fig.9"

Patch Depth min Depth max Ly max 1%, = i 1% = [i 3 Station
A 68 68.5 0.6 49.96 0.51 64060001
B 65.7 66.9 0.4 121.37 0.93 G4060001
C 56.2 57.4 1.1 485.62 0.99 G4060001
D 46.7 54.9 6.9 186.49 0.13 G4060001
E 197.3 203.9 4.1 267.16 0.43 G4010001
F 85.8 90.4 4.1 31.78 0.14 4010001
G 62.1 73.3 10.8 632.36 0.28 G4010001
H 3.2 5.6 0.5 344.02 1.11 4030002

* Length Scale (Lr) is the maximum Thorpe overtum scale of the patch; Depth (meters) is the location of the patch; ¢ is the dissipation rate of the patch
measured by Microstructure Profilers; €, ~3L%V? is the dissipation rate when the patch begins to fossilize; er ~ 30vV? the dissipation rate when the patch
reaches complete fossilization; Fr/ Fr, = (e/e, )" is the nomalized Froude number; RelRep = e/ep is the normalized Reynolds number

Seven patches are selected from two vertical profiles

(Figs 7 and 8) obtained at Stations G4010001 and
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(4060001 . Station’ G4010001 is 3 kilometers south of the
outfall diffuser port and G4060001 is directly over the end
of the diffuser section (Fig.6). Eqs (6) and (9) are used
to estimate €5 and €, , where Lp,,, in Eq.9 is the maxi-
mum Thorpe displacement scale of the patch (Thorpe
1977). N should be calculated from the ambient density

gradient the turbulent patch is experiencing. In these sam-

ple calculations, the density gradient for N is computed
from the monotonic Thorpe reordered density profile aver-
aged between depths 1/2 Ly, above and below the patch.
For patch A, N was estimated from the re-ordered density
profile between 68.3 and 68.8m (Table 2). The normali-
zed Froude number and normalized Reynolds number were
then calculated as discussed in Section 3.

Station G4060001
Salinity [PSU] Turbidity [ppm) dT/dz (K]
0 3499 3508 3517 0 -5 0 5
N R T T

Pressure [dbar}

sl oadsud 1ol

£
2264 2331 2398
o, (kgm®-1000]

10%0%040%0°
€ [Wkg]

Fig.7 Vertical MSS profile near the end of the diffuser, on 09/02/2002. From the left, temperature (C), salinity
(PSU), density (kg/m’ - 1000), turbidity (ppm), dissipation rate ( W/kg), temperature gradient d7/dz (K/

m) , and Thorpe displacement scale L,(m) are shown. The low salinity, high turbidity signature of the trapped

wastefield is seen at 42 - 50 meters depth. Microstructure patches A, B, C, and D were identified for analysis

from the Thorpe density displacement profile on the right

The HPD points for patches A to D in Fig.7 are plot-
ted on the hydrodynamicphase diagram shown in Fig.9.
Wastewater ejected from the diffuser undergoes turbulent
mixing. As the eddies grew larger and moved away from
the turbulent source, buoyancy forces became dominant
and fossilize turbulent patches occurred in the plume.
Point A and B of Fig.9 are 0.5m patches measured at
depths 2 and 4m above the end of the diffuser. Both
were close to the completely active turbulence quadrant

of the HPD, with Fr/ Fro almost equal to 1. The over-

turn length scales Ly, of patches A, B, C, and D
monotonically increase from 0.5m to nearly 8 m as the
turbulent plume rises to the trapping depth and the tur-
bulence cascaded from small scales to large as expec-
ted. Note that the largest patch C was strongly fossil-
ized, showing that it had not collapsed due to buoyancy
forces, contrary to the commonly accepted Gregg
(1987) model. The small uncertainty showed there was

no “Dillon correlation” constant ratio between L; and

Ly as assumed by non-fossil-turbulence models such as
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those of Dillon (1982, 1984), where e/e, =~ 1/3.

For Station G4010001 about 3km south of the dif-
fuser, Fig.7, the microstructure patches were all in the
lower active-fossil quadrant, Fig.9 indicates fossilization
at the largest scales but active overturning turbulence at

smaller scales. Patch H was chosen in the surface wind

14
Vol.22

mixed layer at a station about 300m east of the diffuser to
use for comparison with surface layer patches produced by
radiation of fossil turbulence waves from below that might
cause anomalous effects on the surface waves produced by
the wind. Surface wave anomalies are detectable by re-

mote sensing, and will be discussed elsewhere.

Station G4010001
Sabity [PSU] Turbidity fppm] dT/dz k)
0 34.51 34.885 35.26 0 025 05 s 0 s
T T T
Jl"
s0f- +F - 4k - F -
.
% G
‘é‘ 100 - — = - r .; =1 -1
2
]
a
150 |- qk <+ 4k - -3 dtb 4
-+
200 -k s - s - 4+ =
{ 1 |
153 21125 26.95 2273 2414 2555 1030%07090° 42 0 13
T1°C] o, lkgm®-1000] « [Wihg) Lyl

Fig.8 Vertical profile from the station about 3 km south of the outfall diffuser. Microstructure patches E, F, and G were

identified for analysis from the Thorpe displacement profile on the right

To summarize the work in progress, 1405 HPD points
have now been computed from ambient N values com-
puted from Thorpe re-ordered density microstructure
patches with ¢ averaged over the patch. Of these 215
patches were in the active turbulence quadrant, 1185
were active-fossil, and only 5 were completely fossil-
ized. The lack of completely fossilized patches suggest-
ed that fossil turbulence patches were extracting energy
from the ambient internal wave and current motions of
their surroundings. Many of the fully active turbulence
patches were found just above the largest overturn fos-
sils, suggesting they were triggered by the vertical inter-
nal wave radiation that appeared to account for the re-

mote sensing mechanism. Strong density gradients at the

tops of fossil turbulence patches produced vorticity and
turbulence when tilted by ambient internal waves,
which then fossilized and radiated fossil turbulence in-
ternal waves nearly vertically. Turbulent patches form
when the waves reached the weakly stratified surface
layers, and these interfered with the formation of capil-
lary waves by the wind. The term zombie turbulence,
coined by Hide Yamazaki ( personal communication
1990) , aptly described the process of fossil turbulence
coming back to life. The ambient stratification deter-
mines the frequency of the radiated internal waves and
the vertical radiation, extracting ambient energy in a

process similar to beamed maser or laser action.
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Fig.9 Hydrodynamic phase diagram (HPD) samples from two dropsonde stations and an ambient wind mixing station
near the Sand Island Outfall, September 2, 2002. The points scatter widely, contrary to the “Dillon correlation”

between Ly and Ly

Points A 10 D from Station G4060001, Fig.7, are directly over the end of the diffuser section with HPD points A and B just 2
and 4 m above the bottom where it is expected that the flow will be closest to active turbulent, as shown.
Points E to G from Station G4010001, Fig.8, are located 3 kilometers southeast of the last diffuser port of the outfall and show

no turbidity but stronger fossilization of equally strong turbulence events from the slope 1/3 lines extrapolating to Re,/Re; . This

is typical of microstructure patches in the ocean interior, which are almost never found in their original fully turbulent state.
Point H from a station G4030002 just east of the diffuser was chosen to be representative of the surface wind mixing; the HPD

point H is in the active-turbulence region of the diagram as expected. We show elsewhere that the surface turbulence patches
above the large fossilized patches D and G produced by the trapped wastefield were radiated by fossil turbulence waves and were
sufficiently more active than H that they could be detected by remote sensing methods.

Other ocean studies showed evidence of vertical prop-
agation of information about the existence of deep pow-
erful turbulence sources. Large Thorpe overturning
scales were observed at depths up to 2km directly above
strong turbulent mixing zones for bottom currents passing
through the Romanche fracture zone of the mid- Atlantic
ridge (Ferron et al., 1998, Fig.8). Finnigan et al.
(2002) reported density overturning with indicated
Lypavalues of up to 50m (Fig.3) at 860m depth over
the Hawaiian Ridge at 2500m, which we interpreted as
possible vertical radiation from agitated fossil turbulence
(beamed zombie turbulence maser action) of strong tur-
bulent mixing at the ridge and they interpret as breaking

of baroclinic internal waves scattered horizontally from

the Hawaiian Ridge. Their estimates of dissipation rates
from a Dillon (1982) correlation Lg/ Ly, =0.8 without
computation of HPDs or intermittency factors are likely to
be substantial underestimates (Gibson, 1991b). For ex-
ample, the dissipation rate at fossilization for the S0m
patch displayed in their Fig.3 is €, =6 x 10™"m’/s’® com-
pared to € =5 x 107 °m?/s* in their Fig.4.

4.2 Hydrodynamic phase diagram summary

Fig. 10 shows a summary of oceanic microstructure
(Gibson, 1996), classified according to the hydrody-
namic state of the microstructure patches using an HPD.

As shown in Fig. 10, the laboratory studies have
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much smaller Re, to Rep ratios than those of most re-
ported microstructures in ocean layers. Extensive mea-
surements of microstructure were made during the MILE
expedition, where simultaneous dropsonde and towed
body measurements were possible. Since most micro-
structure patches found were relatively weak, Dillon
(1984) proposed that possibly they were actively turbu-
lent and that the universal constants had been incorrect-

MNOL., 22(1), 2004

Vol.22

ly estimated in Gibson (1980). Dillon’s correlation is
shown by the horizontal arrow. When Dillon’ s correla-
tion was proposed, few patches had been observed in
their actively turbulent state except by towed bodies,
despite laboratory confirmations of the Gibson (1980)
universal constants by Stillinger et al. (1983) and Its-
weire et al. (1986) in a stratified grid turbulence flow,

as discussed by Gibson (1991d) . However, measure-
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Fig.10 Hydrodynamic phase diagram for microstructure in the laboratory, seasonal thermocline, abyssal layers, seamount
wakes, Arctic, and equatorial undercurrent (adapted from Gibson 1996)

1. The Dillon (1982, 1984) correlation Lg = Ly, shown by the horizontal dashed arrow assumed seasonal thermocline patches were actively
turbulent rather than active-fossil. The scatter was assumed to be statistical and the vertical shift was assumed to be due to errors in the
Gibson (1980) universal constants. None of these assumptions are valid as shown by Fig.10.

2. Large equatorial patches with density overtums of twenty to thirty meters were observed by Hebert et al. (1992) O, Wijesekera and Dil-
lon (1991) &, and Peters et al. (1994) [], indicating €, values in previous actively turbulent states more than 10° ¢, and 10° -~ 10°
larger than measured values of ¢ for these dominant equatorial events?

3. Abyssal dropsonde profiles Toole, Polzin and Schmitt (1994), are usually so sparse they fail to detect even the fossils of the dominant
trbulence events, Y& (Gibson 1982a) .

4. The “mixing efficiency” I'=( DCN?/e) = ¢,/13¢ shown on the right (Oakey, 1982) can be 10* larger than 100% for fossilized patches
in the deep ocean (see Gibson 1982b) .

5. Measurements of powerful patches in the Arctic, @ Wijesekera and Dillon (1997) confirmed the fact that large, actively-turbulent micro-

structure events exist in the ocean interior, even though they are rare

ments in the wake of Ampere Seamount, Gibson et al. pled over the crest of the seamount, and decays into the

(1994), showed that oceanic microstructure indeed be- active fossil quadrant for patches sampled downstream of

gins in the actively turbulent quadrant for patches sam- the crest, as indicated by the oval region and arrow,
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confirming the universal constants of Gibson (1980)
Just as they are confirmed by Fig.9. From Fig.10 it fol-
lows that ocean microstructure is not likely to be found in
its original actively turbulent state, but in some stage of
fossilization. Wijesekera and Dillon (1997) reported only
one fully active patch from their Arctic Sea data (dark cir-
cles) even though they were at high latitudes where Corio-
lis forces are large and the intermittency of dominant tur-

bulence events is likely to be minimal.
4.3 Dark mixing paradox

Tom Dillon ( personal communication ) suggested
that the most important outstanding problem of physical
oceanography today is the resolution of the “dark mixing
paradox” ; that is, unobserved mixing that must exist
somewhere in the ocean to explain the fact that the
ocean is mixed. The largest discrepancies between flux
dissipation rate estimates of vertical diffusivities and
those inferred from bulk flow models are in strongly
stratified layers of the upper ocean such as the seasonal
thermocline and the equatorial undercurrent, and deep
in the main thermocline, Gibson (1990; 1991a, b, c,
d; 1996) .

The discrepancies disappeared when the evidence
of vast under-sampling provided by fossil turbulence was
taken into account, and the extreme lognormal intermit-
tency of the dissipation rates were used to estimate mean
values, rather than using typical values closer to the
mode rather than the mean. The mean to mode ratio of
a lognormal random variable is exp(362/2) , where o° is
the intermittency factor, or variance of the natural loga-
rithm of € about the mean, of the probability distribution
function. Baker and Gibson (1987) showed that o° for ¢
and y range from 3 — 7 in the ocean, showing that un-
der-sampling errors were probably in the range 90 to
36000 if the fossil turbulence evidence was ignored and
No attempt wass made to compensate for intermittency .
Gibson (1991d) showed that when the observed lognor-
mality of dissipation rates in the deep thermocline was
taken into account, there was no discrepancy between
the vertical diffusivity of temperature inferred using the
Munk (1966) abyssal recipe, and that inferred from the

Gregg (1977) deep Cox number measurements .

4.4 Fossil turbulence and turbulence effects on phy-
toplankton growth

Opposite effects of fossil turbulence and turbulence
properties has been discovered on the growth rates of
swimming and non-swimming phytoplankton species. It
has been known for more than 60 years by marine biolo-
gists that phytoplankton growth is sensitive to turbu-
lence, particularly red tide dinoflagellates whose growth
is inhibited by turbulence. Allen (1938, 1942, 1943,
1946a,b) observed that red tides in La Jolla Bay were
preceded by at least a two week period of sunny days
and light winds. Red tides would not occur otherwise.
Margalev (1978) suggested a “mandala” (a schematic
representation of the cosmos in eastern art and religion)
for phytoplankton survival where dinoflagellates that
swim are favored when turbulence levels are low and di-
atoms, that canot swim are favored when turbulence
levels are high. Efforts to grow dinoflagellate species in
the laboratory typically fail when the cultures are aerat-
ed or shaken vigorously for long periods.

Using a Couette flow between two concentric cylin-
ders to achieve a uniform rate-of-strain Y for growing
phytoplankton cultures, compared to growth between
identical motionless control cylinders, Thomas and Gib-
son (1990) quantified the growth response of the red
tide dinoflagellate Gonyaulax polyedra Stein. It was
found that the viscous dissipation rate € ~vy* for growth
inhibition e¢; was about (2 - 3) x 10 °m2/s>. Other
dinoflagellate species tested also showed a negative re-
sponse to continuous strain rates. In the case of Proro-
centrum micans , negative growth rate was observed only
for high light levels of 332 - 451pE/m’ * s and not for
lower values of 162 ~ 209uE/m® * s (Tynan, Thomas
and Gibson, 1997) .

Gibson and Thomas (1995) reported the effects of
turbulence intermittency on dinoflagellate growth, based
on laboratory studies and the field tests of Tynan
(1993). The remarkable result found for Gonyaulax

polyedra was that continuous strain rates with & > €¢r
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had the same or greater negative effects on growth when
applied for short time periods T greater than a minimum
T¢; during a day for several days, where T¢; was in the
range of only 5 — 15 minutes. Thus, intermittency of
turbulence reduces the daily average ¢ threshold values
for growth inhibition by factors of 100 or more. Vigorous
stresses applied for short periods (< 5 minutes) were
ignored by the dinoflagellate cultures; for example,
when the total culture was at least daily mixed together
to determine an accurate average cell concentration dur-
ing the ten day tests. Dissipation € values to cause max-

imum bioluminescence were about 10° €¢; for Gonyaul-

Vol.22

ax polyedra and non-fatal, based on viscous stress lev-
els of T~ 10 dynes/cm2 (Rohr et al., 1997). Tynan
(1993) found a negative correlation of the dinoflagellate
population (after a three day lag) with significant wave
height and wave velocity, and the opposite response for
the diatom population. Neither dinoflagellate nor diatom
populations were strongly correlated with wind speed.
Thomas, Tynan and Gibson (1997) reported positive
effects of laboratory turbulence on diatom growth, al-
though the effects of intermittency on diatoms had not

been tested in the laboratory.
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Fig. 11 Hydrodynamic phase diagram for phytoplankton growth effects based on the G. polyedra laboratory results. The

constraints € > e for time T> T are satisfied only for N =1 rad/s and turbulence at fossilization €, values =

1000 e, ( from Gibson and Thomas, 1995)

To explain this response, Gibson and Thomas
(1995) proposed the possibility that phytoplankton have
evolved the ability to recognize patterns of turbulence-
fossil turbulence in the surface layer of the sea. Evolu-

tion has adjusted their growth rates in response to these
patterns to optimize their competitive advantages with
respect to swimming ability. Diatoms require turbulence

in the surface layer to bring them up to the light. When
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the surface layer is strongly stratified by sunny days and
long periods without turbulence, dinoflagellates can
swim toward the light and bloom if adequate nutrients
are available, but diatoms will sink down. Breaking
surface waves produce intermittent turbulence patches in
the euphotic zone that have very different ¢ values as a
function of time depending on whether the fluid is strati-
fied or non-stratified. If the surface layer is not strati-
fied the dissipation spectrum k” @, is the universal Kol-
mogorov form with + 1/3 slope and persistence times of
only a few seconds corresponding to a few overturn times
of the largest eddies. If the surface layer is stratified,
however, the dissipation rate is preserved above ambi-
ent by the fossilization process. From Gibson (1980)
the decay time T for fossil vorticity turbulence is about
N"'(e,lep). Breaking surface waves have very large
€ values compared to those measured in the ocean inte-
rior which are generally much less than e.; values indi-
cated for any dinoflagellate species. Dissipation rates
measured in the surf zone were found to be € = 5 — 50 x
10~°m’/s* by George et al. (1994), which could give
€ > € for periods T much longer than T, if the sur-
face layer is strongly stratified so that e > e, . Howev-
er, the appearance of breaking surface waves in one lo-
cation more than once a day for several days is a good
indication that a sea change is in progress from a strong-
ly stratified surface layer, favorable to dinoflagellates
that can swim, to a turbulent mixed surface layer, fa-
vorable to diatoms that cannot. The model is illustrated
by an example on a hydrodynamic phase diagram in
Figure 11 using threshold values e¢; and T measured
for dinoflagellate Gonyaulax polyedra Stein.

In Fig.11 it is assumed that e =3 x 10> m?/s’,
so that N =1 rad/s to give ep =3 x 10 °m?/s®. This
is strong stratification for the ocean, but could happen
near the surface under red tide conditions. For a break-
ing wave patch to persist for 15 minutes (900s) with
this stratification requires that (e,/e;) ~ 1000, so €,
~3x 10" m?/s* or greater, exceeding the large surf
zone values measured by George et al. (1994). A
shaded zone of possible phytoplankton growth effects is

shown in Figure 11. To the left of the shaded region,
surface wave paiches will not persist long enough to
have an effect. To the right of the region, the surface
wave breaking is so powerful that the turbulent jet might
penetrate below the euphotic layer. Larger N values
require larger ¢, values, and both are physically un-
likely. Smaller N values might not give patches that
persist long enough with € > ¢, , although the question
of how dissipation rates evolve with time in a fossil tur-
bulence patch is an important unsolved problem. A
semi-empirical estimate of the time 7, _  for &, to de-
cay to a value ¢ in the active-fossil quadrant is given by
the expression in Fig.11.

The active-fossil-turbulence pattern recognition
scenario of Gibson and Thomas(1995) is intended as a
working hypothesis that explains the presently available
data for the response of phytoplankton to turbulence and
turbulence intermittency. Other scenarios may exist,

but have so far not been put forth.

5 SUMMARY AND CONCLUSION

The theory of turbulence is discussed from first
principles. The instability due to ¥ X & leading to tur-
bulence is described and illustrated in Fig.1. The same
instability and force balances apply at all stages of the
turbulence cascade from small scales to large, which is
the basis of universal similarity theories of turbulence,
turbulent mixing and fossil turbulence. A precise defi-
nition of turbulence requires that irrotational cascades of
energy from large scales to small are non-turbulent be-
cause inertial-vortex forces ¥ x & are zero. A universal
small-to-large direction of the turbulence cascade is
critical to an unambiguous signature of fossil turbu-
lence. Irrotational, inviscid Kelvin-Helmholtz billows
are not only physically impossible to form at large scales
as the assumed large scale initial turbulent eddies that
cascade to smaller scales, but are non-turbulent by our
definition .

Fossil turbulence theory is introduced and fossil

turbulence is defined. Most of the observed microstruc-
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ture patches in sampled layers of the ocean were found
to be fossilized from their classification as active, ac-
tive-fossil, and fossil turbulence using Fr/Fr, versus
Re/Re; hydrodynamic phase diagrams using the fossil
turbulence theory of Gibson (1980, 1986 ). Vertical
diffusivities estimated for these layers without taking fos-
sil turbulence effects into account should be considered
unreliable .

Fossil turbulence is observed in most ocean micro-
structure patches, especially the largest patches that
dominate vertical fluxes through deep interior layers.
Microstructure measurements should particularly be ex-
amined for the hydrodynamic state of those patches that
dominate estimates of the average dissipation rates for
the oceanic layer. If such patches are strongly fossil-
ized, as expected since this has been the case for all
dropsonde datasets so far reported, then the turbulence
processes of the layer are likely to be undersampled and
the average dissipation rates and vertical fluxes substan-
tially underestimated. Fossil turbulence processes affect
a wide variety of oceanic and limnological phenomena.
Evidence is presented that the two major ocean phyto-
plankton species have evolved growth strategies reflect-
ing surface layer fossil turbulence processes that affect
their competitive advantages with respect to different
swimming abilities.

Laboratory quality oceanic microstructure measure-
ments made in a municipal wastewater outfall were pre-
sented which clearly demonstrated that stratified turbu-
lence cascades from small scales to large and fossilizes
without collapse, contrary to the commonly accepted
non-fossil-turbulence theories of Dillon (1982, 1984)
and Gregg (1987) which should be abandoned. These
and other microstructure measurements described in this
paper support the narrow definitions of turbulence and
fossil turbulence (Gibson, 1991a; 19965 1999), as
well as the universal constants of the Gibson (1980,
1986, 1987) fossil turbulence theory. A new mecha-
nism of vertical energy, mixing, and information trans-
port is identified from the remote sensing by space satel-
lite of a submerged fossil-turbulence waste field. The

mechanism involves extraction of ambient internal wave
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energy by the fossil-density-turbulence patches, which
then beam internal wave energy and paiterns vertically
to the surface where it forms active turbulence patches
that interfere with the formation of capillary waves by
the wind and permit remote detection of submerged rem-
nants of turbulence in the ocean interior. The mecha-
nism is similar to that of beamed masers. The fossils are
pumped to metastable states (zombie turbulence) by the
ambient internal wave motions and the stratification fre-
quency of the ambient ocean, which is the frequency of
fossil-vorticity-turbulence, from Gibson (1980), and
prescribes a preferred, beamed, vertical direction of the
reradiation of submerged, anomalous, internal wave

patterns to the sea surface.
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