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Abstract 

During a joint collaborative experiment between September 19 and 30, 1994, a 

novel microstructure instrument (TAMI), which was attached to the channel bottom 

on a mooring line and measured changes in horizontal flows, successfully measured 

microstructure, fine-structure and current at 15 m above the bottom in Cordova 

Channel. The channel is a minor passage connecting the Pacific Ocean and the Strait 

of Georgia. The other main instruments involved in the experiment were an acoustic 

Doppler current profiler (ADCP), an acoustic scintillation system, CTD profiler and 

a meteorology station. 

The flow of the channel was mainly tidal. The tidal components explained slightly 

more than 91 % of the variance of the measured current, and the residual current which 

represented 2-D horizontal eddies and accounted for about 10% of tidal variance. The 

water became warmer and fresher during the experiment. With TAMI, the salinity 

record showed modulation by the tide while the temperature record did not exhibit 

a clear tidal signal. T he water was fairly well mixed during strong ebbing, more 

stratified during the floods and became unstable occasionally near the turning of the 

tide. The effect of wind stress at 15 m depth was much weaker than that from the 

local bottom stress. 

The spectra of the velocity and temperature fluctuat ions, in water, all had a -5/3 

slope in the inertial-subrange regardless of the level of stratification in the channel. 

T hus, the finding that the slope of velocity and temperature spectra are affected by 

stratification in Gargett et al. (1984) and Gargett (1985) is not universal and may be 

more due to the physics of decaying turbulence than to stratification itself. The two 

universal functions (A2 and F33) were statistically identical in the inertial-subrange 

and even no evident influence of stratification on vertical spectrum. 
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The turbulence at 15m above the bottom of the channel was very intense and the 

dissipation ranged from 10-s to 10-4 W kg-1
. The pattern of dissipation and tidal 

current repeated every lunar day. The dissipation was not proportional to U3 or U!ax 

- the maximum speed of each ebb/flood. Thus, the turbulence was not generated by 

the local bottom stress but may have been produced by the eddies which were likely 

shed from Cordova Spit and the north end of James Island. 

The averaged dissipation obtained with TAMI was equal to the estimate obtained 

with the acoustic scintillation system within a factor of less than 1.6. The production 

of turbulent kinetic energy (TKE) obtained with the ADCP was balanced within a 

factor of 2 by dissipation. The decay time for the eddy KE was estimated to be a 

little longer than one hour. Three different methods of comparing the mean tidal KE 

against the t ime integrated dissipation ind icated that 53, 77 and 84% of tidal KE was 

dissipated locally. 

Eddy diffusivity of density scaled with Av= Kz,./G'nU, a formula for Av in a log­

arithmic boundary layer, is close to unity even though most of the observations were 

taken above the logarithmic layer. The scaled eddy diffusivity of density decreased 

with increasing Richardson number approximately as ex Ri-0
·
7

. For Ri < 1/4, most 

of the scaled eddy diffusity have values of order 1. The eddy diffusivity for density 

did not have a clear tidal signal. 

The temperature spectral level (( = Bx, where x was the rate of dissipation of 

temperature fluctuation variance and B is a "uni versa!" constant) was related to the 

mean temperature gradient by l~~ l/20 ~ 3 x 10-4
( ~ 201 ~~1- Eighty-one percent 

of estimates of the eddy diffusivities for heat (Kr) and for density were within a 

one decade range of equality over a 3.5 decade span in value. Kr and Av (the eddy 

viscosity) were equal with seventy-four percent of the data within one decade of 

equali ty. This thesis provides some guidance and constraints for the modelling of 

mixing in coastal tidal channels. 
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Chapter 1 

Introduction 

Conditions in the coastal ocean differ significantly from those in the open ocean. Most 

notably, water depths are shallower and currents are stronger in the coastal environ­

ment compared to the open ocean. Turbulence is usually quite intense in the coastal 

environment because of bottom friction on the tidal circulation. The mixing induced 

by frict ion further intensifies the '<fjord" circulation which is driven by buoyancy in­

put from rivers (Pond and Pickard 1990). This mixing driven by the tidal circulation 

promotes biological productivity by diffusing nutrient-rich deep water towards the 

near-surface euphotic zone. Turbulence also induces friction throughout the water 

column which, in turn, determines the strength of the circulation. The effective or 

"eddy viscosity" of turbulence is a key parameter required for the modelling of coastal 

circulation. The most intense turbulence and mixing occurs in tidal channels where 

the contractions of depth and width accelerate the flow. 

Cordova Channel is a tidal channel along the coast of British Columbia, which 

forms a minor side passage connecting the Strait of Georgia with the Pacific Ocean. 

The channel has a strong tidal current of order 1 ms- 1 and is relatively shallow ( ~30 

m depth). 

This thesis presents the results of observations of turbulence in Cordova Channel. 

A collaborative experiment was conducted in Cordova Channel during September 16 

- 30, 1994 and involved the measurements of physical and biological parameters. The 

two ma.in purposes of the experiment were (1) to describe the characteristics and 

temporal evolution of turbulent mixing in a tidal channel and (2) to use a variety 
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of new techniques for the measurements of turbulence. These new techniques in­

clude using Tethered Automonous Microstructure Instrument (TAMI) and an Acous­

tic Doppler Current Profiler (ADCP) which measures velocity and Reynolds stress, of 

Lueck 's group, and an acoustic scintillation system, operated by Dr. Farmer 's group 

at t he Institute of Ocean Sciences (IOS), which measures the cross-channel average 

of along-channel flow and turbulence. The other instruments that were deployed are, 

(1) a neutrally-buoyant, high-drag 0oat, used by Dr. D'Asaro at the Applied Physics 

Lab (APL) of the University of Washington for Lagrangian measurement, and (2) an 

acoustic daylight receiver array, used by Dr. Deane at the Marine Physics Lab (MPL) 

of the Scripps Institute of Oceanography for measuring the parameters of acoustic 

fluctuation induced by waves t raveling through turbulence, (3) two tide gauges op­

erated by Canadian Ilydrographic Service, ( 4) a CTD profiler used by 10S for the 

measurement of temperature, salinity and density, and (5) meteorological instruments 

used by 10S for t he measurements of wind velocity, air temperature and barometric 

pressure. 

Chapter 2 describ<'s the basic theories used in my studies. Chapter 3 gives a 

brief descriplion of TANII - a moored instrument that carries a number of sensors 

including (1) four shear probes and two fast thermistors for measuring the turbulent 

fluctuations of horizontal velocity and temperature, (2) three accelerometers for de­

tecting the motion of the inst rument, (3) three pairs of Sea-Bird thermometers and 

conductivity cells for the measurements of temperature, salinity, density and their 

vert ical gradients, ( 4) two rotors and one compass for measuring the current, and (5) 

a pressure gauge for measuring t he depth of the instrument. 

Cha pie r 4 provides a description of the observations and calcula tions of non­

turbulent parameters including the mean flow, temperature, salinity, density, the 

Brunt-Viiisala frequency and the Richardson number. The meas ured current is sepa­

rated into a purely tidal current and a residual current which is considered to be the 
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eddy velocity. CTD records from both TAMI and CTD profiles are used to examine 

the stratification of the water. Events of shear instability, using the data reported 

from TAMI and t he ADCP, are examined . 

In chapter 5, some typical time series of shear and acceleration are examined to 

show that the turbulence data were free from the contamination by body motion at 

scales from O(0.lm) to O(l0m). 

Chapter 6 investigates the existence of the inertial-subrange in both velocity and 

temperature spectra, and the local isotropy of velocity spectra and the effect of strat­

ification on these spectra. The slopes of averaged spectra of velocity and temperature 

in the inertial-subrange are calculated and the range of the inertial-subrange are ex­

amined. 

Chapter 7 describes the tidal evolution of the t urbulence at 15m above the bottom. 

T he relationship between the dissipation and tidal current is investigated to examine 

if the turbulence was generated by local bottom stress. The relationship between 

dissipation and 2-D horizontal eddy KE is examined. 

In Chapter 8, the dissipation estimated with TAMI is compared against that 

obtained with the acoustic scintillation system, and then against the the production 

of TKE estimated with the data taken by the ADCP to examine the local balance 

of TEE. The decay time scale for the eddies is estimated. T hree different methods 

of comparing the mean t idal KE against the time integrated dissipation are used to 

estimate the percentage of the mean tidal KE dissipated locally during a quarter 

of a lunar day. The relationship between the eddy diffusivity and the Richardson 

number is examined. The temperature spectral level is estimated and the relationship 

between the temperature spectral level and the mean vertical temperature gradient is 

examined. F inally, the eddy diffusivity for heat (I<r) is estimated. The relationship 

between Kr and Kv (the eddy diffusivity for density) as well as the eddy viscosity 

(Av) is examined. 
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Details of <la.ta. processing a.re discussed in Appendixes. Appendix A includes (1) 

the correction of the current speed record observed with TAMI for bearing friction 

due to gelatinous material in the water, and (2) the correction of salinity for the 

accurate calculation of the buoyancy frequency squared. Appendix B includes (1) 

the wavenumber correction of the measured spectra after Ninnis (1984), and (2) the 

interpolation of ca.Ii bration data to obtain the sensitivity of the shear probes at ll .5°C 

which is needed for the calculation of the rate of dissipation of TKE. Appendix C 

provides the description of the inertial-subrange technique used to estimate the rate 

of dissi pa.ti on of a velocity spectrum. 
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Chapter 2 

Theory 

2.1 Turbule nce dynamics 

Turbulence is commonly found in most fluid flows in nature and engineering applica­

tions. When the Reynolds number of a laminar flow becomes large, the flow becomes 

unstable and turbulent. The Navier-Stokes equation that describes the fl.ow of an 

incompressible fluid in a non-rotating system is 

fFii; ~ ou; 1 81r o ( ou; ) 
- +ui-+--.-=g;+- v -ot axj Pox; axj axj 

(2.1) 

where Xj = (x1,x2,x3) = (x,y,z), pis density, u; is velocity, 1r 1s pressure, g; = 
(0, 0, -g) is gravity, and II is viscosity. According to the Reynolds decomposition, the 

variables in the Navier-Stokes equation can be decomposed into mean and fluctuating 

(turbulent) parts 

~ V IT I I 
U j = i + 'llj, 7r = + 7r , P = Po + P (2.2) 

where u; = 0, 1r' = 0 and p' = 0, and the overbar denotes an ensemble average. For 

an incompressible fluid, substituting (2.2) into (2.1) and taking an ensemble average 

produces an equation for the mean flow momentum (the Reynolds equation) 

au; au; 1 arr a ( au; - ) 
- +Vi-= g; - --+ - v - - u;ui ot OXj Po OX; OXj OXj 

(2.3) 

and an equation for an ensemble average of the fluctuating momentum 

(2.4) 

For details see Tennekes and Lumley (1972), Hinze (1975), Monin and Yaglom (1971, 

1975) . 
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By multiplying (2.4) with u;/2 and averaging, the equation for the conservation 

of turbulent kinetic energy is obtained, 

where q = ul /2 is the turbulent kinetic energy (TKE) density and eij is the rate of 

strain 

e;j = ~ (f}ui + 8u1) . 
2 OXj OX; 

(2.6) 

The rate of dissipation of TKE is E = 2veije;1. 

In a statistical steady state, the first term on the left hand side of (2.5) vanishes. 

For stationary and homogeneous turbulence, under the assumption of a local balance 

of TK E (Osborn 1980), t he second term on the left hand side and the first term 

of the right hand side of (2.5), which represent the redistribution of energy, can be 

neglected. Thus, only three terms are left, namely, a production term, P = -uiu j~, 

a buoyancy flux term, B = .fJ._p'w, and a dissipation term, c Thus, a local balance of 
Po 

TKE as discussed by Osborn (1980) is 

(2.7) 

There are a number of instruments for measuring E but it is very difficult to measure 

P and B. The term of B is usually parametrized with P to form a flux Richardson 

number, R1 = B / P (Osborn 1980). Hence equation (2.7) can be written as 

(2.8) 

The value of R1 must be less than 1 for a steady state (Osborn 1980) and there are 

many good arguments (Stewart 1959) that its value is considerably less than 1 for 

stationary turbulence in a shear flow. Therefore, B can be expressed in the terms of 

E, R1, and a mixing efficiency, r , as 

R1 
B = --R-E = r e:: . 

1- J 
(2.9) 
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Using a vertical eddy diffusivity for density, Kv, the buoyancy flux can be param­

eterized as 

- opo 
-p'w - 1( -

- V OZ l (2.10) 

where 8:z0 is the vert ical gradient of mean density. From the definition of the Brunt­

Vaisala (or buoyancy) frequency is given by, 

N2 __ g OPo 
- Po 8z, (2.11) 

the eddy diffusivity for density, I<v, can be expressed as 

(2.12) 

where r is equal to 0.2 according to Osborn (1980) and this value is mostly used 

for oceanic measurements. However , r varies in a range of 0.04 - 0.4 estimated 

from oceanic measurements, laboratory experiments and numerical simulations as 

summarized by Peters (1995) . 

From equation (2.6) , the rate of dissipation can be estimated, using <: = 2veijeii · 

Equation (2.6) is expanded as 

au; ( OU; OUj) (; = v -. - -- + - . 
OXj OXj OX; 

(2.13) 

[For details see Hinze 1975, Monin and Yaglom 1975.] In isotropic t urbulence, one 

has 

(OU1 r (OU2r (OU3r 
OX1 = OX2 = OX3 1 (2.14) 

( OU1 r = ( OU1 r = ( OU2 r = ... , 
OX2 OX3 OX1 

(2.15) 

OU1 Ott2 OU1 OU3 OU2 OU3 
(2.16) -- = - - --, 

OX2 OX1 OX3 OX1 OX3 OX2 

and 

2 ( OU1 r = ( 8u2) 
2 = 8u1 OU3 . 

OX1 OX1 OX3 OX1 
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Thus, the rate of dissipation of TKE, using any shear term, is 

(2.17) 

A cross-stream turbulent velocity shear is usually measured in the ocean with a 

shear probe (Osborn and Crawford 1980; Gregg 1987) . [Here "cross-stream" denotes a 

direction perpendicular to the direction of travel of the sensor. The direction in which 

the sensor travels is the stream-wise direction but this direction is not necessarily the 

direction of the ambient mean flow .] For example, 8
;:1 2 is measured with a vertical 
vX3 

free fall vehicle (Lueck et al. 1983; Gregg and Sanford 1988; Dewey et al. 1987), and 

8
8u

2
,
3 with an instrument t ravelling in horizontal (Osborn and Lueck 1985a, 19856; 

XJ 

Lueck 1987) which is the same for TAMI (Lueck et al. 1996). 

2.2 Turbulence kinematics 

T he correlation function and the spectrum of turbulent velocity fluctuation are com­

monly used to descr ibe turbulence. The energy spectrum is defined as the Fourier 

transform of the autocorrelation, Rij = Ui(x, t)uj(X + r , t), where x denotes the posi­

t ion, t is the t ime and r is the vector connecting the points i and j. The integration 

of the three-dimensional kinetic energy spectrum density, E(k), in the wavenumber 

domain, is equal to the turbulent kinetic energy, 

(2.18) 

where u 1, u2, tl3 are the velocity fluctuation components and k is the wavenumber 

magnitude. Turbulent velocity is usually measured in the t ime domain which provides 

only a frequency spectrum density. If the speed, U, of a sensor is rapid enough , so 

that one can assume that the turbulent field is "frozen", the time domain (frequency 

domain) can be converted into the space domain ( wavenumber domain) using the 

Taylor hypothesis (Tennekes and Lumley 1972; Kundu 1990). For example, x = t x U, 

k = f/U and E(k) = E(f) x U. 
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In general , three velocity fluctuation components can be measured in the labo­

ratory (Itsweire et al. 1986) and in atmospheric experiments (Fairall et al. 1990). 

However_ it is quite difficult to measure the stream-wise velocity component in oceanic 

experiments, so two cross-stream velocity components are usually measured using a 

pair of shear probes (airfoils) (Osborn and Crawford 1980; Gregg 1987) . Like the 

three-dimensional energy spectrum of (2.18), the one-dimensional energy spectra, 

d>11 ( kJ) , </>22( k1) and ¢>33( k1) are related to velocity components as 

loco </>11 ( k1 )dk1 = u?, 

loco </>22(k1)dk1 = u~, 

loco ¢>33(k1)dk1 = u5. 

(2.19) 

(2.20) 

(2.21) 

In isotropic turbulence, one has u? = u~ = u5. The relationship between the one­

dimensional energy spectra and the three-dimensional energy spectrum (Hinze 1975; 

Monin and Yaglom, 1975) is given by 

(2.22) 

where j = 2, 3 and no summation is implied. The relationship between </>11 and </>jj is 

(2.23) 

Simplifying the energy spectrum equation, one obtains 

(2.24) 

The rate of the dissipation of turbulent kinetics energy, t, can be estimated by 

(2.25) 

Turbulent energy is cascaded from large-scale eddies which contain most of the 

energy down to small eddies where it is dissipated. According to Kolmogoroff's first 
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hypothesis of local isotropy (Kolmogoroff 1941), the turbulent kinetic energy spectrum 

is independenL of the large-scale eddies where the energy resides when the Reynolds 

number is sufficiently large. However, the spectrum depends on molecular viscosity, v , 

wavenumber, k, and dissipation rate, €. Further in steady and stationary turbulence, 

the rate of transfer of energy from the energy-containing scales to the small scale must 

be equal to the energy dissipation rate at the dissipative scales. Using dimensional 

analysis, the energy spectrum is obtained as 

(2.26) 

where ks is the Kolmogoroff wavenumber, 

(2.27) 

and F( k/ ks) is a universal function. Hence, the one-dimensional spectra become 

(2.28) 

(2.29) 

where F11(k/ks) and Fjj(k/ks) are universal functions, and local isotropy gives 

(2.30) 

According to Kolmogoroff's second hypothesis, with a very large Reynolds num­

ber, there exists a range between the energy-containing scales and the dissipative 

scales in which molecular viscosity v is unimportant. This range is called the inertial 

subrange. The energy spectrum in the inertial-subrange can be simplified to 

(2.31) 

where A = 1.5 is a universal constant for the three-dimensional spectrum. From 

equations (2.28) and (2.29) with the relationship of Fjj = ¾F11 , one can obtain the 

one-dimensional spectra as 

(2.32) 
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(2.33) 

where J( = 0.50 is Kolmogoroff constant for the one-dimensional spectrum (Monin 

and Yaglom 1975; Grant et al. 1962; Edson et al. 1990). 

2.3 Temperature fluctuat ion spectrum 

For a scalar, for example, temperature, the variance of its fluctuation 0' is defined as 

(2.34) 

where w(k') is the three-dimensional temperature fluctuation spectrum and 1/J(k) is 

the one-dimensional spectrum. In isotropic turbulence, the three-dimensional spec­

trum is related to the one-dimensional spectrum by 

\JJ(k) = -k f)~~k) . (2.35) 

The rate of dissipation of temperature variance, X, is obtained as 

(2.36) 

where "'T is the thermal diffusivity. Within the inertial subrange of the velocity 

spectrum, there exists an inertial subrange for the temperature spectrum for k « ks, 

called the inertial-convection subrange. The one-dimensional temperature spectrum 

in the inertial-convection subrange is 

(2.37) 

where B = 0.5 is another universal constant (Obouku 1949; Corrsin 1959) estimated 

from many experiments (Gargett 1985). However, the constant Bis quite scattered, 

ranging from 0.35 (Gibson and Schwaz 1963) to 1.15 (Gibson, Stegen and Williams 

1970) as summarized by Gargett (1985). 

Using the buoyancy Reynolds number, Ra, Gargett (1985) classified her tempera­

ture spectra measured in Knight Inlet, B.C. into two classes, A and B. The buoyancy 
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Reynolds number (Dillon and Caldwell 1980) is defined as Rs 

term, I , is used 

12 

( )

4/3 

v 1~ 2 and a 

I = R¾4 = ks, (2.38) 
kb 

where kb = (N3 /E)½ is a buoyancy-wavenumber. Those temperature spectra in class 

A (I ~ 3000) , taken in an isotropic velocity field , had, however, a -2/3 rather than 

a -5/3 slope in the inertial-convection subrange. Those temperature spectra in class 

B (I ~ 50 - 100) , taken in an anisotropic velocity field did have a -5/3 slope in the 

inertial-convection subrange. 

The influence of intermittency on both f. and x in the inertial-subrange of the 

scalar spectrum for the condition of Prandtl number, Pr~ 1, has been investigated 

by Van Atta (1971, 1973). He assumes that f. and x are in lognormal distributions 

with equal variances, then the slope of the scalar spectrum in the inertial-subrange 

is depend on the parameters of p - a constant - and the correlation coefficient, p(r ), 

between f. and x, as 

5 1 (2 ) m = - - + -p - - p(r) 
3 3 3 (2.39) 

where p can be assumed to be 0.5 according to Gargett (1985). 

Assuming that turbulence drives overturns against a well-defined mean local tem­

perature gradient, and that the turbulence is steady, stationary and homogeneous as 

discussed in Osborn and Cox (1972), then one can simplify the temperature variance 

equation from 

(2.40) 

to 

-BT 
-w0'- = K-y("v0')2 = 2x oz (2.41) 

with the definition of the dissipation of temperature fluctuation variance, "-r("v0')2 = 

2x. The heat flux , w0', can be estimated from the irreversible dissipation of tem­

perature fluctuation variance, x, and combining mean temperature vertical gradient. 
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With the concept of an eddy diffusivity, I<r, (2.41) can be expressed as 

(8T) 2 

I<r az = 2x. (2.42) 

Because there are inconsistent estimates of the universal constant, B, in the lit­

erature, we estimate the temperature spectral level, (, 

(2.43) 

where overbar denotes an average over the inertial-convection subrange, instead of 

y . 

2.4 Boundary layer flow 

Near a sea-bed, a flow is attenuated and a boundary layer is developed. In a boundary 

layer, viscous effect is important and the shear is large. 

The classic theory of a boundary layer is presented in Tennekes and Lumley (1972), 

and in Manin and Yaglom (1971). Here, I briefly describe a boundary layer in a 

homogeneous fluid with a steady mean flow, and a negligible pressure gradient . A 

logarithmic layer of velocity profile is derived to exist 

U 1 z - = -ln-. 
u* K zo 

(2.44) 

where U is speed, u* = ;;;TP, To 1s the bottom stress, K = 0.4 is von Karman 

constant, z is the heighL from the bottom and z0 is a roughness height at which 

According to Tennekes and Lumley (1972), the Reynolds stress is approximately 

equal to pu; , and the velocity gradient is u.,/ Kz within a log-layer. Therefore, the 

turbulent production is given by 

au u3 

p = -uw- = ___.!. 
8z KZ 

(2.45) 
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The fluid is generally close to homogeneous near the boundary (Antonia and Luxton 

1971). For a shear flow, the buoyancy flux generally accounts for no more than 20% 

of the production of TKE (Osborn 1980), thus, the buoyancy flux can be neglected 

in equation· (2. 7) . Combining equations (2. 7) and (2.45) produces 

u3 
* €- -

- kz' (2.46) 

The friction velocity, u., may be parameterized by the mean current with a drag 

coefficient, CD, giving 

Hence, equation (2.46) can be written as 

c213u3 
c= _D __ 

K, Z 

(2.47) 

(2.48) 

However, the Reynolds stress does not stay constant with increasing height in 

the log-layer due to Coriolis force and pressure gradient. Tennekes (1975) derived 

theoretically that the stress decreases by 30% at the upper limit of the boundary 

layer defined by z = 0.03u./ f, where J is Coriolis parameter. In Cordova Channel, 

the estimates of Reynolds stress obtained from ADCP data is not constant within 

the log-layer (Lu and Lueck 1996b ). 

In practice, the pressure gradient is not necessarily small and it can affect the 

Row. In our measu rem en ts, the pressure gradient was of first-order importance in the 

log-layer at a given height above the bottom. The records from the two t ide gauges 

at the ends of the channel indicate a sea surface slope of up to 10-5 . 

With the concept of mixing length p.) which is related to the distance of vertical 

momentum t ransfer by eddies, the eddy viscosity, Av, can be expressed as 

(2.49) 

where ). = ,cz in the boundary layer. Using (2.47), (2.49) can be rewritten as 

(2.50) 
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In addition, combining the definition of the eddy viscosity, Av 

(2.45) and (2.46), the eddy viscosity can be expressed as 

2.5 Richardson number 

15 

(2.51) 

Shear instability is the main source of energy for generating turbulence. However, 

in a stratified flow, the stratification always tends to suppress shear instability and 

hence turbulence. A criterion for examining the likelihood of the shear instability is 

Lhe Richardson number , Ri, defined as 

(2.52) 

When Ri > 1/ 4, the stratification is strong enough to maintain stability of the shear, 

while for Ri < 1/4, the flow is unstable (Miles 1961, 1986). 
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Chapter 3 

Instrumentation 

The instrument (TAMI) used in our measurements is a novel microstructure instru­

ment developed by the Ocean Turbulence Lab at the University of Victoria (Lueck 

et al. 1996). It was designed for use in the open ocean. Unlike conventional instru­

ments which travel through water to collect data, TAMI is moored and measures fluid 

variations advected past it by the ambient current. 

3.1 Mechanics 

The instrument (Figure 3.1, 3.2) looks like a towed body (Lueck 1987). It is 5m long 

and has a diameter of 0.6m at mid-body. Four fins are mounted on the aft encl - two 

vertical fins provide the torque to rotate the instrument in response to changes of 

direction of the ambient current and two horizontal fins stabilize the pitch. A 3.5m 

long mast is oriented ve1t ically through the center of the instrument. Two pairs of 

Sea-Bird t hermometers and conductivity cells (Table 3.1) are mounted at each end of 

the mast, and a third pair of Sea-Bird sensors is mounted on the middle of the body. 

These three pairs of sensors measure mean temperature and salinity and their vertical 

gradients. T wo rotor current meters (McPhee 1992) are mounted on the upper and 

lower halves of the mast for measuring the ambient current speed . 

There are two pressure cases inside the instrument body. The first one, with a 

length of 1.5m and a diameter of 0.2m, is mounted in the front half of the vehicle. 

This case houses all electronics and carries six turbulence sensors, a tri-orthogonal ac­

celerometer (ICSENSORS 3140-002), a flux-gate compass (KVH C-100) , and a pressure 
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TAMI Radio & Light Beacons 

Current Meter Rotor 

1 m 

wivel 

Figure 3.1: A sketch of TAMI ( Tethered Autonomous Microstructure Instrument) 
which can be anchored using standard techniques and measures fluctuations of 
cross-stream velocity, temperature and their horizontal gradients at microscale using 
shear probes and thermistors. The vertical gradients of conductivity and tempera­
ture are measured with three pairs of Sea-Bird sensors. The speed of flow past the 
instrument is measured with two rotors on the upper and lower halves of the mast. 
The instrument is 5m long and has a diameter of 0.6m. 
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TAMI 

Float 

Acoustic Release 

Anchor 

Pigure 3.2: Mooring configuration of TAMI in Cordova Channel. TAMI was at 15m 
depth. 
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Sensor Sensed signal Sampling rate 
Shear probe ~~ -;;_ , -;;-= 128/s 
Shear probe V1 , V2 16/s 
Shear probe ~£.!£2. 

~) "- 128/s 
Shear probe W1,tv2 16/s 
Fast thermistor 

ti.I rl 

=if,~ 128/s 
Fast thermistor T{,T; 16/s 
Acceleration ax,ay,az 128/s 
Sea-Bird C S1,S2,S3 2/s 
Sea-Bird T T1, T2, T3 2/s 
Current meter U1,U2 1/128s 
pressure p 2/s 
Compass 0 2/128s 

Table 3.1: Sensor locations and sensed signals 

transducer (Keller P-10-50) (Table 3.1). The turbulence sensors - two pairs of shear 

probes for measuring v, fJv/fJx and tu, fJw/fJx , and one pair of FP07 fast thermistors 

for measuring T, fJT / fJx - are mounted onto a conical cap on the front of the case. 

The accelerometers and the compass are within the cap. A guard is mounted on the 

front of the body to protect the turbulence sensors. The pressure sensor is mounted 

in the rear of the case. A second pressure case, with the identical size of the first 

case but without a conical cap, carries batteries and is mounted in the aft half of the 

vehicle. 

The instrument weighs 4500 Nt in air and is 550Nt buoyant in water. However its 

effective (enclosed and virtual) mass is 1000kg underwater which serves to dampen 

high-frequency vibrations. 

The instrument is connected to a cable with a swivel at the lower end of the mast. 

An anchor is attached to the lower end of the cable. 

3.2 Electronics 

T he electronics of TAMI manipulate data acquisition, data processing and data stor­

age. The operation of the electronics is as follovvs: 
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(1) At the beginning of a sampling cycle of 5 minutes, a watchdog timer wakes 

the system. 

(2) The signals are sampled for 128 seconds. 

(3) The data are processed which takes 3.5 seconds. 

( 4) The processed data are stored in nonvolatile memory. 

(5) The system then sleeps for the rest of the 5 minute cycle. 

(6) After every six hours, the processed data as well as all unprocessed data from 

the last sampling cycle are saved on a disk. 

In a sampling cycle, the electronics operate 19 sensors to collect data at 5 different 

sampling rates (Table 3.1). Turbulent velocities and temperature are differentiated 

to produce signals which are proportional to their shears and temperature gradient. 

These turbulent shear and temperature gradients as well as accelerations are sampled 

at 128 samples per second . The acceleration measurements, including vertical, lateral 

and longitudinal components, are used to sense vibrations near the shear probes and 

to determine the roll and pitch of the instrument. The accelerometers respond to 

gravity, so that the longi tudinal and lateral acceleration at low frequencies can be 

interpreted as pitch and roll. The signal at higher frequencies comes primarily from 

inertial vibration. Turbulent velocity and temperature for estimating the vertical 

Aux of heat are sampled at the rate of 16 samples per second. The Sea-Bird sensors 

and pressure gauge are read twice per second. The rotation of the rotors is counted 

over 128 seconds. The compass is read at the beginning and at the end of the 128 

second sampling intervals. A 12-pole Butterworth low-pass filter is employed for anti­

al iasing, with one bank set to 43Hz for the turbulent shear, temperature gradient 

and acceleration signals, and a second bank set to 5Hz for turbulent velocity and 

temperat urE' signals. 

The data processing is executed by a digital signal processor (DSP - AT&T DSP-

32C). Data processing greatly reduces the volume of the stored data. For example, 
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Collected signal Processed signal Type 
q_v q_w q_T' 
~~, ~~, ~~) ax, ay, az spectra I 
v,w,T' spectra II 
w,T' co-spectrum III 
Tsa,Ssa,P minimum, maximum, mean, std IV 

Table 3.2: The data processed by DSP 

the unprocessed data are 320 KBytes in each sampling cycle and will accumulate to 

45 MBytes in 24 hours and 315 MBytes in one week. However, the data accumulate to 

only 2.9 I<Bytes in a cycle after processing with the J?SP and reaches only 840KBytes 

in a day. 

The data are divided into 4 types for processing (Table 3.2). Each signal of type 

I is divided into 4 segments for which spectra are calculated. These 4 spectra are 

averaged into a single spectrum. Finally the single spectrum is band-averaged into 

21 frequency bins with uniform intervals in logarithmic space (Table 3.3) . 

Each of the turbulent velocities and temperature fluctuations of type II is pro­

cessed into a single spectrum, then the spectrum is band-averaged into 19 frequency 

bins of equal spacing in log space (Table 3.3) 

Statistics, including maximum, minimum, mean and standard deviation, are cal­

culated for all signals of type I and II. These statistics are used to judge data quality. 

Type III data, turbulent velocity and temperature fluctuation, are processed into 

a co-spectrum. Only the real part of the co-spectrum is retained and band-averaged 

into 19 frequency bins as are the data of type II. 

Statistics of fine-structure data (type IV), including mean temperature, salinity 

and pressure, are computed twice. The first calculation is done using all data of 

a signal. The second calculation uses only those data which are within 4 standard 

deviations of the mean . 

The instrument has been proven reliable for detecting turbulence in conditions 
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Bin f [Hz] 6f [Hz] Bin f [Hz] 6f [Hz] 
1 0.032 0.031 1 0.008 0.008 
2 0.063 0.031 2 0.016 0.008 
3 0.094 0.031 3 0.024 0.007 
4 0.14 0.063 4 0.035 0.016 
5 0.20 0.062 5 0.051 0.016 
6 0.30 0.125 6 0.075 0.031 
7 0.42 0.125 7 0.105 0.031 
8 0.61 0.25 8 0.15 0.063 
9 0.86 0.25 9 0.22 0.062 

10 1.2 0.5 10 0.31 0.125 
11 1.7 0.5 11 0.43 0.125 
12 2.5 1 12 0.62 0.25 
13 3.5 1 13 0.87 0.25 
14 5.0 2 14 1.25 0.5 
15 7.0 2 15 1.75 0.5 
16 10 4 16 2.5 1 
17 14 4 17 3.5 1 
18 20 8 18 5.0 2 
19 28 8 19 7.0 2 
20 40 16 
21 56 16 

Table 3.3: Twenty-one and nineteen frequency bins for spectrum calculations. f is 
arithmetic average of starting and ending frequency at each bin. 6.f is width for each 
bin. 

similar to the open ocean (Lueck et al. 1996). However, the condi tions in Cordova 

Channel are different from those in the open ocean. The first major difference is the 

current which has typical speed of 0.60 ms-1 in the tidal channel compared to 0.10 

ms-1 in the open ocean (Kunze and Sanford 1984). As a result, the turbulence in 

the tidal channel will be undersampled making it impossible to use equation (2.17) 

to estimate the dissipation rate and instead we use equation (2.33) . For example, 

only 55% of variance of a velocity spectrum with a di ssipation of 10- 5 W kg-1 is 

resolved when mean flow speed is 0.6 m s-1
. Therefore, we utilize the inertial-subrange 

technique. In addition, the vibration of the instrument, mainly due to eddy shedding 

(Mourn and Lueck 1985), is expected to be larger in the tidal channel than that in the 
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open ocean. T'he vert ical scale of turbulent eddies in the open ocean is typically 0.1 

- 0.5m. The size of eddies in Cordova Channel will be O(20m) and this may induce 

rnnsidcrable buffeting of the instrument because it is only 5m long. Because of the 

large eddy scale in the channel, t he inertial-subrange is expected to be wide enough 

to obtain dissipation estimates. The rate of dissipation is severa l orders of magnitude 

larger t han in the open ocean, where typical values are (1 - 1000) x 10-10 W kg-1 

(GargeU and Holloway 19 4) and usually larger dissipation occurs in the upper layer 

wit h stronger mixing compared to samller values in the deep layer. Therefore, the 

intensity of the voltage output of the shear probe will be much larger than that in 

the open ocean, and we expect this to compensate for the effects of eddy shedding 

and buffeting. 
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Chapter 4 

Background 

4.1 Experiment 

The experiment was conducted in Cordova Channel (Figure 4.3) between the Saanich 

Peninsula and James Island. Cordova Channel is oriented northwest and forms a 

minor side passage connecting the George Strait basin with the Pacific Ocean. The 

channel is approximately 5 km long and 30 m depth on its central line. The channel 

i~ 1500 m wide on the surface and 650 m and 500 m wide at the 10 m and 20 m 

isobaths, respectively, on a cross-channel section near our instruments. The isobaths 

basically follow the shorelines. 

The field work was a collaborative experiment, involving several investigators and 

a number of different instruments. Here I will describe the major measurements (for 

the major instruments see Table 4.4) pertinent to the description of turbulence in 

Cordova Channel. A meteorological station was set up by Dr. Farmer's group of 

IOS on September 16, 1994, four days before the beginning of the main program at 

Cordova Spit Station. The meteorological instruments recorded 5-minute-averaged 

wind veloci ty, air temperature and barometric pressure. An Andera.a current meter 

( CMI) of Dr. Farmer 's group collected vector averaged current readings at 2 minute 

intervals starting on the afternoon of September 19. An acoustic scintillat ion system 

was also set up by Dr. Farmer's group for measuring the level of the refractive 

index fluctuation due to velocity and temperature turbulence. An ADCP of Dr. 

Lueck 's group was mounted on the bed for measuring velocity profiles, from 3.5m 

above the bottom to 4m below the surface, at lm intervals. Its data are used to 
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Figure 4.3: Cordova Channel, B.C. Solid dots represent the positions of the Anderaa 
current meter (CMI), the ADCP, the acoustic scint illation system (R: receivers, T : 
transmitters). TAMI and tide gauges (Gland G2). T he TAMll indicates the location 
of TAMI during the first deployment, the TAMI2 during the second deployment. 
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Instrument Position Ref. to TAMI2 Depth 
48°35.850'N, 4m above 

Meteorological sta.tion N/A sea 
123°22.250'\iV surface 
48° 35. 902'N l 

CMI West , 300m 20m 
123°21.960'\iV 

Acoustic scintillation its path was 
N/A 15m 

system 130m south 
48°21.78851N 

ADCP South, 90m bottom mounted 
123°35.806'\iV 

(1st deployment) 48°35.856'N, 40m 
123°21.744'\iV 

TAMI 15m 
48°35.8921N l 

(2nd deployment) 123°21.733'\iV Om 
48°35.0'N l Surface 

CTD profiler South, 150m to 
123°21.S'W bottom 

(1st) 48°36.43'N North, 2.5km 
123°23.411W 

Tide gauges Bottom 
48° 34. 78'N, 

(2nd) 123°21.901W South, 2.5km 

Table 4 .4: The positions of the major instruments and their relative distances to 
TAMI 

estimate depth averaged velocity, shear , logarithmic layer height, and the production 

of turbulent kinetic energy. CT D profiles, using Sea-Bird sensors, were taken by Dr. 

Farmer 's group during the period of September 25 - 30. The CTD profiler collected 

temperature, salinity profiles three times every hour. In addition, two tide gauges 

were set up by Canadian Hydrographic Service on September 19 at both ends of the 

channel. 

TAMI was deployed in the afternoon of September 21 and recovered in the morning 

of September 26. After a ballast adjustment, it was redeployed in the morning of 

September 27 and recovered in the morning of September 30. The positions of both 
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deployments were close to the center of the channel. The current meter at the top 

mast was stalled by jell yfish during the first deployment and was dismounted for the 

second deployment . 

Other work includes Lagrangian current measurements by Dr. D'Asaro of the 

APL/UW, Seattle, WA, using a neutrally-buoyant float and the measurement of 

acoustic fluctuation induced by waves traveling through turbulence by Dr. Deane of 

MPL/Scripps, San Diego, CA, using acoustic daylight receiving arrays. In addi tion, 

zooplankton were sampled by Dr. Mackas of IOS. 

4.2 Instrument movem ent and orientation 

T he signal from the compass was used to (1) examine the stability of the instrument 

by comparing the current direction measured by TAMI against the measurements 

of the ADCP and the CMI (See Appendix A), and (2) convert the speed measured 

wit h the rotor on the mast into current vectors. The variation of the heading of 

the instrument (Figure 4.4 and 4.5) was nearly continuous and smooth in each tidal 

cycle. Abrupt change of the heading only occured during the short periods of weak 

flow near the turning of the tide. Therefore, the orientation of TAMI was usually 

stable. There were excellent agreements between the current speeds and directions 

measured by TAMI and by other instruments - the CMI and the ADCP (Figure A.54 

and A.55). These agreements indicate that TAMI was directed into the current as 

expected. 

For an ideal and stable condition, the instrument is "fixed" at a point above 

its anchor and has no motion except rotation in response to changes of direction of 

the current. In reali ty, the instrument is not "fixed,, . Its quasi-steady position is 

determined by the conditions of zero total force and zero total torque. Without a 

current (Figure 4.6A), there are three forces - weight (W), buoyancy (B) and the 

tension (T) from the cable, directed vertically. The center of the weight is slightly 
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Figure 4.4: The phase of TAMI heading indicated that the instrument was usually 
stable except during periods of weak current around the turning of the tide. Upper 
panel: Phase of current converted from the heading of TAMI's. The straight line 
indicates l he phase of the semi-diurnal tide. Lower panel: Current vector sticks, 
which upward direction indicates ebb, obtained by combining the instrument head­
ing and the current speed. Vertical (horizontal) direction denotes the along-channel 
( cross-channel) component. 
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TAMI {Cordova Channel,B.C.}:Phase of current direction 
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forward of the center of the buoyancy, giving the instrument a downward pitch. The 

pitch was -14° for the first deploy ment and was reduced to -7° (also downward) for 

the second deployment by removing a weight mounted on the guard . 

\Vhen water moves against the instrument, drag forces the instrument backwards 

and the vehicle is drawn downwards by the cable. Also, a negative lift (downwards) 

is generated by the tail fins. These two fo rces (Fo and FL) generate counterclockwise 

torques around the bottom of the mast to reduce the downward pitch (Figure 4.6B). 

There still exists lift when the pitch is zero (Figure 4.6C) because of an intentional 

bend in the Lail fins. However, this lift is too small to compensate the counterclockwise 

torque by the drag, so the pitch continues to increase (although less strongly) with 

increa,sing flow (Fig 4.60 ). The maximum pitch was 3° for both deployments. Seventy 

percent of pitch records are between -10° and 3° during the first deployment and 80% 

of the records arc between -6° and 2° during t he second deployment. 

The angle of the cable from the vert ical can be estimated as tan-1(Fo/(B - W )), 

where Fo is the drag, and we ignore the small lift. Fo is about 300N ( calibrated 

by towing from a ship) at 1 ms- 1 and B - W is approximately 550N . Thus, the 

,·erlical displacement is approximately 2m in a current of 1 ms-1 and 0.5m in 0.6 

ms-1
. The horizontal displacement is 7.5m in a current of 1 ms-1

• The vertical 

displacement of the instrument is indicated by the difference between the variation 

of the pressure recorded by TAMI (Figure 4. 7) and the t ide gauges. The difference 

of pressure (TA MI - t ide gauge) indicates that the vert ical displacement is mostly 

between 0.1 and lm (Figure 4.8). This vertical displacement is tightly correlated 

with the current speed. The maximum vert ical displacement occured at day 25.8 whi le 

there was no corresponding extrema of current speed . This event was accompanied 

by large roll and suggests that the instrument may have been momentarily broadside 

to the flow. In general, the roll of the instrument varied between -5° and 5° for 95% 

of the sam ples of both deployment.s. 
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Figure 4.6: The orientation of the instrument. Case A: No current, B denotes the 
buoyancy, W the weight and T the tension in the cable. Case B: The instrument has 
a negative pitch (the nose downwards) with a current (U), Fo is the drag and FL is 
Lhe lift (downward indicates negative). Case C: The instrument has zero pitch with 
a current (U) , the lift, FL , is positive due to an intentional bend of the tail fins. Case 
D: The instrument has a positive pitch with a current (U). 
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TAMI {Cordova Channel,B.C.}:Vertical displacement 
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4.3 Tidal current 

34 

The flow in Cordova Channel was mainly tidal (Robinson 1983; Farmer et al. 1987; 

Foreman et al. 1994) and its major constituents are M2, K 1 , S2 and 0 1 (Robinson 

1983; Foreman et al. 1994). The t ide ranged about 2m and was accompanied by 

strong currents with peak speed of 1.2 m s-1
. The measured current was mainly 

semi-diurnal (J\1£2 ) (Figure 4.4) during the first deployment and mixed (M2 and 1<1 ) 

(Figure 4.5) during the second deployment due to the fortnightly modulation of the 

tide. 

A least square fit to the tidal signal usmg sinusoidal variables (sin(wnt) and 

cos(wnt), where Wn is frequency of the nth tidal constituent, t is time and n = 1, 2, 3, 4), 

was applied to the two current components ( Uew - the east-west component and Uns 

- the north-south component). This method is a harmonic analysis - a common 

processing technique (Godin 1972; Foreman 1978) . However, the lengths of the time 

series are only 4.8 days for the first experiment and 2.9 days for the second deploy­

ment, too short for accurate estimates of the amplitude of the tidal coefficients. A fit 

employing four constituents, i.e. M2 , K 1 , S2 and 01, was used because it gives better 

results (Figure 4.9 and 4.10) than using fewer constituents. Adding M4 to include 

rectification by non-linearity does not improve the fit. 

The harmonic constants are listed in Table 4.5. The tidal current explains 92% 

(91 %) of the variance of the measured flow during the first (second) deployments. 

The south-eastward mean current was 0.19 ms-1
. The M2 constituent is the major 

component contributing almost 50% of the magnitude of the current speed during 

these two deployments. 

The parameters of the current ellipses of the four constituents, obtained using the 

method of Foreman (1978), are shown in Table 4.6. The major axes were much longer 

than minor axes for all constituents, as expected for a channel flow. For individual 

constituents the major axes of M2 were much longer than those of other constituents. 
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First experiment U ew [ms-1
] Bew [0

] Vn., [ms- 1
] 0n_, [0

] 

A/2 0.320 179.8 0.612 10.7 
I<1 0.065 124.9 0.161 276.0 
82 0.087 179.8 0.190 345.8 
01 0.075 339.0 0.140 126.6 

mean term 0.146 -0.122 
Second experiment 

M2 0.291 67.7 0.428 258.7 
f<1 0.068 120.3 0.150 323.9 
82 0.088 270.9 0.108 95.6 
o, 0.162 176.5 0.207 347.7 

mean term 0.132 -0.136 

Table 4.5: The harmonic constants of the tide during the experiment. Uew and ¼1., 

denote magnitudes of tLew and Vns respectively. 0 represents their phases with PST. 

1st deployment L [ms-1
] Q [o] D [ms-1] Rotation 

M2 0.688 332 0.054 clockwise 
I<1 0.171 335 0.030 counterclockwise 
82 0.208 335 0.019 counterclockwise 
01 0.155 328 0.037 counterclockwise 

2nd deployment 
J\112 0.516 325 0.037 clockwise 
I(, 0.162 334 0.025 clockwise 
52 0.139 321 0.006 clockwise 
01 0.262 321 0.020 counterclockwise 

Table 4 .6: The parameters of the ellipses of the four constituents. L denotes the 
length of major axis of an ellipse. o represents the direction of the major axis, 
bearing clockwise and starting from the north. D denotes the length of a minor axis. 
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The directions of all major axes were very close to each other (Table 4.6), ranging 

from 321 ° to 335° (bearing clockwise starting from the north). These directions were 

also dose t,o the direction of the channel, which is approximately 327°. 

The measured currents had a principle axis of 345° during the flood and 147° 

during the ebb (Figure 4.11). The directional asymmetry of the flood and ebb arose 

from the geometry of the channel. During the ebb, the direction of the flow was closer 

to the direction of the tidal ellipse than during the flood . Therefore, a principle axis 

of 327°, which was aligned to the direction of the ebb, was chosen as the axis for 

decomposing the measured current into two components, namely, the along-channel 

component, v, and the cross-channel component, u (Figure 4.9 and 4.10) . The magni­

tude of the along-channel component, typically 0.6 ms-1 was much greater than that 

of the cross-channel component, 0.1 ms-1 . A mean current of 0.19 ms- 1 was evident 

from the larger average current during the ebb compared to the flood. 

The residual current - the observed less the tidal current - accounts for 8.8% of 

the tidal kinetic energy (KE) during the first deployment, and 11 .2% of the tidal 

KE during the second deployment. The residual current (Figure 4.12) was scattered, 

random and isotropic during the first deployment and had nearly identical variances 

for two components, u;esidua.l = (1 ± 6%)v;esidua.l · The anisotropy of the residual 

current during the second deployment (Figure 4.13), stems from inaccurate constants 

due to the short record length. The fitted and the measured data, particularly in Vns, 

are phase shifted (Figure 4.10). The residual currents represent 2-D horizontal eddies 

which are probably generated by flow separation and topographic effect . Numerical 

modelling (Maddock and Pingree 1978; Pingree 1978) reveals that two-dimensional 

horizontal eddies can be generated near a headland. In a tidal fl.ow parallel to a 

coastline, vorticity is produced because the flow close to the coast experiences more 

bottom friction, due to the shallower depth, than the deeper flow farther from the 

shore. If the coastline is straight, then there is no net vorticity generated due to 
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Figure 4.11: The current plotted in polar coordinates (bearing clockwise starting from 
the north). Radius indicates the current speed and azimuth gives the direction of the 
current ([0

]) . 
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an equal and opposite contribution from both sides of the channel. However, with 

a headland, a vorticity gyre wi ll separate from the headland due to the tendency of 

streamline overshoot (Robinson 1983). Flow separation occurs behind a headland due 

to a reversal of the pressure gradient (Schlichting 1955) Kundu 1990) . In Cordova 

Channel, sources of eddy generation are likely the north end of James Island and 

Cordova Spit . 

Log-I.ayer heights, deduced from the measurement of the ADCP (Lueck and Lu 

1996), varied tidally and reached 15m, the nominal position of TAMI. However, only 

16% of the 306 velocity profiles taken over 4.5 days had logarithmic layers with heights 

greater than 15m. Therefore, TAMI was out of the log-layer during most of the time 

of the experiment. 

4.4 CTD profiles 

Throughout the experiment , water became fresher and warmer (Figure 4.14 and 4.15), 

due to Fraser River runoff which was brought southwards by the mean current. [For 

salini ty correction see Appendix A.] The variation of density was produced primarily 

by the variation of the salinity, and salinity record shows the modulation by the tide. 

The temperature had more fluctuat ions at higher frequencies than the salinity during 

both deployments. The T - S relationship (Figure 4.16) confirms that the warmer 

fluctuations was correlated with freshening and vice versa. 

CTD profiles illustrate Lhat the channel was fairly well mixed during periods of 

strong current, particularly during the ebb. For example, a profile taken at mid­

night of day 25 is shown in Figure 4.17. Numerous inversions suggest that flow was 

turbulent. These inversions were overturns because they only formed local extrema. 

Another CTD profile taken when the flow was weak and during a flood (Fig­

ure 4.18) provides a different picture - t he water below approximately 15m depth 

was weakly stratified with a small slope in S, T and hence in <7t . The stratificat ion 
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Figure 4.12: The tidal current and residual current vectors during the first deploy­
ment. Upper panel: Residual current vectors and tidal current speeds (dotted line). 
The residual current is rotated to the the direction of the channel, 327°. Lower panel: 
The tidal current vectors (only every fourth sample), also rotated to the direction of 
the channel, 327°. 
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Figure 4.13: The t idal current and residual current vectors during the second deploy­
ment as in Figure 4.12. Only every third sample of the tidal current is plotted . Note 
that there is no current data around day 29.9 for several hours. 
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very near the bottom was slightly stronger. T he salt tongue at 13m depth had a 

density much larger than in any other part of the water column. This extrema can 

not be produced by overturning and must have resulted from the horizontal advection 

of anomalously dense water. This tongue was gravitationally unstable and suggests 

vigorous turbulence well removed from the bottom even during weak flows. 

A third CTD profile sample, taken near the turning of the tide and during an 

ebb (Figure 4.19), indicates strong stratification throughout the water column. The 

stratification was strongest near the bottom. However , there still were significant 

inversions indicative of turbulence, for example at 20m depth. 

4.5 St ratification and shear instability a t mid-depth 

The Brunt-Vaisiila frequency squared , N2, was estimated from the density gradient 

using the data measured by the top and bottom Sea-Bird sensors. [For the Brunt­

Viiisiila frequency correction see Appendix A.] No t idal modulation was evident in the 

N 2 est imate (Figure 4.20 and 4.21 ). The value of N 2 was generally small during the 

strongest part of the ebb (the shaded areas in Figure 4.20) . This pattern existed only 

during the morning ebb for the second deployment (the shaded areas in Figure 4.21). 

The dist ribution of N 2 values was highly skewed (Figure 4.22). Eighty-three percent 

of the ebb and 87% of the flood had N 2 value smaller t han 4 x 10-ss-2 . The most 

probable value was approximately 5 x 10-6s-2 while the mean was N 2 = 2 x 10-ss- 2 . 

Inversions, indicated by N 2 < 0, occurred more frequently during the ebb than during 

the flood. Inversions occurred for 9.2% (6.4%) of the ebb (flood) during the first 

deployment and for 24.7% (11.4%) of the ebb (flood) during the second deployment 

(Table 4.7). 

The Richardson number, Ri, was calculated using N 2 obtained with TAMI and 

shear with the ADCP. As mentioned in Chapter 3, N 2 was calculated with top and 

bottom thermometers. [The top (bottom) thermometer is 1.5 m higher (lower) than 
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F igure 4.18: A CTD profile taken during a weak flooding and close to the turning of 
the tide. 

the first deployment Total Ebb Flood 
% 7.9 9.2 6.4 

the second deployment Total Ebb Flood 
% 21.9 24.7 11.4 

Table 4.7: Percentage of inversion events (N2 < 0) during the experiment. A per­
centage indicates that the ratio of the number of negative N 2 , to the total number of 
N 2 observed during a specific kind of period, for example, ebb. 
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Figure 4.20: The Brunt-Vaisala frequency squared, N 2 ([s-2
]), during the first de­

ployment. A negative N 2 indicates an inversion. Grey shading areas indicate the 
periods of strong ebbing associated with weak stratification. Upper panel: N 2 shown 
in the upper panel. Middle panel: A close look of N 2 in the upper panel. Lower 
panel: Current speed, upward (downward) direction indicates flooding (ebbing) . 
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the shear probes.] Shear was computed with two velocity estimates which were aver­

aged in two 1-m bins - one is 0.5 m higher than the shear probes and the other is 0.5 

m lower. T he Richardson numbers were estimated for only three days (Figure 4.23) 

because we only have 3 days of shear estimates from ADCP at the depth of TAMI. 

Because neither /1/2 nor the shear had a tidal modulation at 15m above the bottom, 

the Richardson number, Ri , also had no t idal signal. There was also no evident rela­

t ionship between the current speed and Ri . Forty-seven percent of the Ri estimated 

were less than 1/4 during the ebb while only 26% were less than 1/4 during the flood 

(Figure 4.24) . For these three-day data, Ri < 0 (determined exclusively by N 2 < 0) 

occurred more frequently during the ebb than during the flood, with 11 % and 5%, 

respectively. 

4.6 Meteorological condition 

Meteorological records showed that the wind was light with typical speed of 2 ms- 1 

and occasionally gusted to 4 ms-1
. The surface stress due to the wind was 0(0.02 

Pa) if we use T = PACDU{0 , where PA is density of air, Co= 1.3 x 10-3 (Smith 1980) 

is the drag coefficient and U10 is the wind speed at a height of 10m, and we used 

the speed at 4m instead. The surface stress was much less than the bottom stress, 

typically 2.5 Pa (Lueck and Lu 1996). Because TAMI was at 15m above the bottom, 

the surface stress is unimportant compared to the bottom stress. 

It was clear and sunny during the experiment. The record of air temperature 

showed a diurnal cycle with the highest temperature occuring around noon and the 

lowest temperature occuring around mid-night. The maximum t emperature was 21 °C 

and the lowest temperature was 12°C during the warm days ( days 21 - 23, 27 - 30). 

The daily extrema were 15°C and 10°C during the cool days (days 24- 26). 
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Chapter 5 

Microstructure shear and acceleration 

As mentioned in Chapter 2, the vibration of the instrument is expected to be stronger 

in Cordova Channel than that in the open ocean. However, the signal is also stronger 

than that in the open ocean. In this Chapter, I examine the time series to show that 

the measured shear was not contaminated by the body vibration. 

5 .1 T ime series of shears and accelerations 

Every 6 hours we have a 128 second long sample of unprocessed data for all channels 

in addition to the processed data. Here I present a typically unprocessed samples. 

The time series of shears (av/ax and aw/ ax) taken during a current of 0. 79m s-1 are 

shown in Figure 5.25. For this 128 second interval, the distance which water traveled 

is equivalent to 100m. The fluctuation of the measured shear with full bandwidth 

are large and intermittent, and this characteristic is not significantly changed by a 

low-pass filter set to 16Hz (20cpm). The choice of 16Hz will be justified in section 

5.2. 

The vibration of the vehicle is detected with tri-orthogonal accelerometers. The 

signal produced by an accelerometer is composed of two parts (Mourn and Lueck 1985; 

Osborn and Lueck 1985a; Lueck et al. 1996). The output at low frequencies is due to 

gravity and at high frequencies comes from inertial acceleration. The apparent shear 

signals due to body vibration are a,jU and ay/U for aw/ax and av/ax, respectively 

(Osborn and Lueck 1985a; Lueck et al. 1996), where ay is the horizontal cross­

stream acceleration and az the vertical acceleration. The "fuzz" on the full-bandwidth 
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acceleration data represents the high-frequency inertial acceleration while the low­

frequency variations (with time scale longer than ~l second) of ax and ay represent 

pitch and roll , respectively. When the accelerometer signals are convolved by the 

same low-pass filter (Figure 5.25) used for the shear signals, there is no correlation 

between the variances of t he filtered accelerations and the filtered shears. The signal 

magnitudes are very different. The filtered accelerations are typically 0.03m s-2 for az 

and ay, equivalent to 0.05s- 1 for a/U, and this is 60 times smaller than the measured 

shears. The signals produced by the gravity are 

[ax, ay] = g[sin(a),sin(,8)] (5.53) 

where a is the pitch angle (positive with nose up) and ,8 is the roll angle (positive 

port down). The typical peak-to-peak pitch is 5° with a period of ~10 seconds and 

the roll is less than 5° with a period of ~30 seconds. A peak-to-peak of roll of 0.5° 

and ~2 second period is also evident and th is signal may be either roll or inertial 

acceleration. 

The further examination of another 30 samples of unprocessed data taken during 

current speeds ranging from 0.3m s-1 to l.lm s-1 also indicates that the measured 

shears are not contaminated by vibrations. In these samples, the magnitude of the 

measured shears is usually at least 20 times larger than the contribution from vibra­

tions . Therefore, the measured shears are real environmental signals. 

5.2 Spectra of shears and accelerations 

By comparing the spectra of the measured shears ( <P&w/8x and <P&v/&x) against the 

spectra of the shears induced by the vibration of the instrument (scaled accelera­

tion spectra - <Pa,/U2 and <Pay/U2
), we can determine which, if any, frequencies are 

contaminated. 
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A typical shear spectrum (Figure 7b of Lueck et al. 1996) rises at small wavenum­

bers with a slope of 1/3 to its spectral peak and then falls quickly at large wavenum­

bers. Electronic noise and vibration usually appear as a rise of the spectrum at very 

high wavenumbers. Spectra (Figure 5.26) are estimated with two methods - one using 

the unprocessed times series and the other using the spectra processed ( in situ) by the 

DSP of the instrument. The spectra of the shears measured in Cordova Channel rise 

from small wavenumber up to about 20cpm, reaching a spectral maximum, and then 

fall at large wavenumbers. These spectra fall even more quickly than those of Lueck 

et al. (1996) at high wavenumbers because (1) the spectra from Cordova Channel 

reach larger wavenumbers, (2) the electronic noise of the instrument was 104 times 

smaller than in Lueck et al. (1996), and (3) the influence of the anti-aliasing low-pass 

filter (at 43Hz) is more pronounced because of (1). 

The scaled acceleration spectra ( ef>a(y,,/ U2
) fall below the shear spectra from 

0.2cpm (for ow/ox) and 0.8cpm (for ov/ox) to 2lcpm. Within this range, the separa­

tions between the shear spectra and the scaled acceleration spectra are very clear. A 

peak at 4cpm (3Hz) in the scaled acceleration spectra has no influence on the spectra 

of the measured shears. The vibration at this frequency is due to the mast (Lueck et 

al. 1996). The spectra of the measured shears are contaminated by vibrations start­

ing from 2lcpm (l 7Hz). The vibration at this frequency is also associated with the 

mast (Lueck 1996, personal communication). The spectral peaks of the measured ac­

celerations, at 23, 43, 47, 64, 65 and 70cpm, contaminate the measured shears. The 

scaled acceleration spectra rise above the spectra of the measured shears at small 

wavenumbers (::; 0.4cpm). However, the output of the accelerometers in this range is 

due to pitch and roll which has negligible affect on the measured shears (Mourn and 

Lueck 1985). 
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Figure 5.26: The spectra of the time series in Figure 5.25. The curves denote the spec­
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Chapter 6 

The inertial subrange 

In this chapter, I will examine the characteristics of the velocity and temperature 

spectra, including (1) the slope of the spectra in the inertial-subrange, (2) the width 

of the inertial and inertial-convection subranges and (3) the local isotropy of the 

velocity spectra. All three issues bear on whether the inertial-subrange technique can 

be used to estimate the rate of dissipation of TI<E. 

6.1 Ve locity 

The velocity spectra used in this chapter are converted from the shear spectra. These 

spectra have been corrected for the spectral resolution of the shear probe (Ninnis 

1984; see Appendix B) and for small deviations of the differentiator gains. The gain 

of the differentiator was calibrated with a spectrum analyzer to an accuracy of ±1/2% 

in amplitude. Therefore, the spectral slope over one decade of wavenumber can be 

determined to be approximately ±1 %, and 1/2% over two decades. The spectra that 

will be described are selected by using criteria similar to those used for the dissipation 

estimates in Lueck et al. (1996). These criteria are (1) the maximum and minimum 

of output of the analog-to-digital converter do not exceed ±2,000 (no data saturation) 

[There are more than 96% of all spectra within this range, except the spectra from 

only one of two probes for measuring v with a slightly smaller percentage, 90%.] (2) 

Rows are larger than 0.15m s-1
, (3) the spectrum is free from the contamination by 

body motion, ( 4) the rms angle of attack is less than 5° ( the shear probe response 

is fair ly linear), and (5) rotation speed of the instrument is less than 3° per minute 
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( steady orientation). 

Individual velocity spectra generally have well-defined -5/3 slopes over 2 decades 

of wavenumber regardless of whether the effect of stratificat ion, which is characterized 

by the buoyancy Reynolds number (Ra), is high or low (Figure 6.27). Each spectrum 

comes from data collected at a unique interval. T here is very li ttle difference between 

spectra from data taken simultaneously. GargeLt et al. (1984) used the criterion, 

I = R:¾ 1 in (2.:38), to classify the effect of buoyancy on the velocity spectra. For 

I ~ 3000, their velocity spectra - one stream-wise and two cross-stream spectra -

a ll had well-defined -5/3 slopes. However, for I < 900, only the stream-wise velocity 

spectrum had a well-defined -5/3 slope but the two cross-stream velocity spectra were 

below the -5/3 slope at low wavenumbers. Gargett et al. suggested that the change 

of slope of the cross-st.ream spectra was due to stratification. We find that t he cross­

st ream velocity spect ra in st.rong stratification (I ::; 900) have a well defined -5/3 

slope down to wavenumbers as small as those examined by Gargett et al. (1984) . 

Because a ll of our individual velocity spectra have well-defined -5/ 3 slopes, we 

have an opportunity to examine the statistics of this characteristic (-5/3 slope) in 

the inertial-subrange. The velocity spectra are scaled into non-dimensional form 

using (2.33). With the scaling of (2.33) a "perfect" spectrum would equal 1 for 

all wavenumbers and, by flattening the spectrum, small deviations of the slope a re 

greatly emphasized. In this scaling, the dissipation, €, is estimated first, using the 

inertia l-subrange technique (see Appendix C). The range of a spectrum selected as 

the inertial-subrange is determined only by one criterion - we reject those spectral 

points contaminated by vibration. Because the portion of the spectra most likely 

to be contaminated by vibration li e below lcpm (Figure 6.28 and 6.29) , the range 

chosen for the inertial-subrange is generally from approximately lcpm to 20cpm. The 

spectra at low wavenumbers were frequently affected by body motion. For the vertical 

spectra, these motions may be caused by body vibrations or internal wave motions. 
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Figure 6.27: Twenty-four individual velocity spectra from the four shear probes, all 
for different times. In each panel, there are 6 spectra from a probe. Of the 6 spectra 
in a panel, the first 5 spectra are denoted by five symbols combining 5 curves together 
and the last spectrum by only a curve. The straight lines indicate -5/3 slopes. RB is 
the buoyancy Reynolds number and I = R3j4 in (2.38). 
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For the horizontal component , the spectra at low wavenumbers are also affected by 

changes of the current direction. Because t.he instrument is free to rotate into the 

direction of flow, this effect is equivalent to a high pass-flit.er and is evident in the 

roll-off below 0.2cpm (Figure 6.29). 

The dissipations estimated from t.he spectra of v and w taken simultaneously are 

stat, istically identical (Figure B.56). Also, the dissipations estimated from the spectra 

of w1 and w2 as well as of v1 and v2 taken simultaneously are statistically identical 

(Figure B.56). 

The non-dimensional velocity spectra in the inertial-subrange are shown in Fig­

ure 6.30 and 6.31. Only the spectra from two of the four shear probes - one for <Pw1 

(866 spectra) and the other for ¢112 (793 spectra) - are shown. The spectra from the 

other two probes are nearly identical to their counterparts. In Figure 6.30 and 6.31, 

at least 98% of the non-dimensional spectral points fall within ±1/4 decade of unity. 

A single slope fitted by least squares to the non-dimensional spectra from each probe 

(Table 6. ) are used to examine the deviation from the ideal spectral slope of -5/3. 

The slope of the non-dimensional <Pw1 spect.rum (Figure 6.30) is -0.007 and its 95% 

confidence interYal is [-0.01, -0.00], estimated by using the Bootstrap method (Efron 

and Gong 19 2). This 95% confidence interval suggests that the slope of the spec­

trum of w 1 is within a range of -5/3±0.01 because ±0.01 is the limit imposed by our 

ability to calibrate the transfer function of the differentiator. The slope of all 1740 

non-dimensional spectra from the vertical component, (Table 6.8) is -0.000 and the 

95% confidence intervals also indicates that the slope is within -5/3±0.01. Further, 

the slopes for the non-dimensional spectra from the horizontal component is -0.011 

only for r/>112 (793 spectra) (Figure 6.31) and is -0.006 for all 1538 non-dimensional 

</>11 • Again , t.he slope of the horizontal velocity spectrum is within -5/3±0.01. F inally, 

combining all non-dimensional spectra (3278 samples) from all four shear probes to­

gether, the slope and its 95% confidence intervals (also Table 6.8) is within -5/3±0.01. 
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Figure 6.28: Non-dimensional spectra of w1 from the lowest measured wavenumber 
to the upper edge of the inertial-subrange. The inertial-subrange of these spectra are 
in Figure 6.30. Shaded area is the 95% confidence interval for the averaged spectrum, 
using the Bootstrap method (Efron and Gong 1982). 
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Figure 6.29: Non-dimensional spectra of v2 from the lowest measured wavenumber to 
the upper edge of the inertial-subrange. The inertial-subrange of these spectra are in 
Figure 6.31. 
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TAMI {Cordova Channel,B.C.} 

slope= -0.007 95% confidence intervals [-0.013,-0.000] 

10-1 .__ __ _,_ _ _.__..___.____.__,_.__._...__ __ ....,_ _ _._____.__..___,__._.._._..__ __ _._ _ _._____.__..____..__,_._.._, 

10-4 10-3 

Figure 6.30: Eight-hundred-sixty-six non-dimensional spectra of w1 . The straight 
line indicates the slope fitted by lea.st squares. The curve represents the averaged 
spectrum at 38 frequency bins with equal intervals. The two dashed lines indicate a 
range of ±1/4 decade of unity. 
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TAMI {Cordova Channel,B.C.} 

slope= - 0.011 95% confident intervals [-0.017,-0.005] 
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Figure 6.31 : Seven-hundred-ninety-three non-dimensional spectra of v2 . Text is as 
that in Figure 6.30. 
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Spectrum Number slope lower cf d9s% upper cfd9s% 
(kif ks) 513<l>w1 (kif ks) 866 -0.007 -0.01 -0.00 
( kif ks )513<l>w2 ( kif ks) 874 0.006 0.00 0.01 
(kif ks)513</>111 (k1 I ks) 745 0.000 -0.01 0.01 
( kif ks )513</>v2 ( kif ks) 793 -0.011 -0.02 -0.00 
( kif ks )513</>w( kif ks) 1740 -0.000 -0.004 0.003 
( kif ks )513</>v( kif ks) 1538 -0.006 -0.010 -0.001 
( kif ks )513</>( kif ks) 3278 -0.003 -0.006 -0.000 

Table 6.8: Slopes of normalized spectra and their 95% confidence intervals. 

The range of the inertial-subrange - where the slope is -5/3 - is more than one 

decades for both the vertical velocity and the horizontal velocity spectra (Figure 6.30 

and 6.31) . The scale of the largest eddies expected in the inertial-subrange is O(15m) 

- the half depth of Cordova Channel. This suggests that the inertial-subrange could 

extend to O(0.07cpm). However, because of body motion, the range of the detected 

inertial-subrange generally starts around lcpm while 10% of spectra start from below 

0.5cpm. The minimum wavenumber represented is 0.2cpm. This minimum wavenum­

ber indicates that the scale of the largest eddies detected in the inertial-subrange is 

5m. The CTD profiles suggest that there may be O(lOm) eddies in Cordova Channel 

(Chapter 4). The vertical eddy scale (5m) is much larger than that in the open ocean, 

where typically scales are 0.1 - 0.5m (Gregg 1987). The largest eddy in the inertial­

subrange measured at 17m below the ice in the western Weddell sea by McPhee (1995) 

was 4.5m. The minimum wavenumber extends to 2 x 10- 4 ks for the spectra of w and v 

in the Kolmogoroff scaling sense (Figure 6.30 and 6.31). The maximum wavenumber 

for both components is between 0.2 and 0.3ks- This wavenumber is consistent with 

the upper edge of 0.25ks in the inertial-subrange for the Nasmyth universal spectrum 

(Nasmyth 1970; Oakey 1982). The upper dimensional wavenumber is between 20 and 

30cpm. 

Two uni versa! functions, F22( kif ks) and A3( kif ks), are obtained by scaling the 
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velocity spectrum of (2.33) by ( w 5
)

1
/

4 m the inertial-subrange. The scaled veloc­

ity spectra are used to calculate the ratio of F33 to F 22 for a pair of vertical and 

horizontal velocity spectra ( ¢>w1 to ¢>v1 and </>w2 to 1>vJ· The vertical velocity spec­

t rum is more easily influenced by stratification than the horizontal velocity spectrum. 

Should stratification be important , then we expect the ratio of F33 to F22 to be signif­

icantly smaller than unity for wavenumbers smaller than the buoyancy wavenumber , 

kb= (N3 /e)112
, and we also expect this ratio to decrease with decreasing wavenum­

ber. The ensemble ratio of F33 to F22 formed from 113 pairs of spectra for I < 900 

indicates that F33 is statistically identical to F22 (Figure 6.32a). If stratification 

had bad an effect on the spectra, then the rate of F33/ F22 would be less than 1 for 

kif kb < 1. The variations of the ratios about unity are random and not wavenumber 

dependent. Of the 26 estimates of F33/ F22 in Figure 6.32a, the confidence interval of 

only one the estimate is below unity. The ratio of F33 to F22 taken from 247 pairs 

of spect ra for 900 ::; I < 3000 (Figure 6.326) and 981 pairs of spectra for I ~ 3000 

(Figure 6.32c) show that F33 is statistically ident ical to F22 but for these spectra the 

resolved wavenumbers are larger than kb and these spectra do not provide a good test 

for the effect of stratification. Thus, we see no evidence for the effect of stratification 

for non-dimensional wavenumber as small as 0.3ki/ kb. 

6.2 Te mperature 

The temperature spectra examined here are also converted from the temperature 

gradient spectra. Tbe spectra have been corrected for minor deviation of the gain of 

the differentiator. A close examination of the time series of both thermistors and the 

low spectral content at high frequencies of one of the thermistors (T1 ) indicates that 

it may have been covered by material, such as jelly fish membrane. Therefore, we 

used only the data from the other thermistor (T2 ) . 
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247 pairs of spectra, 900:s; 1:::; 3000 

b 

F igure 6.32: Ratio of t he two universal functions in (2.33), F33(ki/ ks) to F22(ki/ ks), 
for the different levels of stratification. Buoyancy wavenumber kb = (N3 /t)112 and 
[ k1 ] = cpm. Panel a: For I = R;/4 < 900 using 26 bins. Panel b: For 900 ~ I ~ 3000 
using 30 bins. Panel c: For I ~ 3000 using 32 bins. 
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6.2.1 Individual spectra 

72 

Like the velocity spectrum, our temperature spectra generally have well-defined minus­

five-th ird slopes in the inertial-convection subrange regardless of whether stratifica­

tion is strong or weak (Figure 6.33 and 6.34). Seventy-three percent of our spectra 

have very high buoyancy Reynolds numbers, where R¾4 = I > 3000 while only 5% 

have R3j4 = I < 500. The inertial-convection subrange of our spectra spans from 

2xl0-4 k/ks to 0.02k/ks . 

For I 2::: 3000, unlike our temperature spectra, Gargett (1985) found that her 

temperature spectra did not have a -5/3 slope while the velocity spectra, measured 

at the same time in Gargett et al. (1984), had -5/3 slope in the inertial-subrange 

and Gargett et al. deduced that the turbulence was local isotropic. The slope of her 

temperature spectra in the inertial-convection subrange was -3/2. Gargett suggested 

that this -3/2 slope of the spectra in the inertial-convection subrange was due to 

turbulence intermittency. The correlation coefficient, p, between ln € and ln x is zero 

for Gargett's measurement. According to van Atta (1971, 1973) in (2.39), a zero p 

gives a -1.56 slope. For our spectra, the correlation coefficient between In € and ln ( 

is 0.32. [The temperature spectral level, (, in (2.43) is used instead of temperature 

dissipation, X, due to the inconsistency of B in the literature (Gargett 1985).] Ac­

cording to the formula (2.39) of van Atta, the slope should be 1.61. However, the 

slopes of our temperature spectra are -5/3 in the inertial-convection subrange despite 

the intermittency of the turbulence. 

Like our temperature spectra for small buoyancy Reynolds numbers (I ~ 500), 

Gargett found that her spectra had -5/3 slopes in the inertial-convection subrange for 

I~ 50 - 100, and this low value of I was mainly due to weak turbulence rather than 

strong stratification. Her accompanying stream-wise velocity spectrum had -5/ 3 slope 

but the cross-stream velocity spectra did not have a -5/3 slope. Gargett suggested 

that the slope of her temperature spectra in the inertial-convection subrange was 
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Individual temperature fluctuation spectra 
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Figure 6.33: Typical individual temperature fluctuation spectra with high buoyancy 
Reynolds numbers. I > 3000 and the term I = R3j4 is in (2.38) . The straight line 
represents a -5/3 slope. 
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Individual temperature fluctuation spectra 
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Figure 6.34: Typical individual temperature fluctuation spectra with low buoyancy 
Reynolds numbers (I= R3j4 

:$ 500). The straight line represents a -5/3 slope. 
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-5/3 for I ~ 50 - 100 because the scalar spectrum was dominated by the advection 

of internal wave motions, giving it the same characteristics (slope of -5/3) as the 

horizontal velocity spectrum (¢11) . Because our spectra have a -5/3 slope for both 

small and large buoyancy Reynolds number, our data provide no support for Gragett's 

hypothesis. 

6.2.2 Averaged spectrum 

The fact that all of our temperature spectra have a well-defined -5/3 slope also pro­

vides us another opportunity to examine the ensemble slope from all available spectra. 

There are 948 temperature spectra that have simultaneous dissipation estimates from 

the first deployment . These 948 spectra are scaled using (2.37) and combined into a 

single ensemble (Figure 6.35). This scaling provides a spectrum that ideally is flat 

and equal to 1 for all wavenumbers. Ninety-eight percent of the non-dimensional 

temperature spectral points are within ±1/4 decade of unity. The mean slope is -

0.003 and the 95% confidence interval of [-0.008, +0.002] indicates that the slope of 

the temperature spectrum in the inertial-convection subrange is -5/3±0.01. Calibra­

tion of the differentiator gains is the limiting factor on the confidence interval. The 

inertial-convection subrange extends from 3xl0-4 k/ks to 0.02k/ks , and is consistent 

with the range of the inertial-subrange for our velocity spectra. For the individual 

spectra, the range chosen as the inertial-convection subrange is generally the same as 

that of the inertial-subrange for the velocity spectra. 

6 .3 Discussion 

The turbulence described by Gargett et al. (1984) is quite different from that found 

in Cordova Channel. In Knight Inlet, the turbulence is produced by the instability of 

a large amplitude lee wave generated at the sill. As the wave propagates up the inlet, 

it decays and progressively less energy is available for generating turbulence. Gargett 
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TAMI {Cordova Channel,B.C.} 

slope = -0.003, 95% confidence intervals [-0.008,0.002) 
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Figure 6.35: Nine-hundred-forty-eight non-dimensional temperature spectra. Text is 
as that in Figure 6.30. The slope of the averaged spectrum is -0.003 with a 95% 
confidence intervals [-0.008,+0.002]. 
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et al. took advantage of this up-inlet weakening of the wave to sample a wide range 

of buoyancy Reynolds number. The background stratification did not change much 

in the up-inlet direction. In Cordova Channel, the t urbulence is quasi-steady for time 

scales shorter than 2 hours. The turbulence in Cordova Channel is generated by the 

instabili ty of the tidal current. Therefore, the turbulence in Knight Inlet is mostly 

in a state of decay and this may make the fluctuations of velocity and temperature 

more susceptible to the effect of stratification compared to the turbulence in Cordova 

Channel. This may be the reason why our spectra conform closely to the expected 

slope of -5/3 in the inertial-subrange. 
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C hapter 7 

Tidal evolution of rate of dissipation of TKE 

Three issues will be addressed in this chapter - (1) the evolution of the turbulence in 

the center of the channel and at 15m above the sea bed, (2) the relationship between 

t he dissipation and the tidal current, and investigation that if the turbulence was 

generated by local bottom stress, and (3) the relationship between eddy KE and 

dissipation. 

7 .1 Time series of dissipation 

Two time series of dissipation (Figure 7.36 and 7.37) are obtained by averaging all 

acceptable estimates from the four sensors, for each 5 minute interval. [Note that 

t he dissipations and the measured currents are plotted separately for each lunar day.] 

These two time series cover 183 hours (948 estimates) for the first deployment and 114 

hours ( 4 78 estimates) for the second deployment. The turbulence was very intense 

with the dissipat ions ranging from 10-s to 10-4·w kg-1
• The distribution of the 

dissipation shows that slightly more than a half of the dissipation (52% of 1426 

estimates) is between 10-6 and 10- 5 W kg-1 while 11 % is larger than 10- 5 W kg-1, 

and the mean is 4.1 x 10-6 W kg-1
. For both deployments, dissipation was usually 

larger by a factor of 2 - 10 during the ebb than during the flood while the current 

speed was also larger during the ebb than during the flood. 

During the first deployment, the pattern of current and dissipation repeated with 

every lunar day (Figure 7.36). This pattern consists of two ebbs (£1 and E2) and 

two Hoods (F1 and F2 ). Current during E1 was usually stronger than during E2 and 
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Figure 7.36: Variations of current speed and dissipation rate for each lunar day of the 
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both Fi and F2 , while current during F1 was usually stronger than during the second 

F2 . Two peaks of current during E 2 were accompanied by two peaks of dissipation 

during the first deployment. Dissipation during E1 and E2 was comparable. However, 

dissipation during F2 was sometimes weaker than during F1• 

During the second deployment, the pattern consisted of two ebbs (E1 and E2) 

and a single flood (Fi) . An extremum of current speed occured near the beginning 

of E1 . Current during £ 2 was usually stronger than during E1 and F1 while current 

during E 1 was comparable to that during F1 . The difference between the two kinds of 

patterns of the current speeds during the two deployments was due to the evolution 

of the fortnightly tide. 

7.2 The relationship between dissipation and tidal current 

If turbulence was generated by local bottom stress, the rate of dissipation would 

be proportional to U3 as given in (2.48) under the assumption of constant stress in 

the log-layer. However, the comparison between the dissipation and U3 (Figure 7.36 

and 7.37) shows that dissipation does not follow very closely a curve proportional to 

[!3 _ 

To examine the time variation of dissipation more closely, we scale both current 

speed and dissipation by the local tidal peak speed cubed (U!ax) in each ebb/flood, 

and then overlay the four-day scaled values of the first deployment separately into 

two single patterns, one for the scaled speed and the other for the scaled dissipation 

(Figure 7.38). The scaled speed (U/Umax) evolves sinusoidally during E1 and F1 . 

During the second ebb (E2), the scaled speed does not follow a sinusoidal pattern be­

cause of the existence of two extrema. The scaled speeds during F2 are very scattered. 

During the first ebb, most of the scaled dissipations ( €/ U!ax) scattered in a range of 

one decade, except a few small values which occur early in this ebb. Even near the 

turning of the t ide, when the current is weak, the scaled dissipations (€/U;,iax) are 
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1 _,, . . . ~,- :·t~ . 

0.8 ... . : .. • .. . · ... . 

1!>.6 
. . .,.-i. ... ..... ·. ·-· 

E 
::> --=>o.4 

... 
0 c,__ __ ___JL_ __ _.c:..__ __ ____J_ ___ ...A. ___ ..J.._ __ ~r:._--__i-----,I 

0.75 0.875 1 0 0.125 0.25 0.375 0.5 0.625 

:. ... , :, . . . 

·- .. 

10-8 L__ _ _ _ .,__ ___ .,__ ___ .,__ __ ____.JL-------'------'------'-----' 

0.375 0.5 0.625 0.75 0.875 1 0 0.125 0.25 
t [lunar day] 
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still large. The averages over 10 uniform intervals for this ebb (E1 ) and their 95% 

confidence intervals indicate that the scaled dissipations do not follow a sinusoidal 

wave. For F1 , most of the scaled dissipations also collapse into a one-decade range 

and their running average also indicates that the scaled dissipations do not vary si­

nusoida.lly. The scaled dissipations are more scattered during E2 and F2, compared 

to E 1 and A. Clearly, the rate of dissipation does not collapse into a single pattern 

when scaled by U~a.x · 

During the second deployment, we also find that the scaled dissipations ( c/ U!a.x) 

do not vary sinusoidally. The scaled dissipations also vary randomly, and, remam 

large near the turning of the tide. 

We conclude that the turbulence was not generated by the local current, and that 

the rate of dissipation can not be estimated using (2.46) and (2.48). Many turbulence 

measurements in coastal areas with a background of tidal current have been made 

very close (usually within a few meters) to the sea bed (Grant et al. 1990; Gross 

and Nowell 1985; Dewey and Crawford 1988; Crawford and Dewey 1990; Bowden 

and Ferguson 1982). Their measurements were taken within the log-layer and the 

dissipation was proportional to current speed cubed as given in (2.48). 

The major reason why our estimate of the rate of dissipation is not related to 

current speed is that the log-layer usually did not reach to the height of the moored 

instrument, which was nominally 15 m above t he bottom. Secondly, even within a 

log layer, the stress is not constant and (2.46) and (2.48) may not be applicable. The 

stress from the measurements of the ADCP at 10 m above the sea bed is about half 

of that at the sea bed (Lu and Lueck 19966). Third, the assumption of negligible 

pressure gradient (Tennekes and Lumley 1972; Manin and Yaglom 1970;) is violated 

because the pressure gradient was of the first order importance at heights exceeding 

several meters above the sea bed (see Chapter 4). 
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7.3 The relat ion between dissipation and eddy KE 

84 

The turbulence was not generated by the local bottom stress. Is the turbulence related 

to the eddy kinetic energy ? 

As described in chapter 4, the measured current is composed of a tidal current 

and a. residual non-tidal current which represents 2-D eddy velocity. Events of large 

eddy KE coincide with the occurrence of large dissipation rates (Figure 7.39) . For 

example, the events of large eddy KE marked with arrows during the first deployment 

are accompanied by the events of the large dissipation (Figure 7.39). This coincidence 

suggests that the turbulence may be generated by eddies. Moreover, both dissipations 

and eddy KE are usually intense during the ebb. However, both dissipations and 

eddy KE are usually weak during the flood. During the ebb, eddies were very likely 

generated near Cordova Spit and the north end of James Island, which are located up­

stream of TAMI but down-stream during the flood . However, the section of channel 

south of TAMI is quite straight and there is not obvious site for the generation 

of eddies. Finally, for the individual estimates, the eddy KE is not proportional to 

dissipation. It is not necessary to expect that there is a tight correlation in magnitude 

between dissipation and eddy KE because the eddy KE is advected downstream 

possibly from a number of source sites and the stress, shear and hence production of 

TKE within an eddy may not be proportional to its velocity anomaly or its KE. 

During the second deployment, the dissipations also coincide with eddy KE (Fig­

ure 7.40). Again, both turbulence and eddy KE are usually intense during the ebb 

while both are usually weak during the flood. The eddy KE estimates from the sec­

ond deployment are not reliable because of the poor fit of the tidal constituents (see 

Chapter 4). 
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7.4 Discussion 

87 

There are two points that would be interesting. Turbulence at mid-depth is unrelated 

to the bottom stress. Even though flow was so strong the log layer seldomly reach 

the mid-depth. Most measurements that show the relationship between turbulence 

and bottom stress were conducted nearly the bottoms. 

The other interesting point is that pattern of dissipation during the ebbs was 

pronouncedly different from that during the flood. However, the patterns of the flow 

was not evidently different. Stronger eddy was more during the ebbs than during the 

floods. These findings suggest that the geometry,i.e. headland (Cordova Spit) and 

the north end of James Island would be a important factor. South to the instrument, 

the channel is quite straight, particularly two 20 isobaths each closing a shore. Water 

during the flood straightly flows into the channel and passes through. There is no 

evident eddy generation sites. 
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Chapter 8 

Turbulent mixing in Cordova Channel 

In this chapter, I will (1) compare the estimated rate of dissipations of TKE obtained 

from TAMI against that from an acoustic scintillation system, (2) test if dissipation 

is balanced by the production of TKE, and (3) estimate the decay times for eddy KE 

and the tidal KE. In addition, I will examine the relationship between eddy diffusivity 

and Richardson number, and the relationship between temperature spectral level and 

mean temperature gradient. 

8.1 Comparison of the rates of dissipation obtained with TAMI against 

an acoustic scintillation system 

As mentioned in chapter 4, the path of the acoustic scintillation system was within 

130 m of TAMI. The dissipation estimated with the acoustic system was based upon 

the spectral level of a cross-stream velocity fluctuation (v), using t he inertial-subrange 

technique (Di Iorio 1994, 1995) . The estimates were typically averaged over 30 min­

utes and provided a cross-channel average at 15m depth. [Note that t he estimates 

of the acoustic system were not uniformly spaced in time.] The estimates obtained 

with TAMI were five-minute averages. For consistency, we only used the dissipation 

estimated from v-probe on TAMI for this comparison. 

The comparison between the dissipations estimated with TAMI and the acoustic 

system is shown in Figure 8.41. Individual estimates are in a good agreement. The 

variations of individual estimates for t he two instrument follow each other closely, 
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particularly during the second, third and fourth ebbs. Because our estimate is aver­

aged over a shorter period and represents a "single" point in the center of the channel, 

the variation of our estimate is larger than that from the acoustic system because of 

occasional anomalous events. Anomalous events are observed by TAMI during the 

first ebb and the second flood and usually have extremely large dissipations. The 

averages over common intervals are also in a good agreement (Figure 8.41), except 

for the values during the first ebb and the second flood. However, the averages from 

TAMI and the acoustic system during these two periods are still within the same or­

ders of the magnitudes, and, only during the 2nd flood, both confidence intervals fail 

to overlay. Excluding the averages of the first ebb and the second flood, the averages 

from TAMI equal those from the acoustic system within a factor of 1.4. Combining 

all averages, the estimates of dissipation from both instruments are equal within a 

factor of 1.6. 

The estimates of dissipation from the acoustic system were averaged across the 

channel. The dissipation close to the lateral boundaries should be larger than in the 

center of the channel and the cross-channel average provided by the acoustic system 

should be larger than the dissipation in the center of the channel. Our results are the 

opposite of this expectation. The transmitter and receiver of the acoustic scintillation 

system were setup on the side slopes near the 17 m isobath (see F igure 4.3) and shoal 

effect may not be significant . 

8.2 Comparison of dissipat ion against the production of TKE 

The estimates of production of TKE at 15 m above the sea bottom using the data 

taken with the ADCP (Lu and Lueck 1996b ), which was mounted on the bottom of 

Cordova Channel approximately 90 m from TAMI, provide an opportunity to examine 

the local balance of dissipation and the production of TKE. The estimates of the 

production were 20-minute averages between 13.6 and 16.5 m above the bottom. The 
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two instruments (TAMI and ADCP) were not co-located but were sufficiently close 

that average quantities may be comparable. 

The estimate of the production was the sum of two components - -uw~~ and 

-vwt~. Although the tidal flow was not steady, the time derivative of the turbulent 

kinetic energy(~, where q2 is TKE) as well as its vertical transport (w¥z.) is small 

compared to the production (Lu, personal communication, 1996). 

The statistical fluctuations of the individual estimates are very large making it 

difficult to compare production against dissipation (Figure 8.42). When the estimates 

are averaged over intervals of approximately a quarter tidal cycle, the means and their 

95% confidence intervals agree quite well, except for the 1st and 4th averages which 

have larger dissipation than the production. There are only a few estimates during the 

2nd flood and the confidence interval is quite large. The confidence intervals fail to 

overlap only for the 1st and 4th estimated means. A regression of the means indicates 

that production was balanced by the dissipation within a factor of 2 (ignoring the two 

estimates from the 2nd flood), with the dissipation exceeding the production slightly. 

8.3 Estimating of decay time scales for eddy KE and tidal KE 

Assuming that the eddy KE in Cordova Channel was eventually dissipated by turbu­

lence, we can estimate the decay time for the eddy kinetic energy. The comparison 

of <: to production (Figure 8.42 and 8.43) indicates that the TKE was nearly in local 

balance. A histogram of the ratio of eddy KE to dissipation (Figure 8.44) shows that 

the distribution is approximately lognormal. Slightly more than 98% of the ratios 

are between approximately 1 minute and 100 hours and 83.2% between 6 minutes 

and 10 hours. The most probable value is 55 minutes while the logarithmic average 

is 75 minutes. However , the linear mean is 9 hours due to a few extreme values and 

the median is 69 minutes, close to the logarithmic mean of 75 minutes. Thus, the 
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observed rate of dissipation could decay the eddy within a little longer than one hour. 

With a typical current speed of 0.6m s-1
, an eddy would travel 3 km during a 

decay time. The traveling distance is approximately that from TAMI to the nort h 

end of James Island. 

T he bulk of kinetic energy in the channel was t idal and some fraction of it gets dis­

sipated locally. Comparison of dissipation against the tidal KE (Figure 8.45 and 8.46) 

indicates that, during the ebb, both the tidal KE and the averaged dissipation rate 

were large while both were weak during the flood, except an event of large dissipation 

during the second flood of the second deployment. We will examine the percentage 

of tidal KE dissipated over each ebb (flood) of the tide by comparing the mean KE 

against the t ime integrated dissipation. A regression (Figure 8.47) of the t ime inte­

grated di ssipation against the t idal KE indicates that 53% of tidal KE is dissipated 

locally. This estimate is obtained by using those data falling within the two dotted 

lines (Figure 8.4 7). Seventy-seven percents of the tidal KE is dissipated locally if we 

take all the data for this estimate. Another regression (Figure 8.47) that minimizes 

the absolute deviation (Press et al. 1989) and uses all data indicates 84% of the tidal 

KE dissipated locally. 

8 .4 Eddy diffusivity and Richardson number 

The eddy diffusivity for density, I<v, is estimated using the upper limit of (2.12) and 

r = 0.2. A clear tidal signal of eddy diffusivity is not evident in Figure 8.48. However, 

a large eddy diffusivity usually occurs during periods of strong ebbing because of large 

dissipations and weak stratification (small buoyancy frequency squared) . Variations 

of the eddy diffusivity are usually larger during the flood than during during the ebb. 

If stratification is weak, the density may act as a passive scalar and its diffusivity 

may be equal to the eddy viscosity. To examine the eddy diffusivity at mid-depth 

against the prediction of the eddy viscosity of (2.49), we scale eddy diffusivity with 
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(2.50) because we have no estimates of friction velocity, u*. The scaled eddy dif­

fusivity is shown in Figure 8.49. Because the observations are usually above the 

logarithmic layer, we expect the turbulence would be weaker than that in a logarith­

mic layer. However, the observation shows that the estimate of eddy diffusivity above 

the logarithmic layer is quite close to the prediction for a logarithmic layer. 

To examine the relationship between eddy diffusivity and the possibility of shear 

instabili ty, we compare the scaled eddy diffusivity with the Richardson number, Ri 

(Figure 8.50) . For the three days when the Richardson number estimates are available, 

the data are quite scattered, but reveal a trend of decreasing eddy diffusivity with 

increasing Richardson number . The non-dimensional eddy diffusivity is frequently of 

order l. When Ri < 1/4, the eddy diffusivity is usually large (most values have order 

of 1). T hus, intense t urbulent mixing usually occurs at time of weak stratification 

and strong shear. A regression indicates Kv/ 1,,z../CjjU <X Ri-0
·
7 (Figure 8.50). 

8. 5 Temperature sp ectral level 

The temperature spect ra l level, (, of (2.43) is estimated rather than the rate of 

dissipat ion of temperature fluctuat ion variance for the reasons discussed in Chapter 

2. The temperature spectral level in conjunction with viscous dissipation, €, gives a 

measure of the temperature variance dissipation, X· 

The temperature spectral level is compared against the vertical gradient of mean 

temperature in Figure 8.51. High spectral levels are usually associated with strong 

absolute vertical gradients . The average of the ratio of the gradient to the spectral 

level is 3 x 10- 4 [°C m-1s]. Ninety-five percent of all the data fall within a range of 

I~~ /201 ~ 3 X 10- 4
( ~ 120 t:1. 

Using (2.43) for the estimate of x and with the concept of an eddy diffusivity 

(Kr = 2x/ ( ~: r) for heat according to Osborn and Cox (1972), we estimate K r 

and compare it against the eddy diffusivity for density, Kv (Figure 8.52A, B). As 
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mentioned in section 8.4, r = 0.2 is used for estimating Kv and this estimate of Kv 

is actually its upper limit. We make two choices for the "universal,, constants - ( i) 

B = 0.5 which is the most frequent choice and ( ii) B = 0. 79 which was used by Edson 

et al. (1991) for the estimates of fluxes of temperature and humidity in an atmospheric 

boundary layer over the ocean. For the case of B = 0.5, the eddy diffusivity for heat 

(Kr) frequently exceeds that for density (I<v)- However, for the choice of B = 0.79, 

the most probable values of Kr equal Kv and and 81 % of the data collapse into a 

one decade range of equality (Figure 8.52B, C). This approximate equality of Kr and 

Kv spans 3.5 decades. However, the ensemble of the values of log10(J(v/ Kr) , which 

has a mean of -0.35, fails to pass a significance test for the equality with O at 5% 

significance level ( Jenkins and Watts 1968). The Kolmogoroff-Smirnov test (Press et 

al. 1989) also fails to accept that the distribution of Kv/ Kr is log-normal. However, 

the median of Kv/ J(T is 0.63 and close to unity while the linear mean of Kv/ Kr is 

1. 75. 

The three days of the ADCP shear were used to produce 166 estimates of the eddy 

viscosity from (2.51) (Figure 8.53). These estimates span 3 decades and compare well 

against the eddy diffusivity for heat (I<r ). Seventy-four percent of the data fall into a 

one-decade range of Av = Kr and 96% are within a two-decade range. The statistics 

also show that the most probable values of Kr is approximately equal to Av. The 

logarithmic mean is 1.49 and median is 1.20, however, the linear mean is 120 due to a 

few extremely large values. Only using data within a two-decade range of unity, the 

logarithmic mean and the median are 1.16 and 1.14, respectively, and both are close 

to unity whi le the linear mean is 5.5. 

8.6 Discussion 

The eddy viscosity (Av) is usually assumed to be a constant in numerical models and 

a constant Av implies that the eddy diffusivity for density is inversely proportional 



I 
(/) 

N 

E 
I-
~ 

/00 

104 
A ◊ 

dots: days 28- 29 ,,.. 
pluses: days 23- 24 ,,.. 

102 diamonds: days 21-o22 
,,...✓ 

,,.. 
+~.✓ ◊ ,,.. ,,.. 

◊ 
,,.. • ,,.. 

/& ,,.. ,,.. 
,,..-~ ,,.. 

100 ✓+ • 
..-+ ,,.. ,,.. ,,.. 

,,.. • ,,.. ,,.. ,,.. ,.. ,,.. 
/ 

,,.. ,,.. ,,.. ,,.. ;t_,,..- ✓-,,.. ,,.. 
10-2 ,,.. ,,.. • ,,.. +,,.. · 

,,.. 
,,.. 

• • ,,.. 
+· 

,,.. ,,.. • ,,.. ,,.. . ~..,. • ,,.. ,,.. . ,,.. + 

0 
10 35 

30 B 

25 

20 
0 z 

15 

10 

5 

0 
-4 - 2 0 2 4 

log10(KT/ Av) 

Figure 8.53: A: Comparison of eddy diffusivity (Kr) for heat against the eddy vis­
cosity (Au)- Kr of (2.42) using B = 0.5 against Av of (2.51) . The solid line de­
notes equality. The dashed lines represent a one decade range from equality and 
the dash-dotted lines represent a two-decade range. B: Histogram of log10(/{r / Av)­
Dashed lines denote a one decade range of unity. 



Chapter 8. Turbulent mixing in Cordova Channel 107 

to the Richardson number, i.e. Kv ex R-;1. We find that the eddy diffusivity for 

density, Kv, decreases with increasing Richardson number (Figure 8.50) but a little 

less steeply (I<v ex Ri-213
). However, the eddy viscosity, Av, varies over a 3 decade 

span (Figure 8.53) and is far from a constant. Thus, numerical models must contain 

an eddy viscosity that varies over a wide range. 

From Figure 8.52B, C and Figure 8.53, we can argue that Ku = I<T and Av = 

J<r and these two relationship makes f<v = Av, which indicates that eddy motions 

contribute approximately equally to the vertical fluxes of momentum and density. 

From (2.12) and the definitions of the eddy viscosity, we can obtain, 

and , hence, 

R
. 1 
i < - . -5 

(8.54) 

(8.55) 

Thus the turbulence tends to maintain the Richardson number near and below its 

critical value. 
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Chapter 9 

Conclusion 

A microstructure instrument (TAMI) was moored in Cordova Channel for 10 days 

joining a collaborative experiment, and had successfully measured the microstructure 

of temperature and velocity. TAMI and other instruments involved also measured 

non-t urbulence data, including the ambient current, mean temperature, mean salinity, 

CTD profiles and wind speed. Here I will summarize the results which I presented in 

this thesis. 

In Chapter 6: 

l. The individual velocity and temperature spectra had -5/3 slopes in the inertial­

subrange regardless of whether the effect of stratification was strong or weak. 

The range of the buoyancy Reynolds number was from 200 to 107
. The slope 

of the averaged spect ra for the velocity and temperature is not significantly 

different from -5/3±0.01 in the inertial-subrange and this uncertainty of 0.01 is 

due to the accuracy of the calibration of the gain of the differentiators. 

2. The range of the inertial-subrange for these spectra is nearly two decades, ex­

tending from 3 x 10-4 to 0.02k1 / ks. 

3. The uni versa! functions (A2 and F33 ) for the spectra of the two cross-stream 

velocity fluctuations (v, w) are found to be statistically identical. 

In Chapter 7: 

l . The dissipation in the channel at 15m above the bottom ranged from 10- 8 to 

10-4 W kg- 1 . 
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2. The pattern of the rate of dissipation and the current repeated every lunar day. 

The pattern during the first deployment consisted of two ebbs and two floods 

while the pattern during the second deployment consisted of two ebbs and a 

single flood . 

3. The dissipation within each flood and ebb was not proportional to the current 

speed cubed ( U3
) or U!ax - the maximum speed for each ebb/flood. The 

turbulence, in the center of Cordova Channel and at 15 m above the bottom, 

was not generated by the local bottom stress presumably because the sensors 

were usually out of the log layer. 

4. Events of large dissipation coincide with events of intense 2-D horizontal eddy 

KE. This indicates that the turbulence may have been generated by the 2-D 

horizontal eddies, which very likely emanated from Cordova Spit and the north 

end of James Island. 

In Chapter 8: 

l . The dissipation estimated with TAMI is equal to the estimates obtained with 

the acoustic scintillation system of IOS within better than a factor of 1.6. 

2. The production of turbulent kinetic energy (P = -uw~~ - vw~~) estimated 

from the ADCP data taken between 13.6 and 16.6m above the bottom and 90 

m south of TAMI was balanced within a factor of 2 by the rate of dissipation 

obtained with TAMI. 

3. The decay time for the 2-D eddy KE is estimated to be a little longer than one 

hour, a time in which an eddy travels 3 km with a typical current speed of 0.6 

ms-1 . 

4. Three different methods of estimating the average of the ratio of the mean tidal 

KE to the time integrated rate of dissipation give 53, 77 and 84% of the tidal 
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KE dissipated locally. 

5. The data for three days shows that f<v ex Ri-2/ 3 , where Kv = 0.2cN-2 . The 

eddy diff usi vi ty does not have a clear t idal signal. 

6. The temperature spectral level, (, is related to the magnitude of the mean 

temperature vertical gradient, with It:' /201 ~ 3 x 10- 4
( ~ 201 t~ 1-

7. Eighty-one percent of eddy diffusivity for density, Kv, and eddy diffusivity for 

heat, KT, estimated with (2.42) and using B = 0.79, are within a range of one 

decade of Kv = Kr and they span 3.5 decades. 

8. The eddy diffusivity for heat (Kr) are approximately equal to the eddy vis­

cosity, Av, estimated with shear measured by the ADCP. Individual 20 minute 

estimates fluctuate bu t seventy-four percent of the estimates are within one 

decade of equality, over a span of more than 4 decades. 
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Appendix A 

Correct ions for current speed and salinity 

A.I C urrent sp eed 

There were at least three instruments measuring current during the experiment. The 

measurements from TAMI a.re compared against the data from the other instruments 

( CMI and ADCP ) to examine their consistency. Only the record from the rotor on 

the lower mast of TAMI is used because the rotor on the top mast got jammed by 

jellyfish. 

The measured current direction agrees well among the three instruments (Fig­

ure A.54). However, the speed reported by the rotor on TAMI is consistently less 

than measured with the CMI and the ADCP. The ADCP record shown is the average 

of the reading at 14.5 and 15.6m above the bottom while the CMI data were taken at 

20 m above the bottom. The ADCP was closer to TAMI than CMI (90m south verses 

300m west). Although the CMI and the ADCP were ~400m apart, the speeds mea­

sured by the two instruments agree closely. The ratio of the speed from the ADCP to 

the speed from TAMI was approximately 1.2. Minute amounts of gelatinous material 

found in the rotor bearings after recovery may have been responsible for slowing the 

rotor. To correct this difference, we have multiplied the current speed reported by 

TAMI by 1.2. The corrected speed agrees with those from the ADCP and the CMI 

(Figure A.55). 
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A.2 Salinity 

114 

Using the records from the top and bottom Sea-Bird sensors which are 3m apart, the 

Brunt-Vaisalii frequency was estimated by 

2 ( ar as) N = - g -a- + /3 -oz oz (A.56) 

where a= -¼!f, /3 =½!~,T is temperat ure and S is salinity. 

The pre- and post-cruise calibrations indicated that the accuracy of the thermome­

ters is better than 0.002°C. Plankton can not affect the measured mean temperature. 

Thus, the effect of the accuracy of the thermometers on the accuracy of the estimate 

of N 2 is unimportant. 

The most important point concerning the estimation of N 2 is the contamination 

of the conductivity cells by plankton. The contamination was caused by particles en­

tering the cell , jellyfish blocking the cell and the membrane of plankton covering the 

wall of the cell. The effects reduce measured conductivity and hence they reduce the 

estimated salinity. The assumption for correcting the salinity is that the long-term 

average of stratification was vertically uniform between the upper and lower cells. 

Before correcting the salinity, the averages of the gradients of 8St-b/ oz, 8S1-m/ oz 
and 8Sm-b/ oz ( where "t" denotes t he top cells, "m" denotes the middle cell and 

"b" denotes t he bottom cell) were 0.0017, -0.0006 and 0.0040 psu/m, respectively, 

during the most of the first deployment. The mean of 8Si-m/ oz ( 8Sm-b/ oz) was -

0.0006 psu/m (0.0040psu/m) and consistently smaller (larger) than 8St-b/8z (0.0017 

pus/m). Adding 0.0035 psu to the reading of the middle cell made all average gra­

dients equal to 0.0017psu/m. This amount of 0.0035 psu is about the same as the 

magnit ude of the difference between the pre- and post-cruise calibrations of the cells. 

In addition, the records of T and S from TAMI is consistent with the measurements 

of T and S from CTD profiler. 
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Appendix B 

Shear spectrum correction 

B .1 Shear probe resolut ion 

Because of the fini te size of the shear probe it is not always possible to resolve a 

shear variance, contribut ing to the dissipation of kinetic energy. The wavenumber 

contributing to the variance generally ranges from 1 to l00cpm (Gregg 1987). The 

spectrum at large wavenumbers is attenuated by the limited wavenumber response 

of the shear probe. To correct the spectrum of the measured shear , Ninnis (1984) 

developed the transfer function 

k (k)2 (k)3 (k)4 H2
( k) = 1 - 0.164 ko - 4.537 ko +5.503 ko -1.804 ko (B.57) 

where k0 = 122.4cpm is first zero response wavenumber of our probes .. 

B.2 Sensit iv ity of shear probes 

The shear probes used in Cordova Channel were calibrated before and after the exper­

iment. The calibration temperature was higher than 20°C (Table B.9). Over 3 and a 

half months or longer, the sensitivities drifted only a few percentage points and the 

maximum drift is only 10 percent for 113 (Table B.9). However, the sensitivities of 

S/N Signal date T °C s date Toc s 
111 ~ 

7i::: 27/07/94 20.4 0.191 07/10/94 20.6 0.194 
114 ~ 25/07/94 21.1 0.175 07/10/94 21.5 0.169 
113 ~ 21/07/94 28.1 0.254 07/10/94 21.5 0.227 

1-dot ~ 28/07/95 22.8 0.136 07 /10/94 20.4 0.130 

Table B.9: Sensitivities of the shear probes calibrated at 20°C 
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S/N Signal date T 0 e s date T 0 e s T 0 e s 
Lll ~ 

~ 07/10/94 20.6 0.194 22/12/94 9.4 0.178 11.5 0.155 
L14 ~ 07 /10/94 21.5 0.169 20/ 12/94 9.4 0.129 11 .5 0.136 a .. ~ 
L13 ~ 07 /10/94 21.5 0.227 20/12/94 9.4 0.205 11.5 0.209 ;:i~ 

1-dot ~ 07/ 10/ 94 20.4 0.130 28/12/94 10.0 0.125 11.5 0.126 Pl~ 

Table B.10: Sensitivities of the shear probe calibration and interpolation. [ Note that 
Lll's sensitivity is deduced by matching to L14's] 

the shear probe is known to be dependent on temperature. The sensitivity decreases 

with decreasing temperature and is 5% to 25% smaller at 9°e (Table B.10), compared 

to 20°e. 

The temperature of the water during the experiment was around ll.5°e (Fig­

ure 4.14, 4.15). The sensitivities used for t he computation of dissipation are the values 

interpolated to 11.5° using the warm calibration of October and the cold calibration 

of December. The dissipations obtained with L14, L13 and "1-dot" are statistically 

identical (Figure B.56 B, E and F). However , the dissipation obtained with 111 is 15 

- 43% larger than t he other estimates. Therefore, the sensitivity of Ll 1 was decreased 

by 13% from its interpolated value to make the dissipation estimate with this probe 

consistent wi th the other estimates (Figure B.56 A, C and D). 
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Appendix C 

Estimates of dissipa tion 

The rate of the dissipation of turbulent kinetic energy is usually estimated with the 

shear variance using equation (2.18) in oceanic measurements (Oakey 1982; Gregg 

1987) . The inertial-subrange technique is another method used to estimate dissipa­

tions (Fairwey 1990; Gross and Nowell 1985; Grant et al. 1984; McPhee 1994). Within 

the inertial-subrange, a velocity spectrum has a well-defined -5/3 slope according to 

(2.33). 

The velocity spectrum used for estimating dissipation is derived from the measured 

shear spectrum. The dissipation is estimated by, ( i) calculating dissipation at each 

spectra.I point within a range not contaminated by body motion using 

(C.58) 

where j = 2, 3 and no summation implied, and ( ii) averaging all such dissipation 

estimate to obtain a single estimate of the rate of dissipation from each velocity 

spectrum. 
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