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ABSTRACT
’_ﬂA free-fall oceanographic instrument has been used to measure
vertical microstructure scale gradients of horizontal velocity, tempera-
ture and electrical conductivity. The velocity gradients, or shears, were
measured at scales between 3 and 40 cm by an airfoil shear probe whose
specifications and calibration procedure are discussed.

Data collected in the equatorial Atlantic in July 1974 indicated a

consistent pattern of turbulence near the velocity core of the Atlantic Equa- -

torial Undercurrent. (The velocity core is the region of maximum speed. )\

The most intense turbulence was found above the velocity core of the under- \
current. Turbulence in the velocity core was weak and intermittently
spaced. Below the core, near the base of the thermocline, moderately in-
tense turbulence was found. The rate of viscous dissipation of turbulent
energy has been estimated from the shear measurements, and typical

2 -3

values were 3x10-3 cm sec ~ above the velocity core.

Spectra of the shears have been computed. At small wavelengths

the measured spectral coefficients fall below the universal Kolmogoroff

spectrum. This discrepancy between the two spectra is attributed to
spatial averaging of velocity fluctuations by the shear probe. The estimates
of viscous dissipation include a correction for this spatial averaging.

An energy balance has been determined for the turbulent velocity
fluctuations. Above and below the core the basic balance is local produc-
tion of turbulent energy equals local dissipation, and this balance gives a

vertical eddy viscosity of order 10 cm?sec”! above the core. The equation
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of the energy balance of the average motion has been vertically integrated
at the equator where meridional terms are assumed small. In the South
Equatorial Current the rate of energy gain from the average zonal wind
stress is balanced by the rate of energy loss to the zonal pressure gradient
plus the rate of dissipation. In the undercurrent, above the core, the rate
of energy gain from the zonal pressure gradient equals the rate of dissipa-

tion within the uncertainty of the measurements, and the advection term is

small but not negligible.
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X, INTRODUCTION

The energetics of equatorial undercurrents have received limited
attention. For a flow in geostrophic balance, there is no transfer of
energy between the pressure and kinetic energy fields, since the Coriolis
force can do no work and flow is perpendicular to the pressure gradient.
The rate of energy transfer in most regions of the oceans depends upon the
ageostrophic flow across lines of constant pressure, which is relatively
low and difficult to measure. However, at the equator the Coriolis force
disappears, allowing the exchange of energy between the pressure and
kinetic energy fields to be more easily measured.

Even the simplest energy balance for the undercurrent must include
the work done by the zonal pressure gradient, the energy advected by the
mean flow, and the energy dissipated by turbulence (Wyrtki and Bennett,
1963). The rate of release of energy from the zonal pressure gradient can
be obtained from measurements of velocity and dynamic height. However,
the velocity cores of the equatorial undercurrents have been observed to
meander. To accurately determine the velocity field, either measurements
at several locations must be taken, or many sections across the equator
must be sampled. Until 1974, such observations were not available. The
energy advected by the average flow remains difficult to calculgto because
of limited observations. The undercurrents undergo seasonal changes, as
well as meanders of shorter period. Most measurements of the large
scale features of the undercurrents have usually been at a single position
and extend over a relatively short time interval, so it has been difficult to

distinguish temporal variations from spatial variations,




The rate of dissipation of kinetic energy can be estimated from
velocity measurements at scales of about 1 to 50 cm. This range of scales
is the viscous dissipation range at which kinetic energy is converted to
heat by the molecular viscosity of the fluid. Instrumentation to sense velo-
city gradients at the scales and magnitudes found in the undercurrents has
been developed only recently. Only one previous attempt has been made to
measure these gradients in the undercurrent (Belyaev et al, 1975b). From
measurements of temperature fluctuations and the use of theories of isotro-
pic turbulence, the rate of dissipation may be inferred, as was done by
Williams and Gibson (1974) at 0°and I°N in the Pacific, at 150°W, at a
single depth at each latitude. An estimate of vertical heat transport for
certain flows can be made from measurements of the mean and microscale
temperature gradients (Osborn and Cox, 1972). Such measurements in the
Pacific at the equator have given a qualitative comparison of the micro-
scale velocity gradients and the intensity of turbulence (Gregg, 1976).
Although theories suggest that the rate of dissipation (€) should be a limit-
ing factor in the flow of the undercurrent, the values of € suggested by
these studies differ from the value derived from a study by Wyrtki and
Bennett (1963) based upon'measurements of large scale features in the
Pacific Equatorial Undercurrent.

In the summer of 1974, participants in the Global Atmospheric
Research Program undertook a study of the atmosphere and ocean in the
tropical Atlantic, called the GARP Atlantic Tropical Experiment (GATE).
During this project, a study of the microscale velocity gradients in and

near the undercurrent was undertaken with instrumentation developed by




T.R. Osborn and myself. The study was conducted from the R/V
ATLANTIS II of the Woods Hole Oceanographic Institute during June and
July 1974. An extensive mapping of the large scale velocities and dynamic
heights at the equator was undertaken by Dr. Eli Katz and Mr. John Bruce
on board the R/V ATLANTIS II, and by numerous investigators on board
other ships. These large scale measurements make it possible to estimate
some of the transfers of the average kinetic energy. A comparison between
these transfers and the viscous dissipation of turbulent energy is possible
for a long term average of the flow at the equator.

There are clearly two topics here: the energetics of the under-
currents, and of microscale oceanic turbulence, which are separated not
only by scale size, but also by the background information required to
understand them. In the next section, I will discuss these topics separate-
ly, and show how microscale measurements lead to a better understanding
of the overall energy balance in the undercurrent.

The design and operation of the instruments will be discussed in
section 3, as well as the procedure in the field. The microstructure of

the undercurrent region, the nature and spectra of the turbulence there,

and the energetics of the undercurrent will be described in section 4.




2. BACKGROUND

2.1 Large Scale Features of the Undercurrent

There have been numerous models constructed to explain and pre-
dict the nature of the equatorial undercurrents, beginning soon after the
discovery of the Pacific Equatorial Undercurrent, as described by

Cromwell, Montgomery and Stroup (1954). A summary of such models

was undertaken by Philander (1973). To understand why equatorial
currents exist, a simple explanation is given by Neumann and Pierson
(1966, p. 453-454). Figure la shows a wind and current pattern typically
found near the equator. The doldrums between the SE and NE trade winds
are located near 5°north. In the Southern Hemisphere,transport in the

Ekman layer is to the left of the wind; in the Northern Hemisphere this

transport is to the right of the wind, causing a convergence of the surface
waters at 5°N and divergence at 10°N and at the equator. The resulting
surface slope caused by such convergences and divergences is illustrated
in figure 1b. For the surface currents to be in geostrophic balance with
the meridional pressure gradients caused by these surface slopes, they

must flow westward at all latitudes except between 5°and 10°N. The east-

ward current here is the Equatorial Countercurrent in the Atlantic Ocean.
The westward current present to the south of 5°N is the South Equatorial
Current and that north of 10°N is the North Equatorial Current. This
current pattern is most like that found in the Atlantic from August to
November. During the remainder of the year, when the winds are weaker,
the countercurrent is frequently absent. In the Pacific, this countercurrent

is labelled the North Equatorial Countercurrent to distinguish it from the ) |

: e !i ‘
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North Equatorial Current
Equatorial Countercurrent
South Equatorial Current
(a)
(b)
Figure la Possible wind distribution in equatorial regions. Long ar-
rows represent wind direction. Short arrows show possible
Fkman drift. (from Neumann and Pierson, 1966 p. 452)
Figure 1b Ideanlized topography of the sea surface across the equator
caused by wind pattern of figure la. Surface water divergen-
i ces or convergences are denoted bv DIV, or CONV. and direc-

son, 1966 p. 452)

tion of flow is denoted by E or W.

(from Neumann and Pier-




South Equatoral Countercurrent sometimes found near 10°south.

When the winds and surface currents are present as shown in figu-
res la and 1b the undercurrent is set up in the following way: the west-
ward surface current at the equator causes an upward surface slope to-
ward the west, and a downward tilt of the thermocline toward the west.
Associated with these slopes is an eastward pressure force in and above
the thermocline. The wind stress balances or even exceeds this pressure
force in the surface mixed layer, but the direct wind effects cannot pene-
trate the thermocline. Hence, there is a westward pressure force in the
thermocline which is not balanced by the wind stress. Near the equator
this causes an eastward flow of water in the thermocline.

"However, with increasing distance from the equator the effects
of the Coriolis force become more and more significant and
tend to provide a geostrophic balance of the zonal pressure gra-
dient. This seems to occur very close to the equator, probably
as close as %"or I°latitude. Quantitative evidence of approxima-
te geostrophic balance within the undercurrent to latitudes as
low as }ohas been presented by Montgomery and Stroup (1962)
and by Metcalf et al (1962). Thus, with a downward slope of
the sea surface from west to east a little north of the equator,
the water flows with a Southward component, and a little

south of the equator with a Northward component..... This
leads to a water transport from both the Northern and Southern
Hemisphere toward the equator where the general motion is
castward and provides ample water supply for the Equatorial
Undercurrent. ' (Neumann and Pierson 1966, p. 454.)

Cross-sections of temperature, salinity and velocity sampled during
the ATLANTIS IT sections along 24°W, 28°W, 33°W are shown in figures 2
to 4. The divergence of surface currents at the equator, combined with in-
flow from the sides in the thermocline, leads to upwelling near the cquator

and causes the ridging and troughing of the isotherms shown in figures 2 to

4. This structure is a characteristic of all equatorial undercurrents.  The
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water in the core of the Atlantic Equatorial Undercurrent derives from the
North Brazilian Coastal Current which has high salinity. This saline core
is evident in these cross-sections and has been found in this undercurrent
as far as 6°E, where the undercurrent was observed to turn away from the
equator (Rinkel, et al, 1966). The velocity measurements were obtained
from an over-the-side current meter, and are relative to the measurement
at 300 m. depth. These figures are taken from Bruce and Katz (1976) and

are based on data they collected during the ATLANTIS II cruise.

2.2 Energy Balance for the Average Flow

It is a common technique for incompressible turbulent flows, first
introduced by Osborne Reynolds, to portion the velocity and pressure fields
into average and fluctuating components
velocity Uy = Ui tuy

P +p

/

pressure P 2.1

where P is the average pressure andl; is the average velocity.

When these values are included in the energy equations, and averaged, one
can trace the energy exchange betweena pressure field, kinetic energy and
heat. In theory, one uses an ensemble average, which is an average over
all realizations of the flow. In practice a time or space average is measured
within the flow and the Ergodic hypothesis (Hinze, 1959, p. 5) is invoked so
that the measurements can be assumed to be comparable to the theory. For
time averages one must ask: are the averages over a time sufficiently long

to include all or most of the fluctuations? Some periods at which the

Atlantic Equatorial Undercurrent is expected to contain energy are:
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l year Annual variations in the winds likely produce changes in the
undercurrent (Philander, 1973), (Katz et al, 1976)

16 days Meandering of the undercurrent was observed in the summer
+ of 1974 during GATE (Duing et al, 1975)

- 2 days

3 days Pulsing of the undercurrent was observed during GATE

(Duing, 1975)

E2-~25 Variations due to tides, with the semi-diurnal tide strongest
hours were observed during GATE (Rybnikov, 1975)

several min- Internal waves
tes to several
hours
fractions of Turbulence
seconds to
several min-
utes

Prior to the GATE oceanographic observations in 1974, there were
insufficient observations to permit distinction between variations of several

P + .

days and annual variations. The 16 day -2 day meander appeared in the
three GATE observation periods of 21 days each, but there were also vari-
ations rrom one observation period to another which may or may not be
part of an annual variation. The observations during the GATE project
form the longest set available and in many cases permit averaging over the
16 day wave. No averages over longer variations are available. The effect
of short sampling times upon the observations of the mean gradients may be
large in some cases.

To obtain the energy equation of the average flow, the average and

fluctuating values of velocity and pressure are substituted into the Navier-

Stokes equation for a fluid of constant density and viscosity. The coordina-

te system is chosen with x, eastward along the equator, x, northward with




1

origin at the equator, and X3 positive upward and zero at a level surface
chosen to be close to the actual ocean surface. Each term in the Navier-
Stokes equation is multiplied by U;j and an ensemble average of each term
is taken. When all the terms are summed, the rate of change of kinetic

cnergy per unit mass and per unit time is, in tensor form (Hinze, 1959, p.

3O = -3 Ui(P+@) +pUidh -U;dGg, -3U3
e 2.2

B x: axjézj 374]

where the overbar denotes an ensemble average,
2 ~lelie 2 2
Q =U| \ =_’1:U| +U2 +U;] 2.3
2

is the kinetic energy per unit mass, and use has been made of the continu-

ity equation for incompressible flows

dlk = Q
3&—; 2.4

The term -g¢Ug has been added to Hinze's equations because, while he is
able to use a reduced pressure (total minus hydrostatic), such an approach
cannot be used in this case because of the presence of a free sloping sur-
face.

It is assumed that the hydrostatic balance is valid, and hence

P .o -
?595 3U3 e D

To reduce the number of terms, the -gUj term may be omitted by adopting

the convention that the Uia_{-’ term is to be summed over i=1 and 2 but not 3.
IX;

There is no Coriolis term in equation 2.2, Although the Coriolis

force can alter the direction of flow, it cannot change the speed of flow




and cannot alter the magnitude of the kinetic energy.

If a small density variation is present, the density field can be
portioned into an average and a fluctuating component @ = @ + @’ in the
Navier-Stokes equations. If e«@ the Boussinesq approximation may be
invoked to simplify the equations. As outlined by van Mieghem (1973), if :

= i
2, the Boussinesq approximation holds: variations in the density

< 10

o0

L)

of the fluid are only important where they affect the buoyancy. For the
undercurrent, € ¢ 2x1073, Hence, in equation 2.2, the density p may be
replaced by the average density g, but it must be outside the derivative for
the equation to be correct.

The term vUiS::_Ua:f in equation 2.2 is the sum of the rate of dissipa-

397}

tion per unit mass of the kinetic energy, and the rate of work done per unit
mass by the viscous stresses. For oceanic flows, this term is very small
compared to others and may be neglected.

The last term in equation 2.2 may be rewritten

-UidUdy = - QUTT  »Thng Ui 2.6

ij 376_‘, o %

Equation 2.2 is now

O = -UidP QUG - LT + T oUs e
Jat e ox; QX o x| é_x;
I II IITa IIIb v

For the meanings of the individual terms in equation 2.7 we have:

I The local rate of change of average kinetic energy per unit mass,
for example a seasonal change.

IT The rate of work done per unit mass by the pressure field. Mea-
surements of the anomaly of dynamic height and the average velo-
city along the equator permit the evaluation of this term.
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IIla Divergence of transport of kinetic energy per unit mass by the
IITb average flow and the turbulent diffusion of average energy.
v The rate of exchange of energy between the kinetic energy of the

fluctuating motion and the kinetic energy of the average__r_notion.
It is the product of the Reynolds stress per unit mass d;y,
and the average shear, au:/ng

A distinction has been made by Bowden (1962) between fluctuations
due to turbulence and those due to two dimensional eddies. Turbulence is
a term for random fluctuations of all three components of velocity, requir-
ing a transfer of energy from large scales of motion to smaller scales and
finally, at the smallest scales, the transfer of energy to heat. Turbulence
is always a sink for kinetic energy of the mean flow, and causes mixing.
Large scale two dimensional eddies (or meanders) are often found in the
ocean or atmosphere, may either extract energy from or contribute energy
to the mean flow and need not cause vertical mixing. The contribution of
both of these interactions to the kinetic energy of the average flow is repre-
sented by term IV,

Estimates of some of the terms in equation 2.7 are available from
observations during GATE, and will be discussed in section 4. Term I may
be estimated, as well as the zonal components of terms II and IIIa. Regions
can be chosen over which the contributions of other divergence terms are
small. However, there are no measurements in equatorial regions of
term IV in equation 2. 7. It is possible, however, to evaluate some terms
in the kinetic energy equation for the fluctuating flow. The term J—J.%%

J
appears in this equation as a source of kinetic energy of turbulent fluctua-

tions, and as a source or sink of kinetic energy of the two-dimensional

eddies, If other terms in the equation are measured or small, the term
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UTJ)Q_U_‘ may be deduced.
X;

2.3 Energy Balance for the Fluctuating Flow

The equation for the kinetic energy of a constant density, fluctuating
flow can be derived in a way similar to that of the equation for the average
flow. The Navier-Stokes equation is multiplied by Ui’ averaged and summed.

The equation in tensor form is (Hinze, 1959, p. 65):

49" = -9 w(P'+ ) -E;U,J_u; +V I (U(dui +9u; ) -p(OUi +9u; U,
dt  Ix f 9% Ix; 9% QT,)) <37J ox; / 3x; 2.8
I IT II1 v AV
where
I IR e S S
1 2 é‘[ul f 1 e

is the kinetic energy per unit mass of the fluctuating motion.

Equation 2. 8 states that the rate of change (I) of kinetic energy of
the fluctuating motion per unit mass of the fluid following the mean motion
(o€, %_;‘;fuig_i: ) is equal to (II) the convective diffusion by the fluctua-
ting motion of the total energy of the fluctuating motion, plus (III) the energy
transferred to or from the mean motion through the stresses of the fluctuat-
ing motion, plus (IV) the work done per unit mass and time by the viscous
stresses of the fluctuating motion, plus (V) the dissipation per unit mass of
the fluctuating motion (Hinze, 1959). As shown by Tennekes and Lumley
(1972, p. 70), term IV is of order (Reynolds number)"l times term V and
may be neglected.

The last term is frequently written

- ouy 9 & = - Q 1§ O)J = -€
v(&—% fa_igf)é_:f )éz(a”%*a“%) ) 2.10
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which shows that the viscous dissipation term -€ in equation 2.8 is always
negative definite, and always decreases the value of cf; converting the kine-
tic energy into heat.

The presence of small density variations alters the form of equation
2.8. As was noted for the equation of the kinetic energy of the average flow,
the Boussinesq approximation is valid for the undercurrent. When the den-
sity field is portioned into mean and fluctuating components, and the
Boussinesq approximation applied, the density ¢ may be replaced by the
average density é in equation 2.8, (however, it must be outside the deriva-
tive) and an extra term '?'I“B/?_ is added to the right side of the equation
(van Mieghem, 1973).

In the presence of density variations, -e9/s is the buoyancy force
per unit mass acting on a fluid element, and -e’—uig/? is the average work done
per unit mass by the buoyancy force. In a stably stratified fluid, this term
is negative, indicating that kinetic energy is lost to the potential energy
field. When the stratification is unstable, kinetic energy may be gained
from the potential energy field, and this term is positive (Monin and Yaglom,
1971, p. 397).

The equation for the kinetic energy per unit mass of the fluctuating

velocity is now

43" = -1 UP -3 (uiq?) -wudU -€ -eUsI
S Fom  om ! IS, £ >
I IT III v v VI

The fluctuating components considered here include the meanders,
tides, internal waves, and turbulence. The expected effect of the meanders

has been discussed; the tides and internal waves can transmit energy from
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one region to another, and can carry energy into and out of a region. How-

ever, unless they interact with turbulence or generate instabilities they are 1

not very dissipative, and do little mixing (for a wave an excellent approxima-
tion is &iuj = 0 for i # j); hence their contributions to terms V and VI are
small. To produce large values of €, turbulence is required. The evalua-
tion of terms II and III is difficult, and has not been attempted for oceanic
turbulence. There are no measurements of term IV, as mentioned in the
previous section, and no measurements for term VI.

With such a dearth of measurements, one is forced to some assump-
tions. In the Introduction it was noted that the viscous dissipation of turbu-

lent energy was an important sink for the kinetic energy of the average flow.

This energy is passed from the average flow to the turbulence through term

IV, which appears in equation 2.7 and equation 2.11. There are no equator-
ial measurements of term IV, but I will show in section 4 that it is similar
to € in regions of relatively intense turbulence at the equator, and € can be
estimated from the velocity microstructure measurements.

To determine the dissipation, the degree of isotropy must be known
because it is not possible to measure all the terms in the expression for €
(equation 2.10). In flows of large Reynolds numbers, there may be several
orders of magnitude difference in the size of scales at which turbulent
energy is generated from the mean flow and the scales at which it is conver-
ted to heat by the viscous forces. In such cases Kolmogoroff first proposed
in 1941 that there is a tendency for flows at small scales where viscous

dissipation occurs to become isotropic, a condition termed local isotropy.

In this case (Monin and Yaglom, 1975, p. 353-354):
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\Sv(%_‘;- )2
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"

. 15,RT Y 2.12a
- IS

Thus measurements of a single gradient at small scales will give the full

value of the dissipation. Writing out & in full from equation 2.10 we have

Ui

9x; i

<|m
I-

= Eey saE

(&U' +3Uz) QUL +9U3) +(.:)U3 N)u,)z

I ox axa 92 %3 2.12b

In the isotropic case

() =G5 - (35)

and terms like

au.)z . 2(__&:_

3%,

and cross terms like

2o = (D_x)

dX, 9%z

The instrumentation we used at the equator (and described in section 3)
measures %%tl and %‘i} directly (although some corrections must be made
3

of small scale resolution limits of the probe). Thus in the isotropic case,

the sum of the quantities measured is 4 & . Isotropy is needed only when we

5

convert what we measure to an estimate of the total dissipation. Note that

even if the turbulence is anisotropic we are measuring directly terms which

make a large contribution to € , since equation 2,10 is a general relation

not dependent on isotropy.

e i,
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2.4 Spectral Representation of Turbulence

Some checks of local isotropy may be made using the spectral rep-
resentation of turbulence. G.I. Taylor first introduced the energy density
function to describe the concept of energy in turbulence associated with a
scale size. I will use the notation E(k) to denote the three dimensional
energy density function; E(k)dk denotes the energy of all fluctuations having
a wavenumber magnitude between k and k+dk. The one dimensional spectr-
al function CDll (k) denotes the energy density of the u; component of velo-
city associated with all fluctuations having a wavenumber component k1 in
the x, direction, and@,, (k) is the energy density of the U, component of
velocity associated with all fluctuations having a wavenumber component
k] in the X | direction. The three velocities are related to the spectral

functions by

fE(h)ah = 4 (Ul +ud +uy) 2.13
fcp,,dh = ' 2.14
szpzzdk- = U 2.15
of@sdk' = U 2.16

In a locally isotropic region of wavenumber space one finds (Monin and

Yaglom, 1975, p. 54):

_b..'_z &249,,(‘3') - q a@u(b')

E(k) = 7} :)_k'_‘__ E"ak’ ol

D (b)) =LT Putk) - b,gfu(é')} = Py (k) 2.18
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and also

(P‘z(k.) = O 2.19

where ‘Puz(kl) is the spectrum of 4,u, associated with a wavenumber k1 such

that

[ @uh)dk = GG

2.20

Equations 2.17 to 2.19 are necessary (but not sufficient) conditions for the
presence of isotropy at the scale size corresponding to the wavenumber k.
Theories of isotropic turbulence are generally‘r expressed in terms of E(k)
which cannot be measured. Measurements of turbulence usually sense com-
ponents leading to estimates of (pll (kl), P22 (kl) or @lz(kl), which are
compared with theoretical relationships through equations 2.17 to 2.19.

The viscous dissipation for locally isotropic turbulence is

é = 2ijz£(k)dk > 21

or, in terms of measured values of @11 (kl) and @Zz(kl) is (Monin and

Yaglom, 1975, p. 405):

o !5u/k,2¢),.(kv)db. = 15 uf/e? @, (k) dk. 222

The spectral representation can be used to check for local isotropy
within the dissipation region and to determine the dissipation. A second
advantage is that if the turbulence is locally isotropic, the form of the
spectral density functions can be predicted, and conversely, if the shape
of one of the (pl 1 (k] % szz(kl ) @33(1(1) curves is measured, then assuming
isotropy, € can be determined without measurements at dissipation scales,

These determinations rely upon the two Kolmogoroff hypotheses.
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For large Reynolds numbers, Kolmogoroff proposed that the statis-
tical properties of the flow at small scales are independent of the large
scale flow, except for the average rate € at which energy is passed from
the large scales to the smaller. These statistical properties will also de-
pend upon the kinematic viscosity » and the wavenumber k. A characteris-

tic wavenumber can be formed from the viscosity and the dissipation

¥,
ks = (é V_B) 1 223

where kg is the Kolmogoroff wavenumber. Dimensional analysis gives,
= o k
O.(k) = @V F (%)

Patk) = @v*) L[ F%)- b 2ECR)] =@ F (%)

k. 2.24

Both F(k/ks) and Fz(k/ks) are functions of the universal non-dimensional
wavenumber (k/kg). (The subscript is traditionally omitted from the wave-
number kl within the brackets but it is understood that this is k] , not the

magnitude of the vector wavenumber.) The dissipation spectra are

L2@.(k) = /?sz(évs)qu(h/ks) 2.25

k.2 CDzz (kl) = ksz(é Vs)‘/‘( G?_ (k/ks)

&%)
(8%
(o)

where
G (%s) = B F (k)

I
(9%}
o~
~]

Vo

and

1
P

(3%]
o o]

Gz(h/‘?s) % FZ (h/hs)

arc also universal non-dimensional spectra.
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For yet larger Reynolds numbers, the second Kolmogoroff hypothe-
sis proposes that only € and k are the relevant parameters within a locally
isotropic inertial subrange. Scales within this subrange are too small to
be directly influenced by the mean flow, and too large to be influenced by

viscosity. Dimensional analysis gives

PRE A
C;Du(kv) =Keén™ k. i’ and using 2.18 2.29

(pzz(k') =% @(’?:)

2.30
where K™ is a universal constant. A summary by Monin and Yaglom (1975)
of experiments gives K’ = 0.5 as the most reasonable value suggested by
experimental data. Oceanic work by Nasmyth (personal communication)
gives K® =0.52. The log F(k/ks) curve derived by Nasmyth (personal
communication) from a re-evaluation of his work reported earlier (Nasmyth,
1970) is shown in figure 5. The log Fz(k/ks) curve, calculated from data
for the log F(k/ks) curve using equation 2. 24 is shown alongside. Values

of log G(k/ks) and Gz(k/ks) have been calculated from the log F(k/ks)

curve using equations 2.27 and 2.28 and are also plotted in figure 5.

To determine € accurately from spectra the turbulence must be local-
ly isotropic at least through the dissipation portion of the spectrum, and the
Kolmogoroff hypotheses must be followed for the portion of the spectrum
sensed, It is known that the cp“(kl) spectrum often follows a -5/3 power
dependence upon kl at wavenumbers where the turbulence is anisotropic
(e.¢., Weiler and Burling, 1967) and care must be taken in analyzing the

results,  If the fluid is stratified, buoyancy effects may influence the spectra.
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2.5 Buoyancy Effects on Turbulence

The discussion of the spectral representation of turbulence until
now has assumed that effects of buoyancy are small. When a fluid is stably
stratified, the turbulence can be altered in several ways. To extract tur-
bulent energy from the average flow, the Reynolds stress -QWT% must be

appreciable. However, turbulent energy per wnit mass contained within the

vertical velocity, (BZL)Z is not produced directly from the average horizon-
tal flow, but must be transferred from other turbulence components by the
pressure forces. The buoyancy sink -TB_ég/é extracts energy directly from
the vertical component, Stewart (1959) suggests that the extraction processes
are more efficient than the production processes for the vertical component
of turbulence, because the production is indirect and must involve viscous
losses in other components along the way. To maintain turbulence, the
flux Richardson number (the ratio of buoyancy sink to total shear production)
must be significantly less than one (Pond, 1973). Turner (1973) indicates
that a flux Richardson number greater thar 0.15 may be sufficient to elimin-
ate turbulence. Because the buoyancy sink removes energy only from the
ug component, the turbulence may not be locally isotropic over the same
rance of wavenumbers as for the non-stratified flow. Local isotropy may
only be found at higher wavenumbers.

Internal waves are possible with frequencies up to the Brunt-Viis-

oy o
ala frequency,
D
2

e
%

‘0./

/\/=(—g

(57

a3l

These waves may contribute energy to the CPI 1 P >0 and (P33 spectra at
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low frequencies. These effects are discussed by Stewart (1969). Internal
waves in a laminar flow can interact to generate patches of turbulence.
Patches of turbulence can lose energy to internal waves which radiate
energy away.

There is some evidence that for turbulence of sufficiently high
Reynolds numbers, stable stratification influences the energy density
spectra only at wavelengths greater than some value gb. Turbulent fluctua-
tions of wavelengths less than [b may not feel the large scale stratification,
and may be locally isotropic. In a stably stratified atmospheric boundary
layer, experiments have found evidence consistent with local isotropy for
values of fI./JU=10 (A= 0,1L) (Kaimal et al, 1972) where L is the Monin-
Obukhov length and A is the wavelength. Away from the surface in the
atmosphere or ocean, the length L is no longer the relevant length scale,
and various other scales have been proposed. Ozmidov (1965) has proposed
the criterion

By = BN
2.32a
and Obukhov (1959) has suggested the length scale for regions where temp-

erature fluctuations dominate the density fluctuations should be

/ Sy ), /.
Zb = €& /(@3‘1(9/.\.0)‘3) 3. 390

>
where ® = @7) is the rate of dissipation of temperature fluctuations, ks

is the molecular diffusivity for heat and T, is the average temperature in
degrees Kelvin., Unfortunately there have been no rigorous tests of iso-
tropy using the criteria of equations 2.17 to 2.19, although several inves-

tigators have observed a k'g/% power law dependence for (Pl | ( k]) or




@33(1(1): (Shur, 1962, Vinnichenko, 1969, for clear air turbulence in the
atmosphere; Seitz, 1973, for turbulence in an estuary; Belyaev, et al,

1975q, for turbulence in the ocean). Measurements by Nasmyth (1970) of

patches of turbulence in the winter thermocline in the North Pacific Ocean
revealed that the <p“ (kl) spectra did not conform to a universal Kolmogoroff
spectrum even for scales in the viscous dissipation region,

If the turbulence in the dissipation range is anisotropic due to stable

density gradients, u, may not be suppressed completely, or there would be

no turbulence. However. if u, tends to zero, but the isotropic relations hold

for uy and Uy, then €= Ii. ‘;5)2; that is, the true dissipation would be 11/15

of the value estimated from the measurements using the isotropic relation.

a_‘-i.l

The situation cannot be this extreme, although in the anisotropic case S

Q

Yz may become somewhat larger relative to terms like Y |

and <&
anc = =

etc. It appears that an estimate of the rate of dissipation based upon our
measurements of qu and dur and assuming isotropy may overestimate &

03(.'_5 ox3

by almost 50% in the most extreme case, but likely the error is smaller.




2.6 Observations of Oceanic Turbulence

To measure any of the terms in the expression for € (equation 2.10)

velocity gradients at scale sizes at which viscous dissipation takes place
- <3

must be resolved. The Kolmogoroff wavenumber ks = (€ Vv )4, and the
corresponding Kolmogoroff wavelength A ¢ =2""/kS characterize the wave-
numbers and wavelengths at which the rate of viscous dissipation is high.
For turbulence which is locally isotropic at dissipation scales, the peak of
the dissipation spectrum G(k/ks) is near a wavenumber k=0.lkg. (Pond,
1965.) Oceanic turbulence has a dissipation spectrum extending from
small scales of 1 to 6 cm  (Gregg, 1973), up to about 1 metre, and velo-
city fluctuations at these wavelengths are referred to as velocity micro-
structure. The intensity of the microscale velocity gradients can often be
used as a goealitative indicator of the intensity of turbulence (i.e., the inten-
sity of the large scale energy containing fluctuations) because the small
scale fluctuations can adapt quickly to changes of the large scales, and
increase in amplitude as the large scale fluctuations increase in amplitude.

Observations by Grant et al.(1962) in a tidal channel in British
Columbia revealed very active turbulence by using a hot film probe towed

Zsec'3 and

behind a ship. They measured values of € from 0.0]1 to 1 cm
found an extensive minus five thirds region in the spectrum of (D”(k] )s
Reynolds numbers in the channel are as high as 3x108. Later observations
by Crant et al. (1968) in the open ocean show that in the upper mixed layer
measurable turbulence is almost always found. In and below the thermo-

cline, the fraction of the water which has measurable turbulence is small,

often less than 10%. Average values of € in the upper mixed layer were




0.025 cmzsec_3, and about two orders of magnitude less than 90 metres |

depth.

Nasmyth (1970) obtained measurements of turbulence in the winter

thermocline in the North Pacific which reveal patchiness of the turbulence.
He towed the hot film probe used by Grant et al, (1962, 1968) through the
ocean, but added a cycling mode, whereby the probe could be alternately |

raised and lowered to sample along a sawtooth profile. Values of € ranged

2 4 2

from about 2x10™ " to 2x10™ " cm sec™3 within the patches of turbulence,
which occupied about 15% of the observed path during one set of observations,
and 309 during another.
A free fall instrument used by Osborn (1974) to sense the <p“ (k3)
and (Pzz (k3) components of velocity microstructure in Howe Sound, British 1
Columbia, revealed large variations in € over short distances. An examina-
tion of a typical 5 metre thick patch showed estimated dissipation there of
about 3x16°% cmPrec”
Measurements of oceanic turbulence by Belyaev et al (1975 a, b)
have revealed large changes in turbulent intensity in the horizontal and ver-
tical, with the magnitude of € varying by a factor of 100.
Observations by Woods and Fosberry (1969) in the seasonal thermo-
cline in the Mediterranean have revealed that shear instabilities can grow
on a trough or crest of an internal wave propagating through a region.
shear instabilities grow from small disturbances which are able to extract
enercgy from a larger scale shear, roll up into billows, eventually become
cravitationally unstable and generate turbulence. These investigators noted

that the instabilities grew on regions where the vertical density gradient
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was large, called "sheets'. The shear instabilities generated turbulence
in patches, mixed the dye over a depth of up to 20 cm, and were smeared
out along the sheet by the large scale shear.

Theoretical studies by Miles and Howard (1964) have shown that
small disturbances will not grow in a laminar flow if the gradient Richard-

son number

%

€

3
2 2955

1)
[

~
v
%€
Rz
~~—~

is greater than 3. The observations of Woods and Fosberry (1969) suggest
that in and below the thermocline the average shear is too small to main-
tain turbulence, but that internal waves passing through can increase the
shear in a region long enough to allow shear instabilities to grow and be-
come turbulent. Measurements in the Atlantic by Sanford (1975) have
shown that 10 m average values of Rig below the thermocline are greater
than, but often close to 0.25. However, Sanford and also Stewart (1969)
suggest that if there are non-uniform density and velocity gradients within
the region, then the gradient Richardson number must be smaller for a
portion of the region. For example, if within a 10 metre layer, the velo-
city and density gradients were concentrated within a few metres, the
actual Richardson number would be much lower within these few metres
than indicated by a 10 metre average gradient.

Thorpe (1973) found shear instabilities would grow and develop into

turbulence in a tank only for values of Ri much less than 0.25. Recent
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laboratory studies by Koop (1976) have shown shear instabilities to grow into
billows for values of Rig less than about 0.07. For larger values, waves
grew and their crests broke off and mixed into the flow. Orlanski and

Bryan (1969) have proposed that internal waves may grow unstable and over-
turn much like plunging breakers on a beach. Garrett and Munk (1972) con-
clude that shear instabilities growing on internal waves area more frequent
source of turbulence than overturning internal waves, but they point out that
a single overturning internal wave may generate much more turbulent kine-
tic energy than a single shear instability.

Double diffusion instabilities extract energy from the potential ener-
gy of the fluid to drive convective regimes. These have been summarized
by Turner (1973) and Gregg (1973, 1975). When warm salty water overlies
colder fresher water, salt fingering may be found. Williams (1974) obser-
ved such fingering below the Mediterranean outflow in the Atlantic, of
scales about 6 mm in diameter and 24 cm high. When cold fresh water over-
lies warm salty water, layering may be found. Such layers have been obser-
ved for example in the Arctic by Neshyba and Neal (1971) and in several
other oceanic regions. Thicknesses of the layers vary from less than a
metre to up to 20 metres (Gregg, 1975). Although double diffusion regimes
have been positively identified only in few regions, they may influence tur-
bulence in much of the ocean. Gargett (1976) has noted that there is fairly
strong statistical evidence for increased microstructure activity in regions

where the local vertical gradients of temperature and salinity are suitable

for double diffusion processes.
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2.7 Observation in the Undercurrents
Measurements by Jones (1973) in the Pacific Equatorial Undercurrent
show low values of the difference Richardson number (a finite difference

approximation for Rig)

RiA = —_i —_AQAX‘5
e (LY

Values of Ri, were less than one quarter over 5 to 10 metre depth intervals
between 196 and 272 metres within the thermostad, which is a layer having
a temperature from 11.5 to 13.5°C, located from about 100 to 300 metres
below the surface. This layer is characterized by small changes in density,
temperature and salinity with depth. It appears to increase in thickness,
temperature and salinity as it flows from west to east, and may be formed
by vertical or horizontal mixing. Jones feels that the low values of Ri,
indicate that vertical mixing should be more important.

Williams and Cibson (1974) have measured temperature fluctuations
at microstructure scales in the Pacific Equatorial Undercurrent. From the
wavenumber k., at which the (PTT(k]) vs log k| spectrum acquired a -1
slope, they calculate a viscous dissipation of 0.08 cmzsec-3 at the Equator
and at 1°North. These calculations require that conditions for Batchelor's
(1959) theory for spectra of temperature fluctuations be met. However,
studies by Cregg (1976) in the Pacific Equatorial Undercurrent do not show

any good evidence of the turbulent subranges required for the Batchelor

theory. He found values of the variance of temperature fluctuations apprec-

iably lower than observed by Williams and Gibson,

Belyaev et al,(1975b) have reported values of € for the Atlantic
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Equatorial Undercurrent. They observed velocity fluctuations at wavelengths
longer than 2 cm (k=3 cm-l) and estimated values of € ., The values are
high, ranging from about 0.027 to 0. 34 cmzsec_3 for horizontal samples.

There is no significant depth variation of € over the depth range of 36 metres

to 140 metres which they sampled. The turbulence is very intermittent, and
Ozmidov (personal communication) has indicated that the values of € repor-
ted represent only the active regions, so the value of € averaged over all
regions may be a factor of ten less.

Measurements of temperature and microstructure temperature grad-
ients by Cregg (1976) at 155°W on the equator suggest that the most active
turbulence was between 35 and 65 metres depth, which is above the velocity

core, and that the turbulence intensity at the core is much less. The tur-

bulence intensity and rate of dissipation are related; hence values of €

where Cregg's data were collected would probably be relatively high above
the core and relatively low in the core. The sensors employed by Gregg were ‘
a thermistor mounted on the nose of a free-~fall instrument, and another on
an outboard wing which rotated about the instrument. Comparison of temp-
erature spectra from the two thermistors revealed that only in the thermo-

stad is there a strong suggestion of local isotropy at microstructure scales.

SN
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3 EXPERIMENTAL APPARATUS AND PROCEDURE
3.1 Apparatus

The results obtained in this thesis are based mainly on measure-
ments by a free-fall microstructure recording instrument during 1974.
This instrument was built in 1971 and 1972 by Dr. T.R. Osborn and
given the name '""Camel'. It was designed to measure velocity fluctua-
tions in a column of water in the ocean, as well as temperature and con-
ductivity variations. Early designs have been described by Osborn (1974)
and Osborn and Siddon (1975).

The Camel (shown in figure 6) falls through the water with sensors
in the nose to sample vertical profiles. The fall speed is 40 to 50 cm/sec
and is controlled by adjusting the trimming weights and the release weights.
The brushes at the upper end were added to increase form drag as the in-
strument fell. If a device such as a blunt collar were installed rather
than brushes, the large eddies shed behind it could cause the instrument to
wobble as it fell, and contaminate the velocity signal. A fall speed of
40 cm/sec is obtained when the Camel weighs 12 Newtons in seawater.
Variation of density over the range encountered did not cause a significant
change in terminal fall speed, although about 20 metres are required to
reach this speed.

The weight release, recovery and communications systems have
been described by Osborn and Siddon (1975). During a free-fall, signals
are converted to standard IRIG FM frequencies, and transmitted up an XW 1L,
(an expendable wire length) to a tape recorder on board the work vessel.

A set of FM discriminators and a chart recorder are used to obtain a
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real time display during a free-fall. In 1974 the depth range of the
Camel was limited to 450 metres by the XWL, but a modification of the
XWL allowed depths of 800 m to be obtained on later cruises.

During free-fall eight parameters were transmitted to the ship:
temperature and its gradient, conductivity and its gradient, gradients
of the two horizontal velocity components, pressure and orientation of
the Camel relative to magnetic north. The shear, conductivity and tem-
perature probes were located as shown in figure 6. The time gradients
were obtained electronically within the Camel before transmission to the
ship to improve the signal to noise ratio at high frequencies.

The method of obtaining the measurements is as follows:

Velocity

The main probe on the Camel is an airfoil velocity probe, used to
sense horizontal velocities. Signals from the probe are differentiated to
give vertical gradients (assuming Taylor's hypothesis, discussed below)
of horizontal velocities, in other words, the shear. Accordingly, the
probe is called a shear probe. The probe was developed by Siddon (1965,
1969) for studies of turbulence in wind tunnels. The modification for use
in the ocean has been described by Osborn and Siddon (1975) and the use
of the probe for studies of oceanic turbulence has been described by
Osborn (1974). The calibration and testing of the shear probe is descri-
bed briefly in the next few pages, and more detailed information is given

in Appendix A.
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The probe is of an axisymmetric shape, as shown in figure 7. It
is mounted at the front of the Camel, which falls nearly vertically through
the water. The expected tilts of the instrument are less than one degree,
occur at low frequencies (Osborn, 1974) and will not interfere with the
measurements of fluctuating velocities which are found in the dissipation
range at higher frequencies. Water flows past the probe at a speed 1
at an angle of attack «; these depend on the fall speed of the Camel V,
and the horizontal flow u relative to the Camel.

The sideways force on the probe is (Allen and Perkins, 1952):

W
.
—

F=( eU*)Asin 20 = eUzA SinoC COS o
where 23 GJA\/ &
A is the effective area of the probe
e is the density of the fluid
V is the fall speed of the Camel
u 1s the horizontal velocity relative to the Camel
Utis (V2 + uz) (see figure 7)
The derivation, testing and limitations of this formula are described more
fully in Appendix A.

The probe is constructed from a soft rubber compound and contains
two piezoceramic bimorph beams mounted perpendicular to each other, as

illustrated in figure 7. Much of the transverse force on the rubber mount-

ing due to the flow is opposed by these beams which generate voltages pro-

portional to the two components of bending moment.




SIDE VIEW

RUBBER
COATING TRANSDUCER FOR

HANNELI
{
e #{ S g 10 P
f

‘\\\TRANSDUCER FOR
CHANNEL 2

a TRANSDUCER FOR
V  FALL SPEED OF PROBE CHANNEL 2

u CROSS FLOW SPEED END VlEW

U  TOTAL SPEED
Q ANGLE OF ATTACK

TRANSDUCER FOR
CHANNEL |

Figure 7 The shear probe.
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To calibrate the probe, each voltage is sent to a preamplifier,

and the voltage from each preamplifier is

Ues = 55,€Vu, Uz =452 eVu;_ 3.2

where S is the sensitivity of the probe in volts/(dyne/cmz).
For the measured profiles a differentiating preamplifier was sub-

stituted, a band pass amplifier added, and the output voltage became

y S ’ 2
Yo =Z(P—<~.>€\/;—l% Ubpz = _\-2, _\5&)6\/3%1

3.2a
; : : : . : : =4 :
where K.1 is a circuit constant with dimensions of (time) as explained
in Appendix C.
The probe can sense two horizontal, perpendicular components of
velocity as it free-falls through the ocean. These components denoted by

u and u are aligned with the Camel body which rotates slowly as it

3 4
free-falls., A compass was installed to determine the rotation rate. For
most profiles this rate was below 1 rotation per minute. The signals have
not been transformed back to north-south and east-west components; hence
u; and u, refer to the output of the first and second channels of the probe
preamplifier, and have an arbitrary orientation to the large scale flow,

but this arbitrary co-ordinate system does not affect the results obtained.

The shear can be obtained with the use of Taylor's hypothesis,

which is valid in this case (Osborn, 1974), by which spatial gradients can

be derived from temporal variations sensed by the probe moving relative

to the fluid at a speed V.

. e

L9
= T
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The equation 3.2 becomes, for the velocity components u; and u,

i\& = -Uo Ki

_ -Ue2 Ko
3x3 % SV -

JdUz
Xy 2 S.eV?

3.4
where Uoi, Usz are the output voltages to the chart recorders on board

the ship (I have not included in these formulae the effects of the filters,

but these effects are noted in Appendix C).

A rubber based compound, PRC- 1202-Q medium, was used in
the probes. It has a hardness on the Shore A scale of about 40. A typical
value of both 5y and S, was 5. ox10™4 volts/(dynes/cmz). Tests showed
this sensitivity changed by about 1% per degree Celsius. There is also
a pyroelectric effect in the probes by which a sudden change in tempera-
ture can induce a large voltage output from the beams. Because the sig-
nal is differentiated before transmission to the ship, it is the rate of
change of voltage which is important. For these probes, a step change
of 1°C produces a slow voltage change of 100 millivolts/sec which corres-

I at a fall speed of 40 cm/sec. However,

ponds to a shear of 0.35 sec”
the output signal is at frequencies low compared to those which dominate
contributions to the velocity derivatives and the effect was reduced by a
high pass filter in the amplifier (rated -3db at 1Hz) (A full description of
the electronics for the shear signals is given in Appendix C). Additional
digital filtering was performed later for regions of low turbulence inten-
sity and large temperature changes to further reduce noise at frequencies

below 1Hz, and so prevent leakage into the frequency band of interest

when the Fourier transforms were computed (see Appendix B).
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The small wavelength response is determined by the size of the
probe. Siddon (1969) found no (i.e. ,¢0,5db) attenuation due to spatial
averaging of an earlier model of the probe for fluctuations of wavelengths
longer than four times the effective length of the probe. Because the
1 pressure forces are concentrated near the tip, the diameter is chosen as
a measure of the effective length. However, probes used for our measu-
rements (diameter 4. 7 mm) were longer than the probes tested by Siddon

rclative to the diameter, and the effective length may be greater than the

diameter. A spectral test for spatial resolution is discussed in section

4.

To determine the effect of high pressure upon the sensitivity of
the probe, the Camel was launched with a bar in front of the shear probe
to venerate eddies. The Camel descended at a uniform rate, so the tur-
bulence behind the bar would have been uniform with depth and much
larger than in situ turbulence (the gain of the circuit was changed to avoid
overloading). No change in output signal level from the shear probe with
depth was observed,so it seems that the sensitivity is independent of

depth.

Temperature
Temperature is sensed with a Thermometrics microbead thermis-
tor which is nominally 0.013 ¢m in diameter, coated with 0. 0016 cm of

Paralene C to insulate the beads and wire leads from seawater. Tests in

a flow of 125 cm/sec showed the response was reduced to half power at

frequencies of 15 Hz (Lueck et al, 1976). They showed the response was
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mainly determined by the coating of Paralene C which is a very good
electrical and thermal insulator. Therefore, at slower fall speeds, the
response time should not be much different. For the 40 cm/sec fall
speed of the Camel, the half power wavelength is about 3 cm.

To resolve temperature microstructure, Gregg (1973) suggested
that wavelengths of 1 cm should be resolved. This resolution could be
achieved with these thermistors if the response function were known
accurately, since it is a rather simple task to multiply the Fourier trans-
form of the temperature gradient signal by the response function of the
microbead to obtain the spectral form of the actual temperature gradient.
This procedure has been used by various researchers to resolve the tem-
perature microstructure, but one should know the response function of
each individual thermistor. These response functions were not available
for our measurements. Also, the noise level of the temperature gradient
signal (. 002°C/cm) may interfere with signal recovery.

Another factor, often neglected with these thermistors, is fouling
by plankton. When using the response function of a thermistor to recover
the temperature gradient between 3 and 1 ¢cm, a small accumulation of
plankton on the thermistor can change the response function, and intro-
duce large errors in the calculated gradient. Fortunately, it has no
effect on the average temperature. The Equatorial Atlantic waters are
relatively clear of plankton. The temperature gradients are used only
in a qualitative way in this thesis and plankton fouling presents no prob-

lem for this purpose. The gradient signals have not been corrected for
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the signal attenuation at small wavelengths.

The thermistors were calibrated on board ship prior to use. Tem-
peratures obtained from the thermistors used on the Camel matched those
of the CTD within 0.5°C absolute, and their precision was 0.2°C over a
range from 10°C to 26° C based upon comparisons from regions of small

temperature change with depth.

Conductivity

A new conductivity probe was developed during 1973, based upon
the design by C.S, Cox and M. C. Gregg at Scripp's Institute of Oceano-
craphy. (Gregg and Cox, 1971). It provides records of conductivity
oradient in the microstructure range, but the conductivity itself showed
a drift which was depth dependent. At the equator, conductivity is deter-
mined mainly by temperature, and the two signals for temperature and
conductivity gradients are remarkably similar. Indeed, they are so simi-
lar that only the temperature gradient output, which has lower noise
levels, will be shown in the discussion of the results.

The drift of output voltage of the conductivity probe with depth
prevented an accurate determination of density from the temperature
and conductivity signals. Any graphs of O in later sections are derived

only from the CTD data of Dr. Eli Katz.

Pressure
A vibrotron installed in the upper end cap measures static pressure
as the Camel free falls. The frequency of a vibrating wire in the vibro-

tron varies about a standard IRIG frequency as the ambient pressure
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alters the tension of the wire. A signal of this frequency is transmitted
to the ship, giving depth.

The fall speed is computed by a computer program which rejects
spikes in the digitized record, computes a linear fit to the data from
successive 4 metre sections of data, and calculates the fall speed over
the section. A detectable fall speed change (greater than 3%), likely due
to a bubble in the conductivity bellows was observed only once at depths
below 20 metres.

The vibrotrons are somewhat temperature sensitive, with the cali-
bration curves shifting for changes in temperature. Two vibrotrons were
used at separate times, and the maximum expected error in average fall

speed due to this effect is 17%.

Direction

A flux gate type compass installed in the spring of 1974 measured
the orientation of the Camel relative to magnetic north, and hence the
orientation of the individual beams in the shear probe relative to magnetic
north. The compass was mounted inside the Camel pressure case. Out-
put was converted to an FM signal and transmitted to the ship with the

other signals,
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3.2 Procedure

The cruise tracks of the ATLANTIS II in June and July 1974 are
shown in figure 8. The peculiar zig-zag pattern results from a combina-
tion of two types of measurements. The short paths across the equator
are those followed when an instrumented 'fish' was towed behind the ship.
This device used by Dr. E. Katz sampled temperature, conductivity, and
the two components of velocity in the horizontal. The long sections at
10°W, 16°W, 22°W, 28°W, 33°W are those of the hydrographic stations,
The Camel was used on these sections, along with a CTD, Nansen or
Atlas bottles, and current meters. The data to be shown here come from
the sections at 28°W (profiles 20 and 22-25) and 33°W (profiles 28, 29) as
well as one profile at 24°W (profile 18). For most Camel launches, a
CTD profile and current meter profile were taken within a few hours near
the same spot (within a few nautical miles). A current meter profile was

not taken at 24°W,

The Camel samples from the surface to between 300 and 400 metres.

Readings near the surface are often contaminated by oscillations of the
Camel caused by the launching. Low noise measurements of velocity gra-
dient begin between 8 to 20 metres depth. For a Camel launch, the ship
drifted, with starboard side up-wind. The Camel was hoisted over the
starboard side, lowered part way into the water, and released from the
launching mechanism. The ship drifted during the free fall of the Camel
to avoid cutting the XW L. on the propellor, A radio on the Camel signalled
its surfacing but the direction finder did not work well on the steel-hulled

ship. The Camel was located visually by looking up-wind. Recovery of
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the Camel was achieved by snapping a line onto the recovery hoops and
hoisting the Camel on board.
There were twelve free falls of the Camel during the cruise.

Those with reliable shear data are shown in section 4.
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!
W
P

Profile Longitude Latitude

18 July 10 24°0'W 0°2'N ;
20 July 14 28°11'W 2°0'N f
22 July 15 28°03'W 0°37'N |
23 July 16 28°01'W 0°18's
24 July 16 28°03'W 0°17's
25 July 17 28°0'W 1°21's
28 July 23 32°59'w 0°2'm
29 July 23 32°59'W 0°2'N

Table T ~ Camel profiles during ATLANTIS II cruise




48

-+ RESULTS
4.1 Qualitative Aspects of the Microstructure

Chart records of seven of the observed profiles are shown in
figures 9 to 15. (A current meter profile was not taken near the loca-
tion of profile 18, and this profile is omitted, although dissipations for

profile 18 are shown later.) For these visual displays of the gualitative

aspects, the traces of the gradients shown have not been corrected for
the variations of the sensitivities of the probes with temperature, and
for the variations in fall speed of the Camel. The sensitivity of the shear
probe changes by f?% over the range of temperature found through the pro-
files, being more sensitive in warmer waters near the surface. The ther-
mistors are more sensitive to temperature gradients in colder waters at
depth, changing by +4%. Fall speed changes below 20 metres depth are
less than 3%, except for profile 24 where an increase of 7% in the fall
speed was found between the depths of 20 and 160 metres.

The shear signals have been band passed between 1 and 18 Hz (40

and 2 ¢cm) to reduce both low and high frequency noise in the visual dis-

plays of figures 9-17. (These filters are in addition to the filters in the
electronics, described in Appendix C.) The temperature gradients are
limited by the response of the thermistor to wavelengths greater than

about 3 ¢m, and have no low frequency (low wavelength) filtering. The

temperature signals have been low passed with a 1 Hz filter to reduce
noise. Both temperature and temperature gradient signals are derived

from the same probe. Note that both shear and temperature gradient
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Profile 20 of microstructure measurements and temperature
at 28°11'W, 2°9'N and the large scale current profile meas-
ured by J. Bruce.
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at 28°01'W, 0°18'S and the large scale current profile meas-

ured by J. Bruce.




o
TEMP bx3
(°C) (°C/cm)
10 5. 20 25 QL @ O
L 1 L J L 1 |
|
|
'
fﬁ
f
|
(’ t
i
| i
‘ |
| |
] |
|
l
|
| t
|
|
|
i
/
/"

Figure

12

2y du E-W

dx3 X3 CURRENT
(sec™) (sec™) (cm/sec)
| 08 O 05 Q5 @ 05 <30 O 30 60
[ R L 1 | (3 1 1 1 10
o
(o]
o
% A
o —50
o
o
(@)
—100
; dis0
:
—200
e i
o
—250
4
-1300

DEPTH (metres)

Profile 24 of microstructure measurements and temperature
at 28°03'W, 0°17'S and the large scale current profile meas-

ured by J.

Bruce.




at 28°0'W,
ured by J.

E-W
CURRENT
(cm/sec)
=30 0 30
| BRI VIS

o

450

WIOO

1150

-1200

41250

Profile 25 of microstructure measurements and temperature
1°21'S and the large scale current profile meas-

i Al e 2l

DEPTH (metres)




5 20 25

Profile 28 of microstructure measurements and temperature

near 32°59'W, 0°2'N and the large scale current profile meas-

ured by J.

ar
dX3
(°C/cm)
Q.1 @ Ol
I
!
/
‘/
)
!'
{
$

Bruce,

S

Q
(e}

\aaon
el s o))

DEPTH (metres)




AT
TEMP be
(°C) (°C/cm)

5 1@ I8 20 25 =0l 0 @l
L Ty 1 3

Figure 15

ured by J. Bruce.

dxy
(sec™)
<05 0O 05
(a2

:

auz
3xs

(sec™)
=05 005

1

E-W
CURRENT
(cm/sec)

0 30 60 90

e | et

D

O

(@]

8]

(o]

)

Profile 29 of microstructure measurements and temperature
near 32°59'W, 0°2'N and the large scale current profile meass-

W 150
|
i =
i @
I @
| £
—1200 =
| x
(-
[ a
w
‘ o
1
~+250
=300
—1350
-iao(\




T R SN L e

signals include most but not all of their respective microstructure ranges,
with the small scale limitation being the more serious.

All the profiles except number 20 were taken through the under-
current. The positions of the Camel profiles are marked on figures 2 to
4 to give an indication of the nature of the undercurrent at each profile.
Also, the velocities measured by Mr. J. Bruce of Woods Hole are shown

in ficures 9 to 15. These were recorded within a few hours and several

kilometres of the microstructure profiles, with the largest difference for
profile 22 where the currents were measured about 5 hours before and 5

kilometres away. To measure these currents, a 6-10 minute average

reading of a Braincon model 252 meter was taken, and magnitudes indica
ted are relative to the current at 300 metres. The large scale velocities
measured by the current meter were not sensed by the shear probe, which
can only measure velocity gradients at microstructure scales. Gradients
at microstructure scales are usually associated with turbulence, as noted
in section 2. Conversely, the microstructure scale shears were not
sensed by the current meter.

In Table II the difference Richardson numbers (calculated using
equation 2.34) are listed. They have been determined from the current
meter readings and from the values of o determined by Dr. Katz from
the CTD data. These values should be treated with caution, as the current
meter, CTD and Camel were not lowered together, but were each separated

in time and space from the other by several hours and kilometres. Any

shift in depth of the undercurrent between readings of current and density
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could cause errors in the values of RiA 2
['he profiles through the undercurrent all show similar features.
The most intense turbulence,as indicated by the mean square microstruc-
tnre velocity gradients, is usually at the base of the upper mixed layer,
near the top of the thermocline. In all cases, the velocity core of the
ndercurrent is much less turbulent. This core corresponds roughly to
ihe recinn where the large scale temperature gradient is highest. Pelow
the velocity core of the undercurrent, the turbulence is more intense than
at the core, but less intense than the turbulence above the core. Pelow
this third region, the profiles are marked by intermittent turbulence sepa-
rated by guieter regions.
Profile 20 is outside the undercurrent, and profile 25 must be at the

cxtreme southern edge, as the peak eastward velocity is 5 ecm/sec.

Profile 25 shows intense turbulence at the top and bottom of a very sharp
thermocline.  Profile 20 has its most intense turbulence in the thermocline.

All profiles through the undercurrent show the most active turbulen-
ce at the top of the thermocline; but the nature of the turbulence near the
occean surface varies from the very low levels found in profiles 23 and 24
above 30 metres to the quite high levels found in profiles 28 and 29.

Other evidence showing the most active turbulence to be in the
upper thermocline is available. For example, an examination of the tem-
perature microstructure profiles obtained during the ATLANTIS IT cruise
by Mr. L. Bilodeau using small free-falling instruments, shows that all
civht profiles throuch the undercurrent were similar to those of the Camel

in the upper thermocline, where they show large temperature gradients at

e e L i i




microstructure scales. Similar features were found in the Pacific by
Cregg (1976), who measured temperature in the Pacific Equatorial Under-
current. He concluded that turbulence was most intense above the veloci-
ty core and much weaker in the velocity core. It appears then, that the
turbulence levels are generally highest in the upper thermocline.

The large scale shears have values as large as .06 soc_l in this
region, and rms turbulence shears arc up to .3 sec! averaged over 10 m
depths. The calculated values of RiA in the upper thermocline, shown in
Table II are sometimes below 0.25. Fence the large scale shears in the
upper thermocline of the undercurrent may be sufficient to maintain tur-

bulence.

In all profiles, turbulence shears in the velocity core were low.
“ecause the large scale density gradients are high here, and the velocity
cradient must change sign, there must be a maximum in the dynamic
stability. The magnitudes of the turbulence shears increase in the lower
portion of the thermocline, below the velocity core. All the temperature
microstructure profiles obtained by L. Bilodeau show small microstruc-
ture temperature gradients in the middle of the thermocline, and larger
values in the lower thermocline. The values of Ri, are a maximum in
the velocity core, and smaller below the velocity core.

Below both the Pacific and Atlantic Equatorial Undercurrents a

recion of nearly uniform temperatures has been observed, with tempera-
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tures near 13°C. This feature, referred to as the thermostad, is most
evident for profiles 23 and 24 at 170 to 270 and 170 to 245 metres, res-
pectively. The value of Ri, between 190 and 225 metres is 0.3. The
accuracy of any one of these values of Ri, is not sufficient to aliow one
to predict whether turbulence may be present. If this value for the
Richardson number were to be present throughout the region, then shear
instabilities would not generate turbulence. Fowever, it is possible that
shears are concentrated on several surfaces within the thermostad, and
patches of turbulence may develop from shear instabilities as noted in
soction 2.6. Below the thermostad of profiles 23 and 24, intense turbu-
lence is found, with turbulence shears almost as large as those in the
upper thermocline. Other profiles do not show thermostads as extensive
as observed in profiles 23 and 24, nor do any have such intense turbulen-
ce below 200 metres.

Two pairs of profiles, 23, 24 and 28, 29 were taken consecutively.
Profile 23 was at 28°01'W, 0°18'S at 1322 GMT on July 16; profile 24 was
at 22°03'W, 0°17'S at 1435 GMT as determined from the closest satellite
fixes. The turbulent patch size and intensity of the two profiles are simi-
lar. lowever, the depths of the features of profile 24 are 10 to 30 metres
shallower than those of profile 23. The depths of features of profile 23
acree to within a few metres with those recorded by the CTD meter at
»8°01'W, 0°18'S at 1219 GMT to 1305 GMT. There may be some distur-
bance or wave compressing or raising the features of the water column

campled by these profiles, If it is large scale and long period, it might

|
|
f
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produce quasi-steady shears which could maintain a uniform level of
turbulence over the time and <pace intervals observed. The high levels
of turbulence observed in the thermostad for these profiles may have been
enhanced by this disturbance, and may not be due only to the long term
average current.

The pair of profiles 28 and 29 were taken near 32°59'W, 0°2'N at
0917 CMT and 1029 GMT respectively on July 23. Only one satellite fix
was available for this pair, but I believe that actual positions of the pro-
files could differ by several kilom=ztres. For these profiles, the depths
of features as indicated by the temperature signals are similar. Above
the core, the turbulence level is similar for these profile ;. In the lower
thermocline, the region of turbulence is thicker for profile 29. Below
the thermocline, the two thin patches of turbulence at 280 metres and
360 metres observed for profile 28 have decreased in intensity for pro-
file 29. The noise levels of the gradient outputs near 18 F z for these pro-
files are higher than found on other profiles, and may have masked zome
weak turbulence.

An expanded chart record of profile 23 is shown in figures 16a
and 16b. These expanded gradient profiles show the relationship between
the velocity and temperature microstructure. It can be seen that where
temperature microstructure is present, and both positive and negative
microscale temperature gradients are observed, there is always velocity
microstructure (and hence turbulence). Turbulence requires fluctuations

of all three components of velocity and mixes a fluid. Hence a large
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scale temperature gradient will be broken up into many smaller gradients,
and the vertical turbulent velocities will transport colder fluid up, warmer
fluid down and cause the positive and negative temperature gradients obser-
ved. Where temperature microstructure is present, but only positive tem-
perature gradients are observed, there is no velocity microstructure ob-
served.  Examples of this latter type of microstructure are found at 69-70,

A} and 96 metres.

The portion of the record near 69 metres has been expanded even
furither in figure 17. T ere, a large scale temperature gradient has two
maxima which extend over 1.5 metres. Many small positive gradient.,
separated by about 4 cm, are found within this large scale gradient. The
velocity microstructure here is below the noise level. In the patch of
microstructure at 65 metres, both negative gradients and tome turbulence
are found. This region from 65 to 80 metres corresponds to the core of
the undercurrent, where one expects dynamic ~tability to be the greatest.
The interface at 69 metres also marks the salt core of the undercurrent.
Below this point, salinity decreases with depth, and the double diffusion
recime of salt fingering is possible.

The small scale positive temperature gradients observed at 69
metres may be the remains of a mixing event for which the turbulence has
decayed. Linden and Turner (1975) have shown that internal waves can
carry away from a turbulent region a small fraction of the turbulent ener-
cy if there is a stably stratified region above or below., The turbulence
above the core may generate such waves which propagate down through

the core and generate instabilities in the core, or sharpen already
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existing temperature gradients. An infinitely sharp temperature gradient
will spread to 5 cm after about an hour by molecular diffusion (Ozborn
and Cox, 1972). This length corresponds to the separation of these small
oradient spikes, and one hour may be taken as the "age'' of these spikes,
althouch it may be an over-estimate of the time because infinitely sharp
oradients are not expected in the ocean.

A second possibility is that these small gradients may be genera-
ted by an interaction between turbulence and the convection caused by
salt fingering. [ have examined the expanded microstructure graphs and
have found that temperature gradients, extending over more than 50 c¢m,
where turbulence is below the noise level, have these small positive
spikes on them. Most are found in the velocity core of the undercurrent,
some below the thermocline, but none above the salinity core. HFHence
they are all in a region where salt fingering is possible. Unfortunately,
little is known about the interactions between turbulence and convection
set up by salt fingering.

In his summary of measurements in the Pacific thermocline,
Nasmyth (1970) noted that temperature microstructure was often found
without velocity microstructure but velocity microstructure (i.e., turbu-
lence) was always accompanied by temperature microstructure. The
Camel profiles show regions of turbulence where the large scale tempera-
ture gradient is small and temperature microstructure signals lie below
the noise level (0.002 C°/c¢m) of the circuit. The upper mixed layer of
profile 25 above 45 metres shows this behaviour, as does a portion of

profile 23 at 240 m, in the thermostad. In almost all other regions of
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active turbulence,temperature microstricture is also found.
Because turbulence was always observed in the thermocline, above
and below the velocity core, it may be that the seasonal scale velocity

cradient is sufficiently large to maintain turbulence in this region. Even

" 1"

4 in the velocity core, the '""age'' of the temperature gradients is less than

an hour, and there appears to be some process present to stir these

waters — either shear instabilities or double diffusion or some combina -

tion of these two.

4.2 Spectra of Turbulence

Spectra of turbulence were computed to estimate dissipation, eva-
luate the degree of isotropy and provide a useful check on sensor response.
If turbulence is locally isotropic at wavenumbers corresponding to the
dissipation range, then equation 2.22 can be used to calculate viscous dis-
sipation from a few measurements. If turbulence was locally isotropic
over a range of wavenumbers, then the resolution of the sensor could be
determined froma comparison of the known spectral shape with the meas-
ured. For the measurements of turbulence using the Camel, neither the
resolution of the probe, not the degree of isotropy are well known. I ow-
ever, by comparing spectra from various depths, the resolution can be
determined to an acceptable degree of accuracy.

There are several profiles of microstructure from the ATLANTIS
[T cruise which show regions in which one might expect sufficiently locally

isotropic turbulence to lead one to expect a universal spectrum over
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measurable wavenumbers. These regions are the upper mixed layers

of profiles 25, 28 and 29. Here the stratification is low and the mean
shear is high, Difference Richardson numbers approach zero for sever-
al 10 metre thick layers in these profiles. Of the two scale lengths
wored in section 2.5 for the high wavelength limit of local isotropy, that

of Ozmidov is most readily calculated. This length scale is

& ==N™
2.32a

For the upper layers, this scale is longer than 50 cm for profile 25, 20
cm for profile 28 and 15 cm for profile 29. The stratification in the
upper layer of profile 25 is so small that measureable temperature and
conductivity gradients at microstructure scales have disappeared within
the upper 50 metres, although velocity gradients are present at all scales.

The power spectra of velocity components for these regions are
shown in ficures 18 and 19. The method of calculation is outlined in
Appendix B. The spectra are from three sections extending through about
16 metres, and one through about 8 metres, representing 8192 and 4096
data points respectively, and are band averaged as explained in Appendix
3. They have been fitted to the universal Fz(k/ks) curve of figure 5
according to the method described by Stewart and Grant (1962) which is
also outlined in Appendix B. This method of curve fitting yields an esti-
mate of the value of the viscous dissipation € , averaged over the depth
corresponding to the spectrum, and this value of € is denoted as €u to
indicate how it is derived.

Figure 18 shows the fit of the spectra (normalized using
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€, ) of profile 25 to the universal curve. There is reasonable agreement

from log (k3/ks) = 1.3 to -0.5, which encompasses the centre of the dis-

sipation spectrum GZ(k/ks)' At lower wavenumbers the spectral coeffi-
cients fall below the F, curve, due to a high pass filter in the =hear cir-
cuit which attenuates the signal at frequencies less than the half power
point near 1 Hz. At values of log (};-ib-o. 5 the spectral coefficients fall 4
s

below the universal curve. Beyond the last point shown, noise dominates
the spectra. (The noise spectrum will be shown in figure 24.) The out-
put covers a small range of wavenumbers. A broader range of wavenum-
bers would be desired for comparison with the universal curves.

Figures 18 and 19 also show power spectra of profiles 28 and 29
where more active turbulence was encountered. Here deviation of obser-

k
ved data from the universal curve begins at values of log T

greater than
s

-0.7, just beyond the peak of the dissipation spectrum Gz(k/ks) which is

k3
near log = = -0. 8.

S
In the power spectra of figures 18 and 19 the deviation of the meas-

ured vaiues of the spectral coefficients from the universal curve is about
-1 db (-207) at 11 Hz (~4 cm), and -3 db (-50%) at 15 Hz (~3 cm).
Pecause this behavior of the power spectra coefficients is nearly uniform
over a wide range of values of €, I believe that spatial averaging of the
probe may be the cause. The criterion of Siddon (1969) is that the shear
probe can resolve to wavelengths as small as four times the length scale
of the probe, which is taken to be the diameter. The power spectra of

ficures 18 and 19 are about 1 db below the universal curve at wavelengths

of eioht times the probe diameter. The chear probes used in this study
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were proportionately longer than those of siddon, and it may be that these
probes are sensitive to cross-stream flows in the region of the probe
back from the tip, for which case the diameter is no longer the appropri-
ate length ccale.
Several other possibilities have been examined to explain the
differences between the observed and universal spectra. The universal
k
curve of Nasmyth was chosen for computation of FZ(KS) because of the
low scatter in his spectral coefficients over almost three decades of wave-
numbers, the extremely large Reynolds number of the turbulence in the
tidal channel where the measurements were taken, and the close agree-
k
ment of his F(Es) curve with those obtained by others. Over the range of
non-dimensional wavenumbers used for comparison in figures 18 to 21,

k

the differences in shape among the Nasmyth curve of F(k_), an earlier

S
curve by Crant et al.(1962), and later results by Boston (1970) are insign-
ificant. PBoston found that his data which had the greatest signal to noise
ratio agreed best with Nasmyth's results.

Universal curves might depend upon the degree of intermittence of
the turbulence; a dependence most noticeable as a change in curvature of
the "knee' of the spectra (Pond, 1965 and Nasmyth, 1970 both discuss
this). I have tested my spectra with a rough test used by Nasmyth (1970)
on his data and found no appreciable difference in degree of intermittence
between the two sets of data. If indeed the intermittency of the turbulence
"

has reduced the curvature of the '"knee'' of the curve, it may affect

Nasmyth's and my data in a similar way.
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The transfer functions of all the filters and amplifiers have been
checked (see Appendix C) and their high frequency roll-off cannot be the
cause of the high frequency roll-off of my spectra. However, a better
agreement can be found for these spectra if the actual sensitivity of the
shear probes is greater than the calibration value. A higher sensitivity
would give closer agreement between the FZ(ES) curve and calculated
spectra at high wavenumbers. For example, the separation between the

k

calculated spectra and the FZ(F ) curve decreases to about 1 db at 15 Hz

s
for profile 29 if the sensitivity is increased by 40%. Such an increase is
oreater than the expected error in the calibration; it is unlikely that this
effect can explain all the sudden roll-off of the spectra, but it may con-
tribute some apparent roll-off.

There is the possibility that the turbulence does not follow a uni-
versal curve at the wavelengths censed. The length /b noted at the beginn-
ing of this section is only a guideline, as no rigorous tests of local isotropy
at wavelength [b have been made. There are several tests for local iso-
tropy which can be applied (equations 2.18 and 2.19), which test for the

conditions upon which the Kolmogoroff hypotheses are based. Of these,

[ can test only the relation

I

P, (k) P, (k) 2,18

For the spectra shown in figures 18 and 19 the spectral values of (D] | (ky)

and @ ,,(k3) appear to be nearly equal. The ratio
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_ 3 vof”kf P, (ks )d ks
T T B PR @, (k)dks

determined from fitting each universal curve takes values of 1.1, 1.1,
1.0, 0.7 for figures 18 and 19. These values are as close to 1.0 as the
errors in curve fitting will allow. This test gives support for the pre-
sence of local isotropy, but does not prove that it is present. The spectra
do follow a universal curve at wavelengths greater than 4 cm, and fall
helow the universal curve at shorter wavelengths. I cannot prove that the
calculated spectra are of locally isotropic turbulence or that they should
follow a universal spectrum,

Such spatial averaging of the probe would attenuate fluctuations at
hich wavenumbers. This is not a problem for the turbulence found in the
upper layer of profile 25 (figure 18) where the average value of €, for the

@ lk3) spectra is 2. 7x10-4 cmzsec-3. The peak of the dissipation
spectrum is at k = . 1()1(S = . 16(€ 7)-3)%, which has a wavelength of 10 cm.
lHowever, the larger value of &, determined from the spectrum of profile
29 from 35 to 51 m in figure 19 is 7. 0x10'3cmzsec-3, and the peak of
the corresponding dissipation spectrum is at 4 cm. This peak lies close
to the wavelengths at which spatial averaging occurs, and velocity fluctua-
tions at «mall wavelengths (high wavenumbers) will be missed.

In figure 20, a graph of Clz(k/ks) VS, k/kS is shown for the three

revions represented in figures 18 and 19 which have a large range in &€s
k

Fquation 2.26 is used to derive (;Z(Fs) from the measured spectra of
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P 11(ky) and @ 22(k3), and the value of €,required for this calculation
is determined from the fit of the @;,(k3) and (pzz(k3) spectra to the uni-
versal curve, as outlined in Appendix B and section 2.4. The value of
Z. is not influenced by the spatial averaging of the probe, and viscosity
chances are small. The calculated spectral coefficients of Gz(k/ks)corr-
cspond closely to the values determined from Nasmyth's curve (closed
circles) only when the dissipation rate is low, as found in profile 25. At
hicher dissipations, the measured spectral values beyond the peak are
smaller than expected -- an indication of the degree of spatial averaging
taking place. Note that even at a dissijation rate of 7. Ox10-3cmzsctc-3,
the probe can resolve almost to the peak of the spectrum.

In figure 21, I have plotted the ratio of the dissipation obtained

from a fit to the universal curve (€, ) to that derived from the measured

velocity gradients (ém ), using equation B~14b. The absissa is the

B

Kolmogoroff microscale kgp = (EMV-}) Spectra from patches of turbu-
lence below the thermocline, as well as the upper mixed layer were

ovaluated. The latter are found much closer to the line drawn, which is

agiven by

= 5 w, B2 e LAY
o = 638 w i Rem » 2.8 cem™

Eu = LI5S ewm ketd < 2.8 e
lhese formulae were used to correct values of viscous dissipation €m .
The method of calculating €w is discussed in section 4. 3. The lower limit

of

7o

1.15, and some of the departure of data points from the fit are

likely due to the method of calculating €m. The largest departures of data
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Figure 21 Ratio of dissipation (Zu ) determined from fit of measured

spectra to the universal curve divided by dissipation (Ewm)
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points from the line representing the correction formula are 50% or more,

M1

but almost all values of ¥ fall within -'-30% of the value predicted by the

J
M

formula.

Spectra of turbulence in regions below the well mixed layer are
shown in figures 22 and 23. The effect of stable stratification for these
profiles may be considerable, and local isotropy may not be found even
at the wavenumbers of the dissipation spectrum. These spectra and
others from such regions show more variation than those of the upper
mixed layer, not only from the universal curve, but also from each other

and this variation is apparent in the values of Q plotted in figure 23 par-
€M

ticularly for hsM>4 cm-l. Some spectra rise up at low wavenumbers,

likely due to the pyroelectric effect, noted in section 3.1. The greatest

departure of these spectra from the universal curve is at low wavenumbers,
Kk,

and much less departure is found for log Kg > -0. 8 (i.e., at wavenumbers

beyond the dissipation peak) once the effect of spatial averaging is account-

ed for. Hinze (1959, p. 255) shows that the pressure velocity co-relation

and the viscous forces are more efficient at higher wavenumbers in equali-

zing the three turbulent velocity components. Hence, the tendency toward

isotropy is greater at high wavenumbers at dissipation scales.

4.3 Dissipation Profiles
For the digitized data of profiles during the cruise of the ATLANTIS

II a fast-Fourier transform was computed for every consecutive 1024 data

points (about 2 metres depth). The input signals of U and U , were
At
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filtered as described in Appendix C. These filters consist of one high
pass (-3db at 1 Hz) and two low pass filters (each is -3db at about 60 Hz).
In addition the discriminators are -3db near 80 Hz and 60 Hz for abh/at
and Juyo,'t respectively, and roll off at 18db per octave at higher frequencies.

The measured dissipation €. was estimated by use of the formula

€ 15 (Su E 15 (.80 T 2 J'Z=J-ZC(J')C"(J)
B W e = 5
. 2 813) = 25095.v1> (1024)? J=j, J

B-14b
as explained in Appendix B. The values of j1 and j2 are the low and high
limits of the transform values which are dominated by shear signals as
explained below, A similar expression for au%ocg’ is computed; each of
these estimates of dissipation is corrected for spatial averaging of the

probe using equation 4.2, and the average of these two corrected values

is chosen as the dissipation of the two meter interval, and is referred to

N

as € . For calculating the values of £ in section 4.2, the uncorrected

o

values of EM are used.

The values C(j) are the transform values returned by the FFT.
The advantage of calculating €n in this way is that only transform values
at frequencies where signal dominates noise are included in the summation
(equation B-14-b) to estimate €m. To determine at which frequencies the
signal dominates, the spectra of log (k3)3<p“(k3) and log (k3)3(p22(k3)
versus log f were plotted for each FFT of 1024 data points, and some of
these spectra are shown in figure 24. These spectra preserve the rela-
tive contributions to the variance of (au/g:xa) and (aUz/ax;) at each fre-

quency, and were employed only to determine these relative contributions;

, ——
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hence the values of the ordinate axis are arbitrary.

The upper spectrum in figure 24 is typical of a region of very
hich dissipation. The shear signal dominates the noise at all frequencies
; up to about 30 Hz, and Fourier transform values at frequencies up to 30
Hz were summed, although values at frequencies above 20 Hz made a very
small contribution to the total. The spectrum below, with Erﬁ . 0021 cm2
soc‘_B, has a peak at 23 Hz due to a vibration of the probe, and coefficients

were summed only up to 20 Hz. The next spectrum, with €w=.000025 cm2

sec , shows a low peak in the shear spectrum, with the noise dominating
the signal at frequencies above about 15 Hz, and coefficients at frequencies
beyond 15 Hz were not included in the summation. Two spectra in the
lower part of figure 24 show regions where the signal was weak at all
frequencies. At some depths, where the temperature change was large
and shear signals weak, a high pass digital filter was employed (-3db at

about 1 Hz) to remove low frequency energy caused by the pyroelectric

effect, which may have ''leaked' to higher frequencies in the FFT compu-
tation and dominated shear signals. The dashed line in the spectrum at
the bottom of figure 24 is from a record which has been digitally filtered.
The solid line is a spectrum of the record before digital filtering. There
is no peak in either spectrum between 1 and 15 Hz, and no dissipation
could be estimated. It was found that for spectra where no peak appea:
between frequencies of 1 and 10 Hz the estimated dissipation bas:

the Fourier transform values between 1 and 10 Hz (of digitally

) -6 2 -3 y
data if necessary) was less than 4x10° "~ cm“sec ‘
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chosen to represent the background noise level.

It is likely, especially for regions of low dissipation, that the high
pass filters removed shear signals at low frequencies because spectra in
regions of low dissipations peak at lower frequencies. In figure 21 it can

be seen that the values of €, exceed €, by about 15% at low values of kSM

and hence low values of €w . The estimated value €, is not disturbed by
filtering at frequencies below 1 Hz, while€wis, so the difference between
these two may be due in part to the filtering, and the correction formula
(equation 4. 21) which was applied to each individual 2 metre estimate of
€m should recover some of the lost dissipation,

The high frequency limit of the summation of the C(j)C*(j) is

generally a function of the rate of dissipation, but in many cases it was

difficult to determine where the shear signal ceased to dominate spectra
such as the middle one in figure 24, where the uncertainty of choosing a 1
high frequency limit in the vicinity of 10 Hz results in an uncertainty of |
about 10% in € and adds to the uncertainty of the estimate of € . How-
ever, it is generally a random error and an average over many spectra

may reduce the uncertainty. The transition between signal and noise in

spectra of regions of higher dissipation is sharper, and uncertainties less.

Portions of the signals of 3“51 and 3‘*‘{9;3 contain spikes which

3
were removed from the digitized record before the FFT computation and
replaced with zeros., Often these spikes were very narrow, due to a brief

dropout in the signal leading into the discriminators. Because this signal |

was not low passed filtered, these spikes remained narrow, and disturbed

N ——
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little of the surrounding digitized record. Where the spikes occupied a
significant portion of the record for either of the au'{):t, or But{h’ signals,
the other was used alone to estimate €w. If both signals were fouled
extensively, no dissipation was estimated.

The plots of these dissipations are shown in figures 25 to 30
together with the profiles of temperature, salinity and sigma-T provided
by Dr. Katz and profiles of east-west current relative to the current at
300 metres provided by Mr. Bruce. The scale for the dissipation is
logarithmic. The magnitude of the dissipation in the 2 metre depth inter-

vals is indicated by the position of the right side of the bar. The left side

6 3

is at 10~ szsec_ and the noise level of the system corresponds to a
dissipation of 4x10-6cmzsec-3. In regions where no bars have been
drawn, both shear signals were extensively contam .:ed by noise. This
usually occurs just below a region of large tem, .re change.

The estimates of €y rely upon the sensitivity of the shear probes
and the kinematic viscosity of seawater, both of which change with temp-
erature (the pressure effects may be neglected). To account for these
changes, the temperature of each 2 metre spectrum, determined from the
thermistor output, was used to correct the values of sensitivity and vis-
cosity.

The viscosity was computed from the formula of Miyake and
Koizumi (1948). Relative changes in density were less than 0.5% and the

average density of all profiles was used for the estimates of €w. (The

resulting error in &€y is less than 1% and has been neglected.)
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The largest factors contributing to the error in estimating € are:

(a) The errors in calculating (%2113)1 and (%gg Y derive from errors
X3

in the sensitivity (+20%), fall speed (+3%), the spectral summation (f]O%)

and the circuit constants Kl and K2 (TS%). The values of (Qu: )z and (Qﬁ' )2
dXq 3x3

vary as the square of the sensitivity, the fourth power of the fall speed,

the first power of the spectral summation, and the square of the circuit

calibration, and assuming these errors are random the total is

72
2 2
[(.q)z+(.|2) + (1) ~(.|)’] = .45
to give about a 45% error.
(b) The errors in the correction formula (equation 4. 2) based

upon the scatter of the points appears to be 30%. However, the value of

€y

= depends linearly upon the sensitivities S1 and S, and the circuit
™~

constants Ky and K;. A systematic error in these values could introduce

additional errors into the correction formula, and I have allowed a value
of 50% for the total errors. The correction formula boosts the value of
€ by a factor as large as 2.5; that is, it accounts for as much as 60% of
the final estimate of the dissipation, and a 50% error in the formula will
give a 30% error in the dissipation.

(c) The errors due to the assumption of isotropy are noted in
section 2.5, and may lead to an overestimate of almost 50%.

A sum of the errors atb+c gives a total error of somewhat more

5 p
than a factor of 2, and the sum (a“'+b2+c2)‘2 is somewhat less than 2 but
it is unlikely that the errors would combine to give the worst case. It

is also unlikely that the errors are random, as the sensitivity affects the
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errors (a) and (b) in the same direction. Hence the possible error in the
dissipations plotted in figures 25 to 30 is a factor of 2.

These dissipation profiles put in quantitative terms the profiles
shown in figures 9 to 15. I have discussed the upper mixed layer and
upper thermocline in section 4.1, and noted that it is always turbulent
above the undercurrent core. As an indication of the relative magnitudes
of the dissipations, I have calculated average dissipations over several
regions, and compiled them in Table III. Of these eight profiles, six
are at or reasonably close to the latitude of the velocity core. Profile 20
is outside the undercurrent, as indicated by the velocity profile in figure
26, and profile 25 was located in a region where the maximum eastward
flow had a magnitude of 5 cm/sec. Accordingly, these two are not rep-
resentative of the undercurrent, but they are of interest.

The question of how representative these six profiles are arises.
These are samples through the undercurrent, and although more profiles
would be desirable the variation in rates of dissipation above the core
from one profile to the next is not large compared to the depth variation
of the rate of dissipation for a given profile. For example, the average
rate of dissipation in the region of intense turbulence above the core found
in profile 18 is 32— times greater than found in the same region of profile
23, but 200 times greater than typically found in the core. I noted in
section 4.1 that this pattern of turbulence was observed above and in the

core by other investigators (Cregg, 1976 and Bilodeau, personal commu-
nication). This turbulence may be maintained by the Reynolds stress work-

ing on the local mean shear, and may not be intermittently generated.
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I1f one measures a short term current profile through the under-
current, say of the type taken by Mr. J. Bruce on the ATLANTIS II, it
will not differ appreciably (i.e., by more than 50%) from a current ave-
ragced over a month or so at the same spot. Eence the large scale shear
which generates the turbulence is greatly influenced by the long term
average current, and variations in the intensity of turbulence (and also
the rate of dissipation) may not be large.

Thus these rates of dissipation in Table III should be representative
of the undercurrent. This situation is different than elsewhere in the
oceans, where fluctuations of currents are usually much greater than the
average.

These rates of dissipation are lower than reported in the literature.
The highest average rate is 0. 007 cm®sec? for profile 18, and is lower
than the rate of 0.08 cmzsec_3 reported by Williams and Gibson (1974) in
the Pacific Equatorial Undercurrent. Moreover, these investigators report
similar dissipations at 0°and at 1°N, whereas the values in Table III suggest
lower rates of dissipation away from the equator. Values of € reported by
Belyaev et al.(1975b) are of order 0.1 cmzsec'?’, and allowing that their
reported values for the Atlantic Equatorial Undercurrent represent regions
of intense turbulence which may be a factor of ten higher in dissipation than

2sec-3, which

an average over a large region, their values become 0.01 cm
are greater by a factor of 3 than the average of my estimates. However,

their values show no significant depth variation of € between 36 and 140

metres and the results noted in section 4.1 and in Table III indicate that
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the rates of dissipation do vary by several factors of ten over these depths.
To attempt to establish the expected magnitude of € at the equator,

[ have determined the estimated values of rates of exchange of energy

among the various terms in the energy balance for the average and fluctua-

ting motions, and these are discussed in the next section.

4.4 Energy Balance in the Undercurrent
(a) Balance for the Fluctuating Motion
Some of the terms in the balance of energy for the average flow
must be determined from the balance for the turbulent motion, and this

latter balance will be discussed now. The full equation is:

_i —lBu. -DJ'._g,‘ -wu; U - € -(;Usﬁ/é >

dt gox: X d%; L

and an average at the latitude of the core over the meandering period of
16 days is desired so that g_x:;o. Table IV shows values of DU-(;x;derived
from the current meter profiles of Bruce and Katz (1976) and labelled ave-
rage chear, and the values of € from the Camel. Neither is a 16 day
average, but if the individual measurements for the four profiles are ave-
raged, they may represent more closely a long term average at the core.
The depths of features of profile 24 do not match those of profile 23, nor
those of the CTD, and so profile 24 was not considered.

For each depth interval, I have assumed thaté= 'U-Tsau/ax’, and have
neglected the contribution of 3?63 DUZ/B x3 to the turbulent energy produc-

tion. Hence -ulu €/(3U /3x3) and the computed value is listed

in Table IV. Over most depths, the value of 3 is much
x
3
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3x3
m) (sec™)
§8 ~.012
-.008
40
50 -.040
57.5 -.020
65 -.010
72.5 -.027
90 -.0063
031
1075
.020
125 013
140 *

2
cm
QEEE3)

(x103)

.009
il
2.2
3.8
.20
.015
.037
.093

=

2
cm
ngb3)
(x103)

1.6
3.4
7.3
2.6
.30
.027
.67
.015
.69
1.4
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-pujuz  Vy
2 2
cm cm
(secz) (sec)
(x103)
-1.8 LA
-85 40
-180 15
-90 2
-6.5 o2
.65 <03 5
154 6.4x10
11 1
-OU1U3 Vv
2 2

cm cm
(secz) (sec)
(x103)
-133 10
=425 50
-182 5
=130 7
-30 3
-1.0 .001
-106 20

.48 .02

35 2

107 8

Values of 3U;/9x3 from data of Bruce and Katz(1976) and ¢ ,

and derived values of -ujuj and v, , the vertical eddy

viscosity.
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smaller than %% , and uyu, will also be smaller (assuming the stress
3
varies as the shear). There are some depths where %%Ci is comparable
3

to %g; , but these are in the core or shallow depths away from the region
of highest dissipation, and will not greatly influence the evaluation of terms
in equation 2.11, which is discussed in the following paragraphs. The ass-
umption that production equals dissipation over the depth interval may not
be strictly true, as the other terms may be significant. However, produc-
tion and dissipation must be the same magnitude and use of this approxima-
tion allows estimates of other terms which allows justification of the assum-
ption.

Above the core a typical derived value of |T1_1I3| is then about . ?.5<:m2

/sec2 in the region of highest dissipation and this is the square of the fric-

tion velocity ux. Monin and Yaglom (1971, p. 401) estimate for a turbulent

. A . Z 1 3
shear flow in a stratified medium that q uz and p u3/(-,- are of order ux .

2
Smith (1974) has found uzq < . 05u,,2U1 in the surface layer of the atmos-

3
phere and since U1:=-. 25u, his data yield u3q2z u,, a result consistent with

3 3 -3
Monin and Yaglom's statement. I shall take 2uy = .25 cm sec as an es-

2
timate of the terms u,q and p'us/g
3 3°¢
Gradients of quantities in the X direction will be much smaller

direction, and may be neglected (except for U1§ q
S 1

than gradients in the X3

which must be similar to U33q2/3 x3). For a coefficient of correlation of

273 2, . 2
0.1 between U and u,, one has (u1 u, )2210 |u1u3| ~ 2.5 cm /[/sec and

e

2 L
‘an)zz (u,s )2 1.6 cm/sec. (Actually one expects (\112)7(\132), but for

2 -
scaling choose them to be equal.) Hence q2:4 cm sec




99

A scale height may be taken as the depth from a region of large
€ to one where € is low, about 20 metres, and a mean velocity scale
of about 80 cm/sec may be assumed; and choose 10°longitude as a zonal
length scale and 1 day as a time scale. The value of Uj is about 10-3 cm/
sec and will be discussed in the next section. The buoyancy term is
assumed about 0. 15 of the production term (Turner, 1973) although ex-

perimental evidence in free shear flows is sparse . (The ratio of buoy-

ancy to production terms is the flux Richardson number, discussed in

section 2.5.) Equation 2.11 is now

3¢ +U39% +D.F = - IWP _JuqT -Td,dU. - € -m;«a/?

ot 33 dx, & 39Xz  Jd=3 5
4 107%x 4 Sox4 0.25 0.25 3x10"3 3Ix0° Sx10™9
ok 2x0% \O8 2x\102 Zx103

I have chosen most scales to give an upper limit to the terms
compared to € . For example, 0.1 is probably a low correlation coeffi-
cient. In the atmospheric surface layer a value of 0.3 is typical. The ad-
vective terms are so small that the value used is not critical. It is concei-
vable that the buoyancy term could be up to . 2 of the production term, but
this value is not significant considering the uncertainty of the values €
and au{)xg, , so the basic balance is local production of turbulence equals
local dissipation.

Below the core, for most profiles, € is smaller by a factor of 3
to 10, but other terms drop correspondingly and the balance is still dissi-

pation = production.

(b) Vertical Eddy Viscosity

In a turbulent shear flow, the Reynold's stress is often expressed
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as
—A—a ;”‘
—euxu3 = euv b
ke 4.3

(Hinze, 1959, p. 466) wherel, is the vertical eddy viscosity. Hence

K)V = - U.U} - & 4‘ 4
QU/3%3 (U /ox3)*

I have calculated values of », for the depths between the current meter
readings for profiles 22, 23, 28 and 29 in Table IV. The value of v, peaks
at between 8 and 100 in the high dissipation regions, and decreases in
magnitude near the core to values less than 0.1. The magnitude increases
somewhat below the core to values ranging between 0.4 and 11 cmzsec-l.

[t is expected that the value of vertical eddy viscosity decreases as stra-
tification increases (Turner, 1973) and the lower values of L in the core
correspond to regions of largest average density gradients. Thus it does
not seem possible to assign a single value to », for the undercurrent. How-
ever, in the region of large dissipation and large average shear, the order
of magnitude of ¥, is 10 cmzsec—l. Much of the large scatter is due to

the different sampling times and durations for the large scale currents

and the microscale shears.

(c) Balance for the Average Motion
Again, a time average over the meander period is desired, and
meridional terms (i.e., in the X, direction) are assumed small at the

equator. In this case, there are observations of several components of

terms in the energy balance averaged over the GATE Phases of about 20

wm
WOOR—— .
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days each. A compendium of measurements of anomalies of dynamic
heights along the equator for each of the three Phases of GATE has been
prepared by Katz et al (1976) and the first two Phases are illustrated in
figure 31. The dynamic heights shown correspond to zonal pressure

gradients g_;‘ , of =3.2 and -2, 25107 dynes/gm for the surface and 50

%
decibar depths during and before Phase I, and -7.3 and -5. 3x10-5 dynes/
gm during Phase IIL.

The change in slopes between Phases I and II is large, and is main-
ly based upon measurements west of 35°W during Phase II, not available
during Phase I. It can be seen that the slope of equal pressure surfaces
decreases with depth through the undercurrent. A diagram of the change
of zonal pressure with depth has been prepared by Bubnov et al.(1975)
and is shown in figure 32 along with velocity profiles from moored current
metres.

The equation for the balance of kinetic energy of the average flow
is

Q" =
ot

Q__P_ - QU@ - Ui T +u-\u3<§U}
aIi 9 X; &IJ a_:(.) 2.7

e

We can try the scales estimated in the treatment of the fluctuating

flow to determine the magnitude of the divergence term -9UU; in equation
P

2.7, however the individual components in this term are also those in the

last term du;9Ui , and only the position of the derivative is changed for
x.
J .
the terms. Scaling will not show which term is larger.

To handle the term -QU"mi'equation 2.7 may be integrated over a
9x}
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Figure 32
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Vertical distribution of (a) mean east-west pressure gradient
between 23°30'W and 10°W and (b) mean profile of the zonal
current at 23°30'W. (Duing 1975, figures provided by V.Bub-
nov) The change in velocity for Phase II is likely due to a
shift of the undercurrent to the south.




depth range in the X3 direction. An integral from the core of the under-
current at X3 =a (about 90 to 60 metres depth) to the depth where U1 = 0

at X3 = b (about 35 metres) may be considered as one region, and an

104

integration through the South Equatorial Current from x5 = b to the surface

at x5 = ¢ may be taken as a second region. Because there is a surface
slope the value of ¢ is not zero, and is a function of X - Before integrat-

ing, some comparisons will eliminate small terms.

Us « U

(ﬁ} <« @Q ~ QUB &« Q_Un

dx,  9x, oXxs3 dx 3

oUzuwus &U\TJ?' ~ QU;U—; <«< QLL uuz

9 X, o 3%z EE 4.5

ur = Uzz = U.32

The equation is now

3% dxs = - \.ﬁ‘a_ﬁ_dn —J%_U‘Q—zdz? - (QU3Q" dx3 ’[U.U.Usl 2 Iﬁsaljl dxs
xl

ot e % d%x1 e N

The magnitude of the last term is about the same as the dissipation,

as shown in the last sub-section. From Table III, the average integrated
= 3

value of € from 20 metres depth to the core is somewhat less than 12 cm

sec  and only profiles 28 and 29 have large dissipations above 20 metres

3 -3 :

depth, so 12 cm”sec ~ may represent a typical value from the surface to

core. There is no clear tendency for this dissipation to be concentrated

more strongly in either the undercurrent or the South Equatorial Current.
To evaluate the terms in equation 4.6, average values over the

region of integration should be considered. I can assume that an average

2 5 2 2 2 o, o
value of Q" between a andb is 80“/4 cm /sec” as Q is 80 at the core

2
(xz = a) and 0 at the level of no zonal motion (x3 = b) and the variation in
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Q2 between X3 =a and X3 = b is reasonably close to linear. An average
value for the thickness of the upper portion of the undercurrent is 40

b 2
metres. The term -J%—ﬁ dx; is, assuming a change of flow of 10% per
Qa
90% . 802

month for the undercurrent (7_5’ ;;'— ) X 4){103 = i‘1 cm3sec-3. A
significant change in transport of the undercurrent has not been reported
for the three Phases of GATE. I have assumed that a change of more than
10% per month in the flow of the undercurrent would have been observed.
In the South Equatorial Current, a larger percentage change may have
taken place, but the velocities were somewhat lower, and this term is of
similar magnitude.

The term -j%%_z dx3 may be determined from the graphs of U1 and

o3P

= in figure 32, or from the anomalies of dynamic height in figure 31

plus estimates of U, from other sources. The pressure gradient is deri-
ved from the anomaly of dynamic height AD(P) by assuming the reference

level is indeed on a constant geopotential surface; then
Bcb)

L} — =
_/g@f dxy = |O”J'—J-—‘ 9ADMP) AP
g ax, ) 1€ 3%, 4.7
a P@)

where A D(P) is in dynamic centimetres, and a similar expression is
found for the integral from x3 = b to x5 = c. From figure 32, it can be
seen that the integrand changes sign at the level of no motion. The esti-

mated values of this term over the two regions are

¢ ™
QP ___ 3 -3
Ib% ‘;"x\dxb = -6 cm”sec
b & =
5 (1} ..f dx5 = +S cm3sec 2
@ 99X,
a

based upon a simple integration of the values in figure 32, which have been




modified in the following way: the values for U1 in figure 32 are derived
from averages of three current meters at 32'S, 40'N and 01'N. The ave-
rage current at the equator may be greater than the indicated value of 70
cm/sec in figure 32 by about 10 cm/sec, and accordingly a speed of 80
cm/sec has been taken for scaling the core velocity. Also the speed near
the surface may be too high. The current meters were attached to surface
floats, which may have increased apparent surface speeds by wave ''pump-
ing'". A typical value for surface currents measured from the ATLANTIS
I is about -30 cm/sec and this value has been used.

Note that the slopes of the 0, 50 and 100 dbar surfaces in figure
31 indicated by those ships (KURCHATOV and PASSAT) which obtained the
data of figure 32 lie between the slope indicated for Phase I and that of
Phase II, and thus are representative of the average pressure gradients
observed by all ships during the first two Phases of GATE. The observa-

tions of figure 32 have been used for analysis because they show the varia-

,Q/

tion of , with depth in greater detail.

e
R

\

The two divergence terms may be considered together, and may

be rewritten as

jbsu(m dx3 = W fbu‘QZ A‘Xg 5 B_Q(A\ [UIQLJ

3x,

Ay =aAlx.)

voaw) o X,

alx.) 5 4.8

dx
I
T LAt dxs = [Us Q7]
aix,) 9X3
[ have denoted the level of the velocity core as a(xl), because the

alxy

core rises toward the east in the Atlantic. Bruce and Katz (1976) observ-
ed the core of the undercurrent to rise by about 30 metres between 33* W

and 10°W, and this figure is supported by other data (Duing, 1975). There
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is no evidence that the level of no zonal velocity (x3 = b) is a function of

x). There is also evidence that the vertical velocity at the core is the
vertical velocity of the core; in other words, there is no net transport

upward through the core. The salinity maximum associated with the

velocity core would likely decay at a more rapid rate than observed if
there was a significant upwelling velocity through the core. Also, one
would expect the isotherms to ridge or trough at the depth of the core if
upwelling or downwelling were significant.

In this case, the upward slope of the undercurrent core toward the

cast is the ratio: 9G(X) -U3 and two terms in equation 4. 8 cancel
X, U

g(x\ g LR
[U Qz [U3Q] X3 =Alx,)
The value of UBQZ at X3 = b is zero because Q zO there. Thus, there
remains only the term i 5
o Ui onQ d')c-s‘
dX, Ja(xy

Two effects contribute to this term: because the core of the under-
current rises and the level of no motion remains reasonably uniform,
there will be a change in the value of the integral along the X, direction;

2 - .
secondly, the average value of UIQ may change in the x direction. To
evaluate the first effect, assume that the thickness of the portion of the
vndercurrent between x5 = a and b decreases by 30 metres from 33 W to

>

hl
10°W, but the average energy density there remains the same: (807) em’, .
sec

The term becomes

b
'.i fU:dexl = = %_a(eoz/q)(_s"/og) =~ ] (:'113
dx, 2.% x /108 sec
ax,)




To evaluate the effect of a change in flow speed, assume that Ul

changes by 10% in 10° of latitude between 33°W and 10°W. Reported

measurements during GATE show no clear trend for a change in U, along
the equator, and I am assuming that a change of more than 10% per 10°

longitude would have been sensed. The term in this case is

b
88 887 _ 2
I (uQdxs = = [ROF)-BOE oot 1 3
dx'cux ) ta* T

where the average values of U; over the limit of integration are taken as
88/VY2 and SO//?. Of course, at the eastern and western extremes of the
undercurrent, Ul: 0, and this term will become larger. In the South

Equatorial Current this term is an order of magnitude smaller, because

the value of Ul is much less.

The term —Ululu3 may be determined from the average velocity

at the surface (Ul":: -30cm/sec). A yet to be published survey by Dr. A.
Bunker of Woods Hole of atmospheric winds at the equator gives an ave-

rage value of the zonal wind stress - e u1u3=-0. 5 dynes/cm2 (Katz et al,

-2

1976) and so SU ug= -, 5 cmzsec at the surface. Hence -U1u1u3=15 cm

sec at the surface. At the core, ulu3 = 0 should hold because éUl/& X3

= 0 and u, uy changes sign through the core. At the level of no zonal

velocity Ul 1953 =0, because U] = 05
Table V shows the estimated values of the significant terms of
equation 4, 6. These values may be considered typical between 10°W and

33°W for the currents in July 1974. I have portioned the terms between

the South Equatorial Current and the Atlantic Equatorial Undercurrent 1

above the core. The pressure gradient varies by about 100% from Phase I
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to Phase II in figure 31 and estimates of € are available only for the
western portion (24°W, 28'W and 33°W), and may be in error by a factor
of 2 and other values are not likely to be more accurate.

It is difficult to estimate the magnitude of the meridional terms.

Ue oP

The averaging has been considered at the equator, where the terms T
2

and Tu. U are zero, and for the case where a meander was present, but
0X2

not growing in amplitude. The meridional terms JUTE: and JL2* are
9x2 dX2

not zero at the equator, but could be small compared to terms such as
%g—z‘ . Rather than try to evaluate these terms, one can consider the
rate of energy loss from the average flow to a meander which is growing
in amplitude. These sixteen day meanders were the most energetic of

the large scale fluctuations observed during GATE, and the rate of energy
flow to a growing meander may give an upper limit to the meridional terms
at the equator.

As the meander in the undercurrent grows and sweeps back and
forth across the equator, it reduces the average velocity observed at the
core from about 100 cm/sec to about 80 cm/sec. If the meander period
of 16 days is a time scale for growth of the meander, then

b 3 2
Jég-t dxy _ [ -8 ]4xi0% =3 cm3/sec3
a’ ot

-3 % [0C

represents the rate of energy loss from the average flow, integrated from
the core to the depth of no motion. The magnitude of the term is one
half of the integrated zonal pressure gradient term, so one can expect
that in some cases, the meridional terms may not be negligible.
A theoretical study of these meanders by Philander (1976) indicates

that the Atlantic Equatorial Undercurrent is likely stable to meanders, but




the westward flowing South Equatorial Current could be unstable, and

""perturbations generated by the instability in the surface layers will

cause the subsurface undercurrent to meander'. The energy flow for

this meander is from the average flow of the undercurrent to the meander.
Although the meridional terms may be important in the energetics

of the undercurrent, the region I have chosen for consideration at the equ-

ator between the core and the surface is where the zonal and vertical terms

will be relatively large, and the meridional terms relatively small, and
except for the case of a growing meander, meridional terms should be un-
important. Away from the equator, and at the depth of the core, these
meridional terms must contribute to the energy balance, and I expect that
some of the current meters moored during GATE may give estimates of
these terms.

The terms shown in Table V for the balance of energy of the ave-
rage motion indicate that the wind stress puts energy into the pressure
field found in the South Equatorial Current, and a portion of it is dissi-
pated. In the Atlantic Equatorial Undercurrent above the core, the basic
balance is between energy removed from the pressure field, advected by
the flow and lost by dissipation. The values in Table V do not balance
exactly, but do agree within the error limits.

For the portion of the undercurrent below the core, the rate of
dissipation is smaller than the rate found above the core. The zonal
pressure gradient is also smaller here, and puts energy into both the

viscous dissipation and the advective acceleration terms (this region

M
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becomes thicker downstream and flows faster and both effects take energy
from the pressure gradient).

The general agreement of the terms in Table V is encouraging, and
increases confidence in the degree to which the eight microstructure pro-
files are representative of the nature of the undercurrent at the equator.

I believe this is the first time that measurements for this type of
energy balance have been taken, and the undercurrents are the only
currents for which a balance as simple as this may be considered. In
other current systems, the balance of energy is not as simple, due to the
relatively small values of the mean velocities compared to fluctuating
velocities, and the difficulty in measuring the relatively small cross-iso-
bar flows. However, it is worthwhile to measure the rates of dissipation
in the oceans, and for special regions such as the upper mixed layer it
may be that terms such as J.Ei,%a may be computed from the estimates of

€ , and the scales at which mixing takes place may be determined.




SUMMARY AND CONCLUSIONS

During the GATE project in 1974, undertaken in the tropical
Atlantic Ocean, a free-fall instrument was employed to measure vertical
microstructure gradients of temperature and horizontal velocity. These
gradient measurements are at size scales where the turbulent energy is
converted to heat by viscous dissipation, and temperature gradients are
smoothed by molecular diffusion. A portion of the rate of viscous dissi-
pation can be measured directly by a probe on the instrument and the
remaining portion is estimated, and because regions where the rate of
viscous dissipation is large are generally regions of large turbulent
intensity, one can compare the relative turbulent intensities at various
depths.

The microstructure measurements at the equator show the most
intense turbulence is at the boundary between the upper mixed layer and
the undercurrent, where the average shear %J_; is large, Through the
core the turbulence is much less active and is distributed intermittently
through this region. Below the core of the undercurrent, at the base of
the thermocline, moderately intense turbulence was always observed.
Below the thermocline the turbulence is of variable intensity, usually
weak, but occasionally,as found in profiles 23 and 24,some turbulence as
active as that found above the undercurrent was observed.

Spectra of turbulence in the upper mixed layer show a consistent
roll-off from the expected universal Kolmogoroff curve at frequencies

above 10 Hz (wavelengths less than 4 cm). I have interpreted this roll-

113
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off as due to spatial averaging of the shear probe, and have compared
rates of dissipation €, estimated from the fit of the measured spectra to
the universal curve with the dissipation ém determined directly from the
measurements of g__i'; and %L;.; , and found €, was consistently greater than
€w. In regions of very intense turbulence, where dissipations are high
and scales of turbulence in the dissipation range extend to very small
wavelengths, é"/g“ is large, up to 2.5 for Kolmogoroff wavenumbers of
10 cm”~ . A correction formula has been determined to boost the estima-
tes of dissipation to account for this spatial averaging. Thus, the assump-
tion of isotropy is invoked to predict the magnitude of the unmeasured
terms in the expression for € , and also to compensate for the high wave-
number portion of the g—l;i; and t)‘:}signals which was missed because of spa-
tial averaging. The expected error in € is a factor of 2.

It is possible to estimate terms in the‘ energy balance for the
fluctuating motion and for the average motion from these microstructure
scale measurements and measurements of large scale features by other
investigators. When the terms in the energy equation for the fluctuating
flow are scaled, it is found that a balance between local production and
local dissipation of turbulent energy exists where turbulence levels are
high. Other terms in the equation are about a factor of ten smaller in
magnitude. This balance allows estimation of the loss to turbulence in
the average energy equation.

Measurements of large scale features during GATE (as noted by

Duing et al, 1975) revealed a 16 day 2 day meander of the undercurrent.




As measurements by many investigators extend over an entire 20 day or

so Phase of GATE, it is possible to average some readings over the
meander period. Katz et al,(1976) have summarized the zonal pressure
gradient data for each of the three Phases of GATE. Bubnov (Duing,
1975)has averaged the zonal velocity at 23. 5°W and the pressure gradient
between 23.5°and 10°W over each of the three Phases of GATE, These
measurements, together with the microstructure measurements allow
estimates of the zonal and vertical terms in the equation for the kinetic
energy of the average flow, and terms are evaluated in the region of the
equator above the core of the undercurrent where meridional terms are
expected to be relatively small.

When the equation for the average flow is integrated between the
ocean surface and the depth of no zonal velocity, it is found that the rate
of kinetic energy gain from the zonal wind stress is balanced by the rate
of transfer of energy into the pressure field and the rate of viscous energy
dissipation. An integration from the core to the depth of no zonal velocity
shows that the rate of increase of kinetic energy from the zonal pressure
gradient, which now drives the current, is balanced by the rate of energy
loss by viscous dissipation. The advection of kinetic energy by the flow

is probably smaller but may not be negligible.
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APPENDIX A
Shear Probe Calibration

For a slender body of revolution in an inviscid flow of speed U
and angle of attack o, (assumed small) Allen and Perkins (1952) give

the cross force per unit length

f~(5eUMdL sin2e

f cross force per unit length
€ density of f .
Ela

rate of change in body cross sectional area with longitudinal dis-

o tance along the body.

The authors compare this theoretical result with the force obser-

vedona médel of a dirigible, and find that near the forward tip of the diri-
oible, for x= 6°, the measurements agree well with theory, and viscous
effects are small. At o =12° and 18°, the theory underestimates the force
slightly. This portion of the dirigible is very similar to the tip of the

shear probe, and if equation A-1 is integrated along the length of the shear

probe from the tip to \vhereg_ﬂ is 0, then the total cross force is
X

| F ~ (3eVU)A sin 2x A
(They note that at small angles, one can approximate sin 2¢ =2« , and this
approximation has been made by Simpson(1972), There is a secondary
cross force which varies as sinx and is felt all along the body, not just
at the tip \\'hcrog_%# 0 and this force has been neglected for small values

of 0,
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The configuration of ,U and the shear probe were shown in fig-
ure 7. The ability of the shear probe to measure the cross-stream velo-
city u is evident if equation A-2 is rewritten using the double angle rela-

tion for sin 2,

Fe ~(% eU?) A2 sina cosx
= GAVL( A-2

where Vand u are shown in figure 7. It can be seen that the force is
linear with u.
Another approach, described by Osborn and Siddon (1975) also

yields an output linear with u, but in a slightly different way. They assume
Fe = (é@ﬁ)A(ch)m A4
doc

Where :]LQL is the change in lift coefficient with angle of attack, and is

o
assumed constant for wavelengths much larger than the effective length of
the sensor. Equation A-4 is derived from an extension to airfoil theory for
a finite width airfoil. At small angles,Uzd xVu and this expression for F‘(,
approaches the form of equation A-3.

The two perpendicular components of the cross stream velocity u
are sensed by orthogonal biomorph beams within the probe which generate
voltages proportional to the cross force. To calibrate the probes, these
voltages are passed to identical calibration preamplifiers whose output
voltages are recorded.

Two water flow devices for calibration of the shear probes have

been used. One operates at flow speeds of 100-150 cm/sec, and has been
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described by Osborn and Siddon (1975). The calibration preamplifiers
cannot amplify d.c. voltages, so a flow is directed at the probe by a
rotating nozzle inclined at 5°to the axis of the probe. This calibration de-
vice operates poorly at flow rates below 100 cm/sec and rotation rates
less than 16 Hz; and it gives no check of linearity of response with the
cross stream velocity.

A second calibrator, shown in figure A-1, incorporates major
changes to allow slower flow speeds and rotation rates. A jet is discharg-
ed vertically into a tank of water, with the tip of the probe mounted just
above the centre of the outlet at an angle «. Water for the jet passes
through a mesh and honeycomb arrangement to reduce the scale size and
intensity of turbulence. The honeycomb also reduces large scale vortici-
ty which would produce disastrous effects when advected through the red-
ucer. A design of Smith and Wang (1944) was used for the reducer to
create a uniform flow at the nozzle. The diameters at the wide and nozzle
ends of the reducer are 10 cm and 2 cm respectively, to give an area
reduction ratio of 25.

The probe is tilted successively at Zéointervals from 10° left to 10°
right, and rotated about its axis, generating sinusoidal voltages from each
beam which are carried to the preamplifiers mounted behind the probe.
slip rings bring positive and negative supply voltages from the preamp,
and tap the signals from the two channels of the preamp. A fifth ring is
for ground. The output signals are sent through a low pass (-3db at 10 Hz)

unity gain filter to an oscilloscope to check for any bumps or spikes in the

| —




SLIP
RINGS

5 WIRES

BEARING
r
20 cm
| ___RESERVOIR
:
;_ | REDUCER
(ol
|
i /HONEYCOMB
', l!fnr"tn"‘.-“ﬂ”
it
R WATER IN
ﬂm',,w:..m;id //
A W
fﬁ;;v£1¥¥3;33$a::;

LOOSE /
PACKING
MATERIAL
Figure /.-1 The shear probe calibrator




PRSI e i NS 4 Db

126

output voltage. The filter is required to remove high frequency noise
generated by the vibrations of the slip rings and of the electric motor used
to rotate the probe. A rotation rate of 2.5 Hz was used for calibrations.
An increased rate of 5 Hz produced no change of output voltage magnitude.
The sinusoidal output voltages from the filters were measured with
a true rms meter (Disa model 55 D35) which was calibrated with a 2.5 Hz
sine signal whose amplitude was determined with a well calibrated oscillo-
scope. In terms of the rms voltage, the peak voltage output for channel 1

of the probe and calibration preamplifier is
Uey =J2 Urms = & es,’uzsi%&x
=y (’S‘Ua Simo cOS

= "al' esf\/u

where S1 is the sensitivity of channel 1 of the probe, which depends not
only upon the nature of the probe, but also upon the gain of the preampli-
fier. A similar expression is found for channel 2.

On board ship, a pump was used to drive the jet. The water recir-
culated through the system. On land, an overflowing bucket on the roof of
one of the Oceanography huts at UBC provided a uniform pressure head to
drive the jet., The use of this calibrator to provide accurate values of

sensitivities requires the consideration of several factors.

(a) Cravity
The probe tip is more dense than water. When the probe is rotated

with the tank full of water, but with no jet flowing, the force of gravity
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downward on the probe produces a sinusoidal voltage at the output termin-
als. This force is present when the jet flows past the probe. It is 180°
out of phase with the force of the jet. The ratio of the voltages from the
probe caused by these forces at 40 cm/sec flow speed in the calibrator is
) ~3

Lj is the lift due to the jet (always upward).

Lg is the gravitational force (always downward).
The ratio varies with\/z. This large effect was not forseen in building
the calibrator. With the jet flowing, the net lift is Lj -Lg. With no jet
flowing, but the probe immersed in water, the net lift is Lg. The corres-
ponding output rms voltages were measured at various angles and added
together to produce the voltage expected from Lj alone. This procedure
is satisfactory for sinusoidal signals, but any noise or stray signals gene-
rated would be added doubly by this method. The flow speed was increased
to 70-80 cm/sec, where |Lj/Lg|=x10 and stray noise became much less

troublesome. Most calibrations were at these flow speeds.

(b) Boundary layer in the nozzle

It would appear at first that the flow speed through the nozzle would
be the volume flow rate in cm3/sec divided by the area of the nozzle. The
flow rate can be measured easily, but a boundary layer in the nozzle may
reduce the effective cross-sectional area of the flow. This area must be
known to calculate the flow speed U . The sensitivity varies as the square
of this speed, and the measured dissipation €4 varies as the square of

the sensitivity. Thus the dissipation depends on the 4th power of effective

-
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cross-sectional area of the flow. Small boundary layers or bubbles on
the walls of the nozzle can cause large errors in the estimates of dissi-
pation.

Some method is required to accurately measure the speed. The

most satisfactory solution found is to measure the dynamic pressure

%eUzin the jet with a manometer and pitot tube. This system has the ad-
vantage of measuring 'U2 directly. A large bore inclined manometer gave
accurate readings of the height of the water column. For a pitot tube, a
plastic pipet was used, with part of the tip cut away to leave a 4 mm end
to be directed into the flow. The dynamic pressure was found to be uni-
form across the core of the jet. Pressures outside the jet were uniform
also. Abramovich (1963) states that observed static pressures in a sub-
merged jet such as observed here are the same inside and outside the jet.
Therefore, the difference in the pressures observed is the dynamic pres-
sure of the flow in the core of the jet. Figure A-2 shows the flow speed
for various volume flow rates. The value of UZ given by the manometer
should be accurate to better than 1% (Bradshaw, 1964). The repeatability
of results was within 2% to 4% and should be the error in measurements.
There is no reason for the fit to be linear, but the line drawn does fit the
points well. It was also noted that the flow speed increased slowly in
time during a steady volume flow rate, due to an accumulation of bubbles
in the nozzle. Flow speeds could be increased by 5% due to this effect.
During the ATLANTIS II cruise, no check was made on this accumulation
of bubbles, and resulting errors in sensitivity can be up to 10%. For

more recent calibrations, the nozzle has been brushed clean of bubbles.
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(c) Turbulence
The large scale turbulence was reduced by using packing material

in the bottom of the calibrator, and aluminum honeycomb or straws. The
honeycomb, manufactured by Hexel Corp. was 3 mm cell diameter and

50 mm deep. It was mounted 9 cm below the reducer. The Reynolds

number for the flow through each cell of the honeycomb is

Ly

1

3 cm/sec

Re =’\_Jé :bq
v d = 0.3 cm

0.014 cmz/sec
A-6

v

1

Laminar flow in each cell can be expected which is not the optimum situa-

tion for the generation of low intensity turbulence. Turbulent flow in each

cell would be preferred, giving lower intensity turbulence beyond the

honeycomb. For laminar cell flow, Lumley and McMahon (1967) predict,

for the decay of turbulence beyond the honeycomb

—

2
e 0.05d i
gE AR RE

u”  turbulent velocity
U  average velocity
d honeycomb diameter

x distance downstream

o

From the honeycomb to the reducer is 30 diameters and l:l(,— should be 0. 001

=
at the reducer. Pankhurst and Holder (1952) give u’“as roughly constant

3 2 2 . g L.
in a reducer, and U™ increases by (25)7, pushing turbulent intensities even

lower.

The shear probe itself is a good detector of turbulence, I tried a




simple test to determine the turbulence level in the flow of water. With

the jet flowing and the probe inclined at 10° to the flow, the rms voltage
observed with the probe not rotating was 2% of the rms voltage observed
during rotations.

The signal from the rotating probe varies as U?'sin 20°. The non-
rotating probe will not detect the mean cross flow because signals at fre-
quencies less than 0.1 Hz are filtered by the preamplifier. The output
signal will only contain the higher frequencies of cross flows, due to tur-
bulence, which vary as Vu'~Uw, The ratio of the signals is

Uu’ 2
U25|n20‘7 = 0. 02
z
from which v/q=/'u' ~0.3% which indicates low levels of turbulence at

scales and frequencies which the probe and filters will pass.

(d) Water tunnel blockage effects
In the ocean the probe falls through the ocean at speed V. In the
calibration tank an open jet of water 2 cm across is directed at the probe.
The deflection of streamlines in the jet is not the same as in the ocean.
The jet streamlines spread more easily around the probe, reducing the
effective dynamic pressure. If the probe is inclined in the jet, the lift
is not the same as experienced in the ocean. Pankhurst and Holder (1952)
have described the following corrections for these effects for wind tunnels.
When an airfoil is introduced into a wind tunnel, the solid blockage

at the mid-point along the length of the airfoil is conveniently expressed
by

Ur = Uy (1+8s) A-8
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Ur tunnel speed far from the model

UF tunnel speed at the midpoint of the chord of the model

For the case of the shear probe, one wishes to find the blockage
near the tip of the probe, whereg_é # 0 (i.e., where the probe is most
sensitive to the cross-flow). One possible way to examine the blockage
near the probe tip is to consider only the rubber portion of the probe as
the airfoil, and the stainless steel tubing behind the probe as a solid wake,
This distinction is rather arbitrary, and the resulting fineness ratio of 5
is higher than the value derived if only the sensitive portion of the probe
is considered as being an airfoil. Pankhurst and Holder have cited
results of Lock and Johansen (1931) who found the effect of wake blockage
small when compared to the solid blockage of an airfoil. In the absence
of better information, I assume this to be a valid assumption here, and
will proceed with the fineness ratio of 5.

Pankhurst and Holder (1952) have published values of & for various
flows. For an open axisymmetric jet blocked by an axisymmetric body,

€s is given by

vt
€5 = T~AA(€) A-9
EA‘ = ratio of cross-sectional area of probe to cross-sectional
area of nozzle.
T, = constant characteristic of nozzle = -0.206 for open circular
jet.
AA = constant characteristic of airfoil. This is chosen as 5 which

is the value for a Rankine Ovoid of fineness ratio 5, and
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corresponds to the assumed fineness ratio of the probe as

noted above.

This gives E€s= (-0.206)(5)( ﬁjlz ~ 0.02
which has been neglected. A-10

The second tunnel interference effect is a change in lift. Pankhurst
and Holder (1952) show that for a finite width airfoil in an open jet, the
measured lift will be less than encountered in a flow of infinite extent.
The change in lift is diminished at the forward and trailing ends of the
airfoil, so for the case of the airfoil shear probe whose lift is concentrated
near the forward tip, this effect may not be large. The corrections given
by Pankhurst and Holder apply only to an airfoil whose length is much
smaller than the jet width, and do not apply in my case where the probe
length is much longer than the jet width.

To determine the magnitude of these two tunnel interference effects,
I calibrated a probe using two different nozzles, of diameter 1.92 and 3. 00
c¢m, and found, for similar flow speeds that outputs with the larger nozzle
were about 4% to 5% greater. The ratio of the nozzle areas is .41. The
blockage effect varies inversely as the three-halves power of the area of
the nozzle (equation A-9) and the lift effect varies inversely as the area
(Pankhurst and Holder, 1952) and an upper limit of the total error due to
these two effects in the smaller nozzle is found by assuming the sum of
these two errors to vary inversely as the nozzle area. In such a case,
for the smaller nozzle, this total error is 6% to 8% of the measured lift.
All calibrations were done with the smaller nozzle, and no correction has

been made for this error.
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Probe Sensitivities
As the probe rotates in the jet, the lift on the probe remains con-
stant, but the lift on the individual beam varies sinusoidally. The peak
output voltage is for channel 1:
Ua = S (feV’) simnu
2 A-4
In practice, the rms voltage is measured and the peak voltage
derived. To find Sl and SZ’ the values of %;ﬂiare plotted versus sin 2«
as in figure A-3. The flow rate is measured easily by trapping the over-
flow from the tank. The speed U is determined from the flow rate and
the ¢raph in figure A-2, The output voltage is linear with sin 2« beyond
&= 2.5° but is higher at small angles. This deviation is due to non-
perfect alignment of the axis of the probe with the axis of the jet, such
that &= 0° cannot be achieved. The relative angle of the jet can be mea-
sured accurately (better than 0. 2° ) but the absolute angle, as shown in
figure A-3 was out by 1° . That is, the reading at 10° to the right was
actually at 11° , and the reading at 10° to the left was actually at 9° , etc.
One would expect that because sin 20¢ is not a linear function of at angles
near 10° that an error would result from mislabeling the angles in this way;
however, the error is small (< 1%).
A larger error results from a tilt of the entire plane of inclination
relative to the jet axis. I checked this angle before a calibration, but
could not be sure that it was less than 1° . If the plane of inclination is

tilted forward at an angle of say 1° , then a true angle of 1° is present for
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a nominal angle of 0°. The effect of this tilt is diminished at larger angles;
the true angle is 2% larger for a nominal angle of 5°, 1% at 7%°and 0.5% at
10°. To calculate sensitivities, most weight was put on these three angles,
and the expected error in sensitivity is 2%.

The largest errors result from uncertainties in the flow rate in
the calibrator during the ATLANTIS II cruise, and the tunnel interference
effects. The probes were recalibrated upon our return to Vancouver, but
variations of about 10% are found in the two sets of calibrations. It may be
that the values of the sensitivities determined during the ATLANTIS II
cruise are up to 10% too high because of bubbles in the nozzle during the
cruise, and 6-8% too low because of tunnel interference effects. Other
errors, such as undertainties in the flow rate, in the angle of tilt and in
the change of sensitivity with temperature may contribute to a lesser
extent to the overall uncertainty in the value of the sensitivity. Ihave
allowed that the overall error may be up to 20%. Errors in the probe sen-

sitivities are smaller for recent calibrations.
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APPENDIX B
Data Analysis

The analogue signals were transmitted from the Camel up a XBT
wire as FM multiplexed signals, and recorded on a Hewlett Packard 3960
Instrumentation Recorder. A 14.5 kHz signal was also recorded. The

signals were demodulated and demultiplexed by a set of Sonex discrimina

tors, the 14.5 kHz signal being used for tape speed compensation. The
shear signals were carried on the 2.3 and 3.0 kHz channels. These ana-
logue signals were digitized at 200 times per second onto 9-track magne-
tic tape by a 10 bit converter on a PDP-12 computer. Analysis was done
on an IBM 370 computer at the University of British Columbia. All eight
signals from the Camel were digitized in this manner. The horizontal
velocities uy and u, were sensed by the probe sampling in the X4 direction.

The corresponding spectra measured are @ |, (k3), ) 22(k3), (k‘; P4 1(k3)

and(k3)z(p 55 (k).

Dissipation Calculations

The two metre averages of the viscous dissipation were derived
from fast Fourier transforms (FFT) of 1024 digitized points. Each FFT
gave 513 complex transform values, and the square of the moduli of the
last 512 were averaged in blocks of 4 and the cumulative sums of the
first 45 blocks (for frequencies up to 35 Hz) were printed out. The first
transform value is the mean, and was always zero; (the average was com-

puted and subtracted from each digitized record of 1024 points before the
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FFT computation).
The measured signals, transmitted to the ship and recorded are

ofgg', du: ., The values are related to the output voltages by
t It

aUI = L8O Us,

e = B-1
ot esVv

Uz = L75 e

dt 5V B-2

as shown in Appendix C and, by use of Taylor's hypothesis, valid in this

case, one has

St = =B w

ax_-, PS;VZ B-3
o)Uz = =I5 Uo2
X3 QS;.VZ ‘ B4

The effects of the high and low pass filters have been neglected
here, but they are discussed in Appendix C. The constants 1.80 and 1.75
in equations B-1 to B-4 have dimensions of seconds _1, and are referred
to in section 3.1 as ZKI and ZKZ.

When digitized, one volt of input is given a value of 250 bits; thus,
when converting the digitized output to volts, one must multiply by (1/250).

Hence

(é_U_) =-180 4
dxy /L 25005V?2 S

where d! is the f-th digital value, and { ranges from 0 to 1023, The FFT

does not give the Fourier sine and cosine coefficients directly, but the

P
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following discussion, from Lee (1974) shows how the discrete Fourier
transform values (i.e., the values given by the FFT) are related to the
Fourier series sine and cosine coefficients.

Given N samples of real data d (where =0, 1,....N-1) taken at
equally spaced intervals 4t=T/N (where T is the period), a corresponding

Fourier series is

' V2
! dit) = a, +3 (a.cos it b oo 2l
= )Z:-‘ J i ) - ) B-6
: If t=0 at do, then for each d, we have t =/and
: . T N
N2 . ;
. di) = a5 (ajeos Tl , bisin 2l )
: T N N
_, B-7
' You the FFT of the d, it C(J), and
5 N i£j/N
: _2mwiky
] J(ﬂ) = 1S cine : B-8
I! N JZO
. It is possible to show that when the d(£) are real
3 Re(C(})) cos 2udy _ Im(c(i)sin Z“Ei'l x (‘ \)BC(N/ )
Nd(L) = Co 2z [Re(cii)ees S0 - L 2 e

where Re is the real part and Im is the imaginary part. This immediately
gives the following results:
Co= .‘2_ A, =0 in our case because the average is zero
| Re(cnm)=Ya, Im(cw) = ~4/b;
C(™2)=Naw, bw, = 0O B-10

It can be shown that the variance for d is

A=t » oy
| Yy = L1 £ (al+h) a4
L a0y = $[ 3 (a+h, 2 )

= S [ 5GG7 e

That is, the sums of the squares of the Fourier series coefficients
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divided by 2 equals the mean square value of d. For example, if the time
series d({) is

dt) = Deos 27/

N B-12

2
The average value d will be DZ/Z. The FFT of the series in equation
B~11 will return only one non-zero coefficient: C(1) = ND, and the aver-

2
age of the power series will be

d(f) =4 (2Ycmeco =—\2-(%)’c’(:) :pé‘

B-13
because C(1) in this case is real.
Accordingly
£ =15, (U N — 15 5 180 22_%‘—/~**(') 1 2N
€ = Ep(sj??’) =12 v(ZSDFS.V‘) [N‘j;cu)c 1} e &€ (a)} e

and a similar expression holds for Oux/gxg. In practice there is noise,
particularly at high frequencies and one cannot use the full sum. One can
however examine the spectrum to determine the upper and lower limits of
the sum. The last term in the summation of B-14a was always dominated
by noise, and if the upper and lower limits of the summation for the shear
spectrum where noise is relatively small are j1 and jz, then equation B-14a
becomes

AP

E=tBy(dn) = Syl _VIZ5 culcd)
2 V(ax~, zY ZSOPS.V’) [N‘%. B-14b
It is the separation of noise and signal in frequency space which is the

advantage of calculating € in this way.
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Spectra of (au') and (au‘ )2

The formulae for o4 are given below and the formulae for Jduz are
913 IX3

the same except that the constant 1,80 is replaced by 1.75. To determine
the relative contributions of signal and noise to the values of C(j)C#*(j) the

spectral density functions are plotted for each FFT of 1024 data points.

The spectral density function of (‘31‘32'3)2 is (k3)2¢? ll(k3) as given in section

2. 4.

150 ()P, () dby = L% ]
4 B-15

If C(j) is the jth transform value of the 9U.  signal, then the spectral
013
density function is

(k3 ) ¢,,J(é3) = (, go ) (%z C(J;)E"*U)) j= ’,2,.._%/_/

2505, ve

(L8O Locmcta) j=o
(Geoosve) Gre UEW) 5732

B-16
The ak_ is in the denominator because each Fourier series coefficient

must be divided by the portion of wavenumber space which it represents.

aksy = graf _ 2r
v VNat B-17

p—?j = 2_“'3
VN ot B-18

3
The spectra of figure 24 are log (k3j) © llj(k3) versus log k,, and substi-

tuting equations B-17 and B-18 into B-16.

(Rsy) @iy (ks)

1l

180 B2 <™ a8y et
2soeS,V‘) (N‘ _ ”) 4 W

LBe _ &ri cthie*y)) =2
e (250(95’\/?) (EJ_;/Z J ) J e
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A plot of (k3j)3cp 11_(k3) versus log k3 may be integrated to give the vari-
J

ance of the 94 signal:
X3

23 [(ks) @ulh) d gk

Of(ka)l CP” (ks) Clk?//23

oo

J (s @, (k) dks

Such a plot is variance preserving. In my case, a plot log (k3j)3(p11](k3)

1}

B-20

is used, which is not variance preserving, but one can see the relative

contributions to the variance of dus from different wavenumbers.
9X3
Spectra such as those in figure 24 were used only for this purpose -- to

determine wavenumbers (or frequencies) where the noise dominated over
the signal, and to determine the upper limit of the sums of the Fournier

coefficients of equation B-14b. For this visual display, only the relative
contributions are needed from the various frequencies, and the values of

the ordinate in figure 24 are in arbitrary units.

Z
spectra of (ul)z, (uz)

The energy density spectra (pll(k3) and @22(k3) are

[@uhy)dbs =@ [@, (k) dbs =2

B-21
Using the expressions B-16 to B-18
Puy(hs) = CLUICTU) 2 (18O )1
i P12 A2 S
(VA/At) \%”:t) i 250(’
f (/.eo )2 /\/V%f}z cu)c*) 5mbs@ern et
= \260,5,v? . i B %
e 43 i
_ 180 )2 apvYat)? COHCTES) j= B-22
250p 5. V? oT? Jz
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The log ®11(k3) and log (Pzz(k3) versus log k3 spectra are plotted
in figures 18, 19, 22 and 23. The plotted values have been band averaged
to give 2 average values per octave. The value of C(j)C*(j) was compu-
ted for each transform value, and averaged over the frjequency band. The
first four Fourier transform values were plotted individually, and were
not averaged together. Next the 5th and 6th transform values were ave-
raged, as were the 7th and 8th. The next band was comprised of the 9th,
10th, 11th, 12th values, and the next band included the 13th to 16th trans-
form values, etc.

The corresponding wavenumber is the geometric mean of the en-
tire interval, which produces the minimum distortion on the log k plots.
For example, the arithmetic mean of C(j)C*(j) for j=9 to 12 formed on

p _L]?_(J_) j=9 e e
band average. The average of these was plotted at the wavenumber

8.5 ) 5)./1 21
= 12.
= €0 ~v(Bt) B-23

To determine the fit of the universal curve to the Cpll(k3) and

QDZZ(k?’) spectra, the point [log VJ/“', log V""] is marked on the log Cpn(ks)
or log @22(k3) vs. log k3 graph, and a line of slope +1 is drawn through
the point. The point (0, 0) on the log F,(k/kg) vs. log k/kg graph will
lie on this line. Its position is determined by the fit of log F2 to the log
@11 or log <p22 curve; its absissa is the point logel’"l)"{' and the ordinate
is the point logey"l’% on the log @ll vs. log k3 graph. From these points,
the value of €,can be calculated. A full discussion of this procedure is

given by Stewart and Grant (1962).
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Universal Dissipation Spectra G,(k/ky)

From section 2.4

kY @, (k) = (ke (&5 Ga(es)

or
2 2 /- %
(kaT @, (hs) = (k) (€1%)" G (%es) o
PN
where ks = (&2 )4 2.23
g 2w
3j  yw(at) Eele
and (Pllj(k3 ) is defined in equation B-22,
Therefore
by v . plBE =z yat ceired) et i
Ga(%ks) = (zsoes,va) NP2 é
] (n-eo 2 _vat @i IC i =3
B 25095"’2) HNT(EV2
B-24

and these values have been plotted in figure 20. The dissipation € was
determined from the fit of the log 4)11 and log @22 curves to the universal

FZ curve.
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APPENDIX C
Signal Handling
(a) Linear gain preamplifier
Electronic circuits prior to July 12, 1974 utilized a high impedance

preamplifier located near the shear probe, and a differentiating amplifier

in the main body of the Camel. These circuits are shown in figure C-1.
The shear probe has been represented as an a.c. voltage generator in
series with a capacitor Cp. Calibrations performed on an early calibrator
allowed the probe and preamplifier to be calibrated together. The calibra-
tor described in Appendix A, completed at the beginning of the ATLANTIS
IT cruise, required a preamplifier to be wired permanently into it, and a
new but identical preamplifier was built for this purpose. The calibration
preamplifier and the field preamplifier were identical in design, and were
similar in gain to within about 4%.

The output voltage from the preamplifier is

U = & eSVy, A-4
= -ijPR' Ul C-1
(l +)WC|CR|)

for channel 1, and a similar expression is valid for channel 2. Frcm the
values of R1 and C1 it can be seen that for frequencies above 1 Hz, a=
excellent approximation is
Ve = ~Cp Ui
Ce

and the gain is uniform at frequencies of interest.

The response of the differentiating amplifier is

Uoy = 'j“"R3CZ R"'R9> U

T ——




A Preamplifier
B Differentiating Amplifier

a5 .5x10~10¢ R 10109
¢ 1
C, 1. x10-6 ¢ Ry 2 0P
-8
Ca  1.5x107° f R, 1.6x] 0o R
ICT AD503 R 1 x104qn
167 A777 T x10°

Fignre C-1 The calibration and field preamplifier located near the probe
and the differentiating amplifier located in the main body of
the Camel in use for profile 18.
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and again a similar expression holds for the output voltage Ubz of channel

2. The amplifier differentiates the input signal to give

-jwUa = - dUe = -1 eS.V_cl_U._-
dt 2 dt C-4

and also attenuates the high frequencies. The voltage from the amplifier
1.414
was stepped down by 2.5 by the FM transmission system, so the output 3

voltage to the Brush recorder and the digitizer is

o e |
Hs [%J(H-Juzé;(n)umcﬂ [RRBRs][—% 5 v:{:—l c-5

If Taylor's hypothesis, valid in this case is applied (equation 3. 3)

U _ 2.5 Jr(+iwR3Cs)(1+ jwRaL2) R s
&_f;—[\mq [ - R3C2 ][R’ng][ﬁf’suvz] Us: o

The gain and high frequency attenuation were determined by meas-
uring input and output voltages at various frequencies. A good fit is pro-

vided by the values:

U, — -199 (1 +.0017jw)(/+-0018jw) Uos,
i g C-7a

dui _— -2.08 (1 +.0017jw)(|+.00I8jw) Usz
RET eSaVa R

for channels 1 and 2 respectively.

(b) Differentiating preamplifier

The pyroelectric effect, noted in section 3 generated a low fre-
quency voltage in the probe sufficiently large to saturate the preamplifier
during free-fall profiles at the equator. To reduce the low frequency vol-

tages in the preamplifier, a special differentiating preamplifier was con-
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structed for use during free-fall profiles called a field preamplifier, and

a band pass amplifier with uniform gain over the frequencies of interest
was used. The calibration preamplifier was unchanged. These circuits
are shown in figure C-2.

The output of the field preamplifier

U = ~JwRwCr [?s*ﬁ’el U
(I+JUJR|FCW) Rs C-8
and the output of the calibration preamplifier,
-Cp
Vam iz e

may be combined to eliminate the capacitance of the shear probe Cp which

is an unknown.

\);_—. = J(A.) EiFClC [PS ‘fEG] JCJ
Q) +ij\$C\F) Rs
= _ReCc [Rs+ Re H_n_ eS,V] Jdu
(1% jJwRIECr¥) Rs 2 dt ey
The response of the amplifier is
Sy =[-VRz }[ \23 ][Ev"'Re} Url
3::15:6;*1 | + JwR3C3 Rsa C-10

and again the FM system steps down the voltage by 1.414. When Taylor's
245
hypothesis is invoked, the final expression for the shear is

- [T St

Xy L4y »R,/RZ 7+R8 RieCie 5+ Re z‘{es,\/z Call

for channel 1.

The three circuits (two preamplifiers and the amplifiers) were
tested by measuring the input and output voltages at various frequencies
while on board ship, and also by a white noise test utilizing the PDP-12

computer at the Institute of Oceanography. FEach channel of each individual

circuit was tested separately; the probe was simulated by an a.c. power

o oot Adhbiibas iy Abe At s ad e o onr
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A Calibration preamplifier
B Differentiating field preamplifier
C Amplifier

10 ,
'y 1.5x10-10¢ R 10 R R i xlo® S
Le 1l 7

=10 . 7 ; 2

Cip 1.3x107Hf Ryp ~2.2x10 n Rg 1.9x10° R
" & 5
Co L. l0 f R, i, Txll0T St
c, 1.5x10-8 ¢ R, 1.6x10°
1IC1  ADS03K Re i x10° J&
162 AT R6 i x104ﬁ-

Figure (-2  The calibration and differentiating field preamplifiers
located nrear the shear probe and the amplifier located in the na
body of the Camel., in use for profile 20 and following profiles.




