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Abstract

A bstract

An acoustic Doppler current profiler (ADCP) has been tried and found suit

able for taking profiles of the time-mean three-dimensional velocity, vertical shear. 

Reynolds stress and turbulent kinetic energy (TKE) density in a coastal tidal chan

nel. The velocity profiles have been used to reveal the existence of a log-layer. The 

data collected with the ADCP have been combined with fine- and microstructure 

data collected with a moored instrument (TAMI) to examine the TKE budget and 

turbulence characteristics in tidal flows.

The ADCP was rigidly mounted to the bottom  of the channel and the instrument 

was set to rapidly collect samples of aiong-beam velocities. In the derivation of the 

mean flow vector and the second-order turbulent moments, one must assume that the 

mean flow and turbulence statistics are homogeneous over the distance separating 

beam pairs. A comparison of the estimated mean velocity against the “error” veloc

ity provides an explicit test for the assumption of homogeneity of the mean flow. The 

number of horizontal velocity estimates that pass a simple test for homogeneity in

creases rapidly with increasing averaging distance, exceeding 95% for distances longer 

than 55 beam separations. The Reynolds stress and TKE density are estimated from 

the variances of the aiong-beam velocities. Doppler noise causes a systematic bias in 

the estimates of the TKE density but not in the Reynolds stress. W ith increasing 

TKE density, the statistical uncertainty of the Reynolds stress estimates increases, 

whereas the relative uncertainty decreases. The spectra of the Reynolds stress and 

the TKE density are usually resolved; velocity fluctuations with periods longer than 

20 minutes contribute little to the estimates.

Stratification in the channel varies with the strength of the tidal flow and is weak 

below mid-depth. The ADCP measurements provide clear examples of secondary



Abstract iii

circulation, intense up/down-welling events, shear reversals, and transverse velocity 

shear. Profiles of the stream wise velocity are fitted to a logarithmic form with 1% 

accuracy up to a height, defined as the height of the log-layer, that varies tidally and 

reaches 20 m above the bottom during peak flows of 1 m s“^ The height is well pre

dicted by 0.04u./w, where u. is the friction velocity and w is the angular frequency of 

the dominant tidal constituent. The mean non-dimensional shear, {dU ldz ) j{u , l kz )̂  

is within 1% of unity at the 95% level of confidence inside the log-layer.

Estimates of the rates of the TKE production and dissipation, eddy viscosity and 

diffusivity coefficients and mixing length, are derived by combining measurements 

with the ADCP and TAMI located at mid-depth. Near the bottom (z =  3.6 m), 

the production rate is 100 times larger than all other measurable terms in the TKE 

equation. Hence, the rate of production of TKE must be balanced by dissipation. 

The observed rate of production is proportional to the rate of dissipation calculated 

using the observed TKE density and mixing length, following the closure scheme 

of Mellor and Yamada (1974). This proportionality holds for the entire 3 decades 

of the observed variations in the rate of TKE production. At mid-depth, the eddy 

diffusivity of density and heat, deduced from microstructure meeisurements, agrees 

with the eddy viscosity derived from measurements with the ADCP.

The scaling of the log-layer height with tidal frequency in the channel is com

parable to the scaling with Coriolis parameter for the log-layer in steady planetary 

boundary layer. However, some results are inconsistent with those from boundary 

layers over horizontal homogeneous bottoms. The Reynolds stress is not constant 

within the log-layer, and its magnitude at 3.6 m above the bottom is 3 times smaller 

than the shear velocity squared (u.) derived from log-layer fitting. The pealc of the 

non-dimensional spectrum for the Reynolds stress, when compared to measurements 

from atmospheric boundary layer, is shifted to higher wavenumbers by a factor of

2.5. One possible explanation for these discrepancies is the influence of horizontal
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inhomogeneity caused by bed forms.
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Chapter 1. Introduction and Motivation

Chapter 1 

Introduction and M otivation

1.1 Introduction

Fluid motions in natural environments are usually turbulent. The variations of a 

turbulent field cover a vast range of spatial and time scales. It is common practice 

to decompose a quantity into a “mean” component (averaging out turbulence) and 

a turbulent fluctuation component, and to describe the mean field and the statistics 

of the turbulence. In coastal seas, the flow and turbulence are stronger than in the 

open ocean. Turbulence plays important roles in the transfer of momentum and in 

the mixing of water properties and environmental tracers. Our ability to predict the 

behavior of the coastal environment depends largely on our understanding of the flow 

and mixing processes.

Field measurements and numerical modeling are two major approaches to the 

study of the physical oceanography of coastal seas. The challenge to field work is 

to measure the spatial and tim e variations of a quantity of interest, and this poses 

the need for efficient instrumentation. The validity of numerical models can depend 

largely on the accuracy of turbulent closure schemes. Numerical models always need 

to include empirical closure schemes for turbulence, partly because of the constraint 

imposed by computer power and partly because of the classical problem that the 

governing equations for the turbulent moments are not closed at any order. The 

feasibility of the closure schemes needs to be tested by comparing the model output 

against observations. So far, the models have been tested mainly on their ability to 

reproduce the time-mean field because of the lack of turbulence measurements. It
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has been realized that more critical tests of turbulent parameterization should be on 

the ability of the models to describe the spatial variability and temporal evolution 

of the turbulent parameters (e.g., Brors and Eidsvik, 1994: Xing and Davies, 1996; 

Simpson et al., 1996).

In order to investigate a variety of new techniques for oceanic turbulence mea

surements, and to describe the tidally-forced turbulence characteristics, a multi

investigator experiment was conducted in a swift tidal channel along the coast of 

British Columbia. The two instruments deployed by our Ocean Turbulence Lab

oratory, University of Victoria, are a broadband acoustic Doppler current profiler 

(ADCP) and a novel moored microstructure instrument. The objectives of this thesis 

are to investigate the use of an ADCP to measure flow and turbulence in a highly 

turbulent environment; to study the tidally forced flow and turbulence characteristics 

in the channel from the measurements of the ADCP and the moored microstructure 

instrument; and to test some aspects of the turbulent closure schemes with the avail

able data. The next two sections explain the application of an ADCP to oceanic 

measurements and the study of tidally forced flow and turbulence in coastal waters.

1.2 M easurem ent m ethods

Conventional instruments to measure oceanic flow are various types of point current 

meters and expendable current profilers. An ADCP offers significant advantages over 

these conventional instruments: it can remotely sense the spatial variation of the flow 

and its evolution with time. The spatial resolution and profiling range of an ADCP 

are usually adequate to measure the flow and shear throughout a large portion of 

water column in coastal seas. However, the measurement principles of an ADCP 

differ from those of the point current meters and the expendable current profilers. 

The difference prevents an ADCP from measuring the instantaneous velocity vector 

in a turbulent flow and poses requirements on the amount of averaging needed to
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derive the time-mean flow vector. The estimates of the mean flow aiso contain an 

uncertainty due to turbulent fluctuations.

Oceanic turbulence measurements have been taken for more than 30 years since 

the pioneering work of Grant et al. (1962). Away from the boundaries, turbulence 

is essentially assessed by measuring velocity (and/or temperature) fluctuations at 

dissipation scales. Conventionally, velocity fluctuations are measured by mounting 

shear probes (Osbom and Crawford, 1980) on free-falling (e.g. Dewey and Crawford, 

1988), towed (e.g.Lueck, 1987), or moored bodies (Lueck et al., 1996; Lueck and 

Huang, 1997). The quantity derived from these measurements is the dissipation rate 

of turbulent kinetic energy (TKE). Near the boundaries, such as the upper mixed 

layer under the sea ice (McPhee, 1994) and the bottom boundary layer near the 

seabed (e.g. Gross and Nowell, 1983, 1985), point current meters are used. These 

current meters are capable of sampling data at rapid rates, and offer estimates of 

the TKE dissipation rate, the Reynolds stress, and the TKE density. An array of 

current meters is needed to resolve the spatial variability of the turbulent quantities. 

Turbulence measurements using current meters are usually confined within a short 

(typically a few meters) distance from the bottom because of constraints on the size 

of the frame to which the current meters are mounted.

The ability of an ADCP to remotely sense velocity and to sample data at rapid 

rates lends it to the estimation of turbulent quantities. An ADCP provides an eflBcient 

way to study the structure of turbulent boundary layers in coastal waters, since the 

layer usually extends to large distances from the bottom and can cover the whole 

water depth (Bowden, 1978; Soulsby, 1983). So far several approaches have been 

designed to estimate turbulent quantities with an ADCP (see section 4 .1). In this 

contribution, we study the “variance technique” proposed by Lohrmann et al. (1990).



Chapter I. Introduction and Motivation 4

1.3 T ida lly  forced flow an d  tu rb u le n c e  in  coastal seas

Apart from forcing by atmospheric motions and fresh water input at the air-sea or 

sea-land interfaces, a major driving force of flow and turbulence in coasted waters is 

the tide. The time-mean flow and turbulence interact with each other due to the 

nonlinearity of the motions. Swift currents rub against solid boundaries (the seabed 

and coast), causing shear in the flow field. Shear instability is a major mechanism 

of turbulence production. Kinetic energy is passed from the mean flow to turbulence 

by a cascade from large to small scale eddies and is finally dissipated at the smallest 

scales by molecular diffusion.

The frictional force at the seabed plays an important role in the momentum bal

ance, and the velocity varies rapidly with height. Velocity profiles are shaped by 

turbulent momentum fluxes. Scaling arguments of classical turbulent theory lead 

to a logarithmic velocity profile in the boundary layer (e.g., Tennekes and Lumley, 

1972). It is important to verify the existence of the log-layer in oceanic boundary 

layers because it provides an estimate of the bottom drag force and is a necessary 

condition to justify the scaling arguments. Previous studies have only convincingly 

revealed the existence of the log-layer in the near-bottom region of tidal boundary lay

ers, and showed that modifications on the classical scaling arguments are frequently 

required to explain the complexity in the measured velocity profiles (see section 5.1). 

Log-layers extending to large distances above the seabed have not been convincingly 

observed until now.

The description of turbulence requires the measurements of various scalings and 

moments of turbulent fluctuations. The measurement of a turbulent quantity usu

ally requires a specific instrument or technique. The opportunity to get more than 

one estimate of turbulent quantities from a field experiment, especially to resolve 

both the spatial and time variations, is rare. In this study, measurements with two 

instruments provide estimates of turbulent quantities at both the energy-containing
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and dissipation scales. Combined with measurements of the mean flow and density 

gradient, the turbulent quantities provide estimates of the eddy viscosity/diffusivity 

coeflBcients and the mixing length. The estimated quantities provide a description of 

the spatial and time variations of turbulence in the channel.

Turbulent closure models are commonly composed from scaling arguments and in

clude empirical constants to be determined. Higher order turbulent closure schemes 

are designed to reduce the level of arbitrariness in parameterization, but more scal

ings, moments, and empirical constants are involved. For example, the hierarchy of 

closure models proposed by Mellor and Yamada (1974,, 1982) includes parameteriza

tion of the mixing coefficients and dissipation rate as functions of the TKE density 

and a mixing length. Tests on the feasibility of such schemes require measurements 

of the second-order moments of turbulent fluctuations. Although laboratory and at

mospheric measurements have been used to test the closure models and to determine 

the empirical constants (Mellor and Yamada, 1982), such tests are lacking for the 

oceanic environment.

The scalings of turbulence are simplified if the TKE budget reduces to a local 

balance. The evaluation of the magnitudes of the terms contained in the TKE con

servation equation is required to examine the local TKE balance. In this study, the 

local TKE balance in the tidal boundary layer is examined using measurements and 

quantities derived with the Mellor-Yamada closure.

1.4 P lan of th is th esis

In the rest of this thesis, a description of the study area, experiment setup and back

ground measurements, and the deployment method of the ADCP, is first provided in 

Chapter 2. Chapters 3 to 6 are the main contents of the four papers I (in collaboration 

with Dr. R. G. Lueck) wrote during my PhD program. New insights of this thesis 

are further highlighted in the introduction section of each of these chapters. Specific
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topics to be addressed are me«isxirement and data hcindling techniques to estimate 

the mean flow and shear (Chapter 3), turbulent quantities (Chapter 4), the log-layer 

revealed from analyses of the mean velocity profiles (Chapter 5), and the turbulence 

characteristics from analyses of measurement results with the ADCP and a moored 

instrument (Chapter 6). General conclusions of this thesis are presented in Chapter 

7.
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Chapter 2 

Experim ent and Study Area

2.1 Experim ent D escription

The coastal waters between Vancouver Island and the mainlajid of North America are 

composed of a chain of straits, with both the northern (Queen Charlotte Strait) and 

the southern (Juan de Fuca Strait) ends open to the Pacific Ocean. Our experimental 

site, Cordova Channel, is a side channel among a series of narrow passages that 

link Juan de Fuca Strait to the Strait of Georgia. There is a substantial estuarine 

circulation in this area due to the runoff of several rivers, of which the Fraser River is 

the largest. Tidal flow is strong in these straits and increases when passing through 

the channels. Strong mixing occurs in these passages, significantly influencing the 

estuarine circulation (e.g., Thompson, 1981; Foreman et al., 1995).

A multi-investigator experiment in Cordova Channel was conducted in from Septem

ber 19 - 30, 1994. Fig. 2.1 shows a map of the experiment site. Most of the mea

surements were taken in the narrowest paxt of the channel which has a width about 

1 km and a depth about 30 m. The eastern side of the channel is bounded by James 

Island and has a fairly smooth curvature. The western boundary presents a headland 

(Cordova Spit) and a shallow bay (Sannichton Bay) that broadens the channel to 

the north (see the 20-m isobath). The channel to the south of the headland is fairly 

straight.

The two instruments deployed by our group are a 600 kHz ADCP and a moored 

microstructure instrument (TAMI). Fig. 2.2 summarizes the durations of the measure

ments with the standard working mode (mode 4) of the ADCP and two deployments
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Figure 2.1: Area map showing bathymetry (depth in metres) of Cordova Channel ajid 
location of the ADCP. The positions of two deployments of the moored microstructure 
instrument (TAMIl and TAMI2) are shown. A current meter (CMI), transm itter (T) 
and receiver (R) of an acoustic scintillation system were also deployed during the 
experiment.
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Figure 2.2: Durations of measurements made by some of the instruments deployed 
in the Cordova Channel experiment (top panel). The two lower pajiels show the 
magnitude and direction of the 20-min mean flow at mid-depth, measured by the 
moored current meter (CMI). During the first interval the ADCP only measured the 
mean flow profiles.
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of TAMI, along with the measurements taJcen by the Acoustic Oceanography Group 

from the Institute of Ocean Sciences (lOS) at Patricia Bay.

2.2 Background M easurem ents

A meteorological station was set up at Cordova Spit and took measurements through

out the experiment. The recorded wind speed was typically less than 3 m s " \  and 

only reached 5 m s~  ̂ occasionally. The wind stress on the sea surface was negligible 

compared to the frictional stress at the bottom. The water surface was calm and, 

according to our visual observation, the wave heights did not exceed 0.2 m during the 

experiment. No systematic observation on the seabed condition was made, but divers 

reported that the bed was composed mainly of fine gravel with diameters ranging 

from 2 to 8 X 10~  ̂ m, and that the bed contained neither mud nor silt.

The two lower panels in Fig. 2.2 show the magnitude and direction of the flow 

measured with the moored current meter (CMI) at mid-depth. The flow in the 

channel was mainly tidal, directed northward during the flood and southward during 

the ebb. During the experiment the tide changed from spring to neap, and the diurnal 

constituents became increasingly dominant.

Time variations of temperature and salinity at mid-depth were measured with a 

CTD attached to the CMI mooring and by 3 sensor pairs mounted on TAMI. The 

measurements showed a general warming trend of 1°C coupled with a decrease in 

salinity of 1.5 psu over 9 days. A close look at the time series (Fig. 2.3) revealed vari

ations in temperature and salinity over several hours. Decreasing salinity correlated 

well with the increasing temperature.

CTD profiles were taken nominally every 20 min during the period shown in 

Fig. 2.2, from CSS VECTOR  anchored near the south entrance of the channel, about 

1.5 km to the south of the ADCP. Fig. 2.4 shows 17 consecutive density (ctj) profiles 

over one-half semidiurnal tidal period from day 29.1-29.4. A fairly well mixed layer
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by TAMI at mid-depth.
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Figure 2.5: Estimates of the gradient Richardson number (Hi) at mid-depth using 
measured with TAMI, and shear measured with the ADCP. Each open circle 

represents a 20-min mean.

above the bottom can be identified. The height of this mixed layer varied with tidal 

flow, and reached mid-depth during strong flows. During slack current the mixed 

layer was not evident, and the whole water column was stratified. A sharp density 

gradient occured above the bottom mixed layer, and unstable overturns were observed 

during the ebb.

CTDs on the moored instrument TAMI provided estimates of density difference 

over a vertical distance of 3 m at mid-depth. The buoyancy frequency squared, iV ,̂ 

was derived from the density gradient. No shear estimates were available at the site of
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TAMI. Estimates of the gradient Richardson number, were calculated by dividing 

the estimates of from TAMI, and the shear squared from the ADCP averaged over 

3 m at mid-depth. Note that TAMI and the ADCP were apart by about 50 and 100 m 

during the first and second deployments, respectively. A total of 3.2 days of Ri, each 

value representing a 20-min mean, were obtained. The tim e series of Ri (Fig. 2.5) 

did not show a clear tidal variation. During the flood, 66% (31%) of the Ri values 

were greater (less) than 1/4, and 3% were negative (indicating overturns). During 

the ebb, 56% (34%) of the R i values were greater (less) than 1/4, and 10% were 

negative. Hence, at mid-depth, the water column was stable more often than it was 

unstable during the flood, whereas the chances of shear stability and instability were 

roughly equal during the ebb. The frequency of occurrence oi R i < 1/4 must increase 

towards the bottom due to the combined effects of increasing shear and decreasing 

stratification.

2.3 D eploym ent of the A D C P

The ADCP was deployed by mounting it in a metal quadripod sitting on the sea floor. 

The tilt sensors of the ADCP measured heading, pitch, and roll angles with 0.01° res

olution, and the readings remained steady throughout the experiment because the 

instrument was rigidly mounted. The metal stand, however, distorted the magnetic 

field, and the true heading angle was determined through a post-experimental cali

bration. A shore cable 800 m long connected the ADCP to the power supply and a 

computer in the shore station, and the data were directly transfered to the computer 

via the cable.

About 4.5 days of data were collected with the standard working mode (mode 4) 

of the ADCP, among which 3.8 days of data were recorded at rapid sampling rates 

(Fig. 2.2). The profiling range was broken up into uniform segments (depth cells) 

with 1 m vertical spacing. Because of the metal stand’s size and a 1.5 m blanking
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distance in transmitting acoustic echoes, the center of the first velocity cell was 3.6 

m high. Limited by the side lobes reflected from the surface, the uppermost cell was 

centered at 27.6 m height. The ADCP pinged at the fastest rate possible, about 0.75 

s per ping or at a frequency of 1.3 Hz. The velocity was recorded in beam coordinates, 

and the number of pings, that averaged into ensembles by the ADCP, ranged from 2 

to 4.

Prior to the Cordova Channel experiment, an in situ test of the instrument was 

conducted to obtain estimates of the noise levels of the ADCP. Velocity data were 

collected by mounting the ADCP on a boat drifting in the almost slack water of 

Saanich Inlet. The signal associated with the motion of the boat was removed by 

subtracting a second-order polynomial fit from each along-beam velocity profile, and 

the remaining signals are taken as Doppler noise. Fig. 2.6 shows that the noise 

standard deviation of the beam velocity is 0.01-0.015 m s“  ̂ up to a profiling range of 

40 m, for 4-ping averaged ensembles with 1 m cell size. Assuming that the consecutive 

pings are uncorrelated then the single-ping standard deviation is 0.02-0.03 m s“ \  

which is close to the value claimed bv the manufacturer.
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Figure 2.6: Standard deviation of the 4-ping averaged, I-m cell size velocities along 
the four-beams, and its variation with the distance from the transducer. The data 
was collected from a test in an inlet with almost slack water.
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Chapter 3 

M ean Flow and Shear Estim ates

3.1 Introduction

In this chapter we study the use of an ADCP in a turbulent flow to estimate mean 

velocity and shear profiles and examine the bias and statistical uncertainty of these 

estimates. We shall also describe the space-time variations of mean flow and shear in 

Cordova Channel which provide the background for the forthcoming chapters.

Accurate estimates of mean velocity and shear are essential for a study of the 

flow structure, e.g., resolving the log-layer and deriving parameters of the turbulence 

such as the shear production and gradient Richardson number. However, there is a 

significant difference between the measurement principle of an ADCP and that of a 

current meter. A current meter measures the “instantaneous” velocity vector at its 

position. For an ADCP, the directly measured velocities are the radial speed of the 

flow along its inclined acoustic beams, and the “true” velocity vector is derived from 

these along-beam velocities. The derivation assumes that the flow is homogeneous 

in the horizontal plane over the distances separating the beams (e.g., Lohrmann et 

al., 1990). At best, this assumption holds only statistically in a turbulent environ

ment, and only the time-mean velocity vector can be derived. A test of statistical 

homogeneity is required to justify its assumption and to determine the bias of the 

estimated mean velocity vector. Flows that have a Reynolds stress are anisotropic, 

and the variances of the velocity along the beams are different and cannot be used 

to test statistical homogeneity. A comparison of the “error” velocity against either 

the horizontal or vertical velocity provides a test for statistical homogeneity in the
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horizontal plane. Because the vertical and error velocities are small compared to the 

horizontal current, their measurement requires careful attention to bias in the tilt 

sensors, platform motions and turbulent fluctuations.

3.2 D eriving velocity  vector from along-beam  velocities

a. Calculation algorithm

For the beam configuration of an upward-looking ADCP (Fig. 3.7), we use y i, yg, ys 

to represent the heading, pitch and roll angles, respectively. We denote the velocity 

along the zth {i =1, . . . ,  4) beam by 6,-, and the horizontal and vertical components 

at the position of 6,- by u,-, u,-, it;,-. For small pitch and roll angles, correct to the first

order in y^ and ya, the relationship between 6,- and lü,- is (Lohrmann et al.,

1990)

bi =  —Ui(sin0 +  y 3 cos^) — wi{cosO — yasin ^ ) -f u^yg cos ^

6 2  =  « 2 (sin 0  — ys cos 0) — iü2 (cos 0  -f ya sin 6 ) -f U2 y 2  cos 9

63 =  —ua(sin ^ — y 2 cos^) — iü3(cos0 -f- y 2 sin^) — uaya cos 0 (3.1)

6 4  =  Ü4 (sin 0  -f y 2  cos 6) — W4 (cos 0 — sin 0)  — cos 0 ,

where 0 =  30° is the beam inclination angle with respect to the centerline of the 

ADCP, and the rotation with the heading angle y i should be added in (3.1) when u, 

and Vi are defined as the eastward and northward components, respectively.

The along-beam velocities 6,- are directly measured by the ADCP. When the ADCP 

operates in the “earth coordinates” mode, the beam velocities are transformed to the 

“velocity vector” and the “error” velocity by

62 — 61 6% 4- 62
“ 2 sin g ‘̂ ^2cos0

6 4  —  6 3  6 3 - 1 - 6 4

^ ~  2sin0  *^^2cos0
6 1  - f -  6 2  - f  6 3  - f  6 4  6 2  —  6 4  6 4  —  6 3  / o  o \

= -----------4 ^ -----------
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Figure 3.7: Transducer geometry and beam orientation of the ADCP. The beams are 
nominally inclined hy d = 30® from the vertical, y  1,(^2 and ^3 are heading, pitch and 
roll angles.
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( 6 i  +  6 2 )  —  ( 6 3  +  6 4 )

4cos0

and an additional compass rotation. The next subsection shows that u ,v ,w  can not 

be regcirded as a true velocity vector for a single ping.

6 . The assumption of homogeneity

From (3.1) and (3.2), the relationship between û,û, îû,ê and u,-, u,-, l ü , - ,  correct to the 

first order in and ys, can be derived to read

» _  +  U 2  W 2  —  W i  U 2  ~  U i  V 2  —  V i

.  _  V 3  +  V a  W 4  —  W 3  V 4  —  V 3  U 4  —  U 3

2 2 tan 6  sin 29 2 tan 9
W i  +  W 2  +  W 3  +  W 4  ( « 2  —  u i )  +  ( ^ 4  —  U 3 )w = ------------     tan 9

4 4
, ( “ 3  +  U 4 )  —  ( U i  +  U 2 )  ( U 3  +  U 4 )  —  ( ü i  +  V 2 )

+ V ?3-------------------------   ^ 2 ------------------------------------------------------

, / W2 - W 1 W4 -  W3 , l  +C0S^9
 (3-3)

( t ü l  +  m 2 )  —  ( W 3  +  W 4 )  ( U 2  —  U i )  —  ( U 4  —  U 3 )
e = -------------- :--------------------------------   tan 9

4 4
( u i  +  U 2 )  —  ( U 3  +  U 4 )  ( u i  +  V 2 )  —  ( v j  +  U 4 )

+ < ^ 3 -------------------------   ^ 2 ---------------------------^ -------------------------

, ,  W 2  -  , W 4 -  W 3 , ^  ^
+ (y s    f- <P2 -------   ) tan 9.

For Û, Û, w to form a true velocity vector, each velocity component at different beams 

must be identical, i.e., the velocity field must be instantaneously homogeneous in 

the horizontal plane over the distances separating the beams. In a turbulent flow,

this requirement is not satisfied if eddies exist with scales comparable to and smaller

than the beam separation. We may assume, however, that the statistical properties 

of the flow are horizontally homogeneous. In particular, we assume that the mean 

flow components, denoted by ü, ü, w, axe horizontally homogeneous over the spatial 

domain of the beams and that the fluctuations average to zero. Then from (3.3), we
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have

u = u

V =  V

w = w (3.4)

ë =  ê =  0 .

We note that, under the assumption of statistical homogeneity, the expected error 

velocity ê is zero. In fact, a comparison of the magnitudes of ê against the magnitude 

of the vertical (or horizontal) velocity provides the only explicit test of the assumption 

of homogeneity. For example, the estimated mean vertical flow ù> is unreliable if its 

magnitude is not significantly larger than that of ê.

The amount of averaging required to give a satisfactory estimate of the mean 

velocity vector depends upon the distribution of eddy scales and the energy of the 

eddies. For example, if all eddies have scales much larger than the beam separations, 

then the field is instantaneously homogeneous, and the statistical uncertainty of the 

estimates of the mean is determined solely by the probability distribution of the 

fluctuations and the degrees of freedom in the estimate. For such eddies, the vertical 

velocity must be small compared to the horizontal components owing to its bottom 

boundary condition. The most intense vertical velocities will come from eddies with 

scales comparable to the distance of these eddies above the bottom, which is similar 

to the distance separating the pairs of beams. The averaging will have to span many 

such eddies which is realized with an averaging time t  ^  L jU , where L is the beam 

separation and U is the mean speed. The relevant parameter is iV =  f/r/Z ,, the ratio 

of horizontal averaging scale to the beam separation.
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c. Rigid v. non-rigid deployments

In practical deployments, an ADCP can be mounted either rigidly or non-rigidly. For 

a rigidly mounted ADCP, the tilt angles (^,(f =  1,2,3) are constant, axid the mean 

velocity components are the linear combinations of the averaged beam velocities:

— 62 — 61 61+62

—  6 4  —  6 3  6 3  +  6 4

V  =
2 sin d 2 cos 9

—  6 1  +  6 2  +  ^  +  6 4  6 2  —  6 1  6 4  —  ^

w =
4 cos 9 “ 2 ^  +

-  _  ( 6 1  +  6 2 )  —  ( 6 3  +  6 4 )

4 cos 9

For a non-rigidly mounted instrument, there are changes in the transducer orien

tation (reflected by the variations in tilt angles) and translational movements of the 

instrument (which are not monitored). Changes in beam orientation lead to changes 

of velocity along each beam even in a steady flow field, hence averaging a beam veloc

ity time series is meaningless. Instead of using (3.5), the transformation from beam 

velocity to “velocity vector” must be done ping by ping using (3.2), and then taking 

the average of û, û, w to derive the mean velocity components.

Would the motions of a non-rigidly mounted instrument influence the mean ve

locity estimates? Translational motions bias the Doppler shift of individual samples 

but not the estimated mean velocity. For the estimated mean velocity, eis can be seen 

from (3.3), the contributions of zero-mean translational motions either cancel identi

cally (e.g., the term  <̂3(^2 — ui) in the first line of (3.3)) or vanish through averaging 

(e.g., the term ui +U2). Variations in tilt angles, however, may correlate with velocity

variations (e.g. the term  (^^«2 “  ^1)) and bias the velocity estimates. For eddies with

a very large spatial scale compared to the beam separation, <p'z{u2 — u\) = 0 because 

the correlations cancel identically. For eddies with a very small scale compared to 

the beam separation, the correlation at points 1 and 2 will be small, and the velocity 

fluctuations at either point are unlikely to correlate with the tilt of the instrument.
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Intermediate scale eddies, those with scales comparable to the beam separation, may 

well have fluctuations of velocity difference (ug — correlated with tilting motions. 

A 2° rms tilt angle fluctuation and a 0.1 m s“  ̂ rms velocity fluctuation difference 

would produce a bias of 4 x 10~  ̂ m s“  ̂ if the two fluctuations are perfectly corre

lated. Hence this effect is not likely to be important for the estimated horizontal 

current, but may be significant for the estimated mean vertical velocity which has a 

typical magnitude of 0.01 m s~^.

Bias in the tilt sensors introduces another difficulty for a non-rigidly mounted 

ADCP. Inaccuracy in the measurement of (p2 or <̂3, as can be seen from (3.2), can 

contaminate the transformation from beam velocity to “velocity vector.” Again, the 

bias is of little practical consequence for the horizontal velocity estimates but will 

affect the estimated vertical velocity. To eliminate this contamination, one needs 

to determine the bias in tilt angles and recalculate the beam-to-earth coordinate 

transformation. The re-processing of data can be conducted, using (3.2), if data are 

recorded ping by ping. If only the ensemble-average of a large number of pings are 

recorded (which is usually the case), the estimates can still be corrected for tilt-angle 

bias using (3.5). This correction can only be done if the instrument is rigidly mounted, 

because the horizontal direction of the plane of tilt can rotate during the averaging 

interval for a non-rigidly mounted instrument.

Thus, for a non-rigidly mounted instrument, the variances of the measured vertical 

and error velocities will be large and an explicit test of the assumption of statistical 

homogeneity will be more difficult. More significantly, a rigidly mounted ADCP 

permits the estimation of turbulent quantities with the “variance method,” whereas 

this is impossible with a non-rigidly mounted instrument.



Chapter 3. Mean Flow and Shear Estimates 24

3.3 Analysis o f data from a rigidly m ounted A D C P

a. Correction o f tilt angle bias

The measured values of yg and ys are 0.00° and —3.00°, respectively, throughout 

the experiment. However, the vertical velocity calculated with these tilt angles has a 

tidally varying signal (Fig. 3.8, thin lines). This signal must be a contamination from 

the horizontal velocity because it greatly exceeds the vertical velocity attributable to 

the tide. By choosing combinations of different values of </?2 and <̂3, we found that 

the vertical velocity bias is minimized by changing only the roll angle from —3.0° to 

—2.0° (thick lines. Fig. 3.8). Hence the values of v?i, v’a, ys used in the transformation 

from beam to earth coordinates are 150.3°, 0.0°,—2.0°, respectively.

b. Measurement uncertainties

Fig. 3.9 shows a sample of a 1-day long, 4-ping averaged beam velocity at mid-depth 

from beam 1, which is projected into the downstream direction during ebb tide. (The 

flow is southward during the ebb and northward during the flood.) The low- and 

high-frequency variations are separated with a zero-phase, low-pass and 4th order 

Butterworth filter with a cut-off period of 20 min. The measured velocity contains 

uncertainties due to  both Doppler noise and turbulence. The standard deviation 

of the beam velocity noise, for 4-ping averaged ensembles with 1 m bin size, was 

estimated to be 0.01 to 0.015 m s“* (Chapter 2). Hence the influence of Doppler 

noise is only significant during the weak flood between day 24.6 and 24.8. During the 

other segments of this 1-day long data, the high-frequency beam velocity fluctuations 

are dominated by turbulence.

Velocity variations due to Doppler noise are uncorrelated, hence, by averaging N  

ensembles, the noise standard deviation is reduced by a factor of For 20-min

averages, the uncertainty in beam velocity due to Doppler noise is 5 to 7 x 10"^ m s“ .̂



Chapter 3. Mean Flow and Shear Estimates 25

vertical velocity @Z=15.6 m

CO

E

flow @Z=15.6 m

0.1

0.08-

0.06-

0.04-

0 . 0 2 -

Ui

E
- 0 .02 -

-0.04-

-0.06

-0.08 -

- 0.1
24.6 24.8 2524.424 24.2

1

0

1
24.6 24.8 2524.424 24.2

1994/09 monthday (PST)

Figure 3.8: One-day long vertical velocity at mid-depth (z=15.6 m), calculated for 
roll angle <̂ 3 =  —2® (thick lines) and (̂ 3 =  —3® (thin lines). The two upper curves 
are calculated from 20-min smoothed beam velocities and the lower curves axe 3-h 
smoothed. The lower panel is a stick diagram of the horizontal flow at mid-depth.
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Figure 3.9: Sample of 1-day velocity data at mid-depth (z=I5.6 m) from the beam 
oriented in the downstream direction during ebb tide. The sampling interval is 3.05 s 
ajid each sample is the average of 4 pings. The 20-min smoothed velocity and the 
residual high-frequency component are plotted. The stick diagram in the lower panel 
is the 20-min mean horizontal velocity at mid-depth.
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Turbulent fluctuations, however, axe not fully uncorrelated. In order to determine how 

much the statistical uncertainty is reduced by time averaging, we need to know the 

de-correlation time scale of the turbulent fluctuations. The auto-correlation functions 

(acf) of beam velocity fluctuations for two 20-min intervals, one during strong ebb 

axid one during weak flood, are shown in Fig. 3.10. During the strong ebb, both 

at mid-depth and near bottom (Figs. 3.10a, b), the acf’s axe unlike those for white 

noise. By compaxison, the acf’s of the velocity fluctuations during the weak flood 

look more like those for white noise (Figs. 3.10c, d), possibly because the Doppler 

noise is compaxable to the turbulent intensity during this interval.

We define the de-correlation time scale as the lag at which the acf is reduced to 

the upper band of its uncertainty level (0.1). From an examination of all beams and 

various phases of the tide, we find that 15 s is the typical de-correlation time during 

strong flow. Thus, a 20-min average has 80 degrees of freedom and the standard 

deviation of the estimated mean along-beam velocity is typically 5.5 x 10"^ m s~  ̂

during strong flow. During the weak flood between day 24.6 and 24.8, the standard 

deviation of the 20-min mean is 1.7 x 10“  ̂ m s"^ and still larger than the Doppler 

noise.

By including terms representing the uncertainty in the mean beam velocity in 

(3.5), we deduce that the standard deviations of the horizontal and vertical velocity 

components axe \/2 times larger and times smaller, respectively, than that of the 

beam velocity. Thus, the uncertainty due to turbulence of the 20-min mean velocities 

is typically about 8 x 10"^ m s“  ̂ for û, v and 3 x 10"^ m s~  ̂ for iv at strong flow, 

and the level of uncertainty during the weak flood between day 24.6 and 24.8 is three 

times smaller.

The acf’s do not always fall to zero at very long lags (Fig. 3.10), which indicates 

the presence of eddies with large scales. We have also noticed some distinct events 

lasting up to 100 s during the turning of the flow direction. Furthermore, Fig. 3.9



Chapter 3. Mean Flow and Sheas Estimates 28

lag [s] 
20

lag [s]
40

E 0.5
CO
id

-0.5
500 1000

20 40

2 0.5
CO
CO

0.5
500 1000

20 40

E 0.5
CO
id

-0.5
500 
lag [s]

1000

20 40

2 0.5
CO
CO

0.5
500 
lag [s]

1000

Figure 3.10: Auto-correlation coefficients as functions of lag for the high-pass beam 
velocities along beam 1 at 15.6 m and 3.6 m above the seabed, (a) axid (b) are from 
20-min data taken during the strong ebb starting at day 23.91; (c) and (d) are from 
the 20-min data taken during the weak flood starting at day 24.6. Note that two 
different scales of lag are used in each panel.
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shows that a smoothing of beam velocity at the 20-min cutoff period not only keeps 

the tidal signal, but some eddy fluctuations with periods longer than 20 min as well.

c. The choice o f averaging period and test of homogeneity

For unsteady tidal flow, the choice of an appropriate averaging time is usually hard 

to make. This is because the “spectral gap” separating turbulence from the tidal 

fluctuations is “something which a priori may not be known to exist or physically 

needs to exist” (Gross and Nowell 1983). A compromise is always needed in choosing 

between an averaging time short enough to retain tidal variations and one that is long 

enough to reduce the  fluctuations induced by turbulent eddies. For measurements 

using the ADCP, there is another constraint; the test of statistical homogeneity may 

also require considerable averaging.

The above analyses show that a 20-min averaging period reduces the rms velocity 

fluctuations to low levels compared to the mean velocity magnitude. The major tidal 

components in Cordova Channel are semi-diurnal and diurnal constituents, and 20- 

min averages resolve approximately 10° phase changes for the semi-diurnal tide and 

about 5° for the diurnal tide, respectively. Fig. 3.11a compares the 20-min vertical 

velocity w and the error velocity ê at three depths. The magnitude of ê increases 

with increasing height. At the lowest level, ê is generally smaller than w. At mid

depth, ê is relatively small during most of the strong vertical flow events. At the 

uppermost level, the  error velocity is frequently large except for the event shortly 

before day 24.6. The ratio of the horizontal averaging scale to the beam separation, 

defined as N  = U r jL  in section 2.b, decreases with range and increases with current 

speed (Fig. 3.11b). For 20-min averages, N  is 300—400 at the bottom cell, 40-70 at 

mid-depth, and 20-40 at the top cell.

The justification for the assumption of statistical homogeneity in the horizontal 

plane is that the error velocity (which has an expectation of zero) is small compared
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Figure 3.11: Upper panel: 20-min mean vertical (solid lines) and error velocities 
(dashed lines) at the heights of 15.6 m, 3.6 m (offset by —0.05 m s~^) and 27.6 m 
(offset by 0.05 m s~^). The sign of the error velocity is made identical to the sign 
of the vertical velocity to facilitate comparison. The shading spans ±1 standard 
deviation of 3x10“  ̂ m  s“ .̂ Lower panel: The ratio of horizontal averaging length to 
beam separation at 3.6 m (thinner solid line), 15.6 m (thicker solid line) and 27.6 m 
(dashed line), respectively.
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to the velocity component of interest. The standard deviation of a 20-min average 

of horizontal velocity due to turbulence and Doppler noise is typically 8x10“  ̂ m 

s~  ̂ (section 3.2c) or about 1%. Thus, we would like the error velocity to be at 

least ICO times smaller than the horizontal velocity estimate. A scatter plot of |f//e | 

against N , the ratio of horizontal averaging length to beam separation, indicates 

that most samples have a ratio exceeding 100 (Fig. 3.12a). Nearly all ratios smaller 

than 100 come from iV < 50. Can iV be used to predict the likelihood of having 

the error velocity below a given threshold? The fraction of samples that exceed our 

threshold of \U/e | =  100 increases rapidly with increasing non-dimensional averaging 

length jV, and passes 95% at N  = 55 (Fig. 3.12b). Thus, averaging over more than 

55 beam separations produces error velocities small enough to be consistent with 

the assumption of horizontal statistical homogeneity. A few 20-min averages have 

N  larger than 300 but still have velocity ratios smaller than 100 which may be a 

statistical artifact. However, horizontal eddies were visually observed and, if such 

eddies had passed near the .ADCP, the flow field would have been inhomogeneous 

and the error velocity large.

Although the standard deviation of the vertical velocity due to turbulence and 

Doppler noise is only typically 3x10“  ̂ m s“ \  the mean and variance of this compo

nent are small compared to horizontal velocity, and the above threshold of 100:1 is 

unrealistic. The distribution of the mean vertical-to-error velocity ratio (Fig. 3.13a) 

indicates that many samples do not even exceed a ratio of 3. For this analysis, we 

ignored all samples with vertical velocities smaller than 3x10“  ̂ m s“^  The number 

of samples exceeding the threshold of 3 increases slowly with N  and reaches 75% at N  

=  90 (Fig. 3.13b). Thus, for many 20-min averages, the estimated vertical velocity is 

not distinguishable from the error velocity and, therefore, it is indistinguishable from 

zero. This is true even when the magnitude of the vertical velocity greatly exceeds 

its standard deviation of 3x10“  ̂ m s~  ̂ determined from beam statistics. Unlike the
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Figure 3.12: (a) A scatter plot of the magnitude of the ratio of horizontal to error 
velocity versus non-dimensional averaging length N . (b) Upper panel: The percentage 
of samples with velocity ratios exceeding 100 as a function of N . The 95 to 100% 
range is shaded. Lower panel: histogram of N .
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Figure 3.13: Same as Fig. 3.12 except for vertical velocity and a velocity ratio of 3. 
The 75 to 100% rzmge is shaded.

case for the horizontal velocity, the non-dimensional averaging length N  is a poor 

indicator of when the vertical velocity samples pass a test for horizontal homogeneity.

3.4 M ean flow and shear estim ates in Cordova Channel

a. Results

The 4.5 days of velocity data collected using mode 4 spanned over a period of 8 days. 

By choosing an averaging period of 20 min, we obtained a total of 306 mean velocity
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profiles, each consisting of 25 depth cells. A harmonic fit, composed of the four major 

tidal constituents {M2 , 3 2 -, K \ ajid 0 %) and the zero-frequency residue, explains more 

than 91% of the variances of the velocity time series at each cell. Thus, the  flow in 

Cordova Channel during this experiment was mainly tidal.

The depth averaged velocities (for each 20-min average) are asymmetric with 

respect to the flood and ebb (Fig. 3.14). The ebb is stronger than the flood and their 

directions are not exactly opposite (they differed by 170°). The current direction 

difference between bottom and top layers is typically about 15°, both for flood and 

ebb. The veering with height during the flood (Fig. 3.15a) is in the same direction 

as for a bottom Ekman layer, but the backing during the ebb (Fig. 3.15b) is in the 

opposite sense. The vertical rotation of the shear (Figs. 3.15c, d) is about 90°, much 

larger than it is for the flow. At 3.6 m above the seabed, the directions of the shear 

and the flow are quite close during the flood, whereas the shear is about 30° counter

clockwise from the flow during the ebb (top panel. Fig. 3.15). The large transverse 

shear in the lower layer during the ebb provides a transverse stress directed offshore 

from the headland.

The direction of the depth-mean flow is unsteady. We define the stream  wise s- 

direction to be aligned with the depth-mean flow, and make the stream wise velocity 

U3 positive during the flood and negative during the ebb. The transverse n-direction 

is normal to s and points away from the headland. Fig. 3.16 shows the  depth

time sections of 1-day-long stream wise (u,) and transverse (u„) flow, their shears 

{dusldz,dunldz) and vertical velocity {w). The uncertainty owing to turbulence in 

the mean shear estimate is 8 x 10”  ̂ s " \

The stream wise flow (Fig. 3.16a) shows a strong tidal signal, with the flow in 

the lower layer diminished by bottom drag. The non-tidal variations can be strong 

enough to distort the tidal variations. For example, the strong ebb between days 24.3 

and 24.6 has two peaks with weaker flow in between. The (slight) slanting of the
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Figure 3.14: Polar coordinate diagrams of the depth mean flow for all 4.5 days of 
data.
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isotachs indicates that the upper layer leads the lower layer in the decelerating stage, 

whereas it lags during the accelerating phase. The maximum speeds of stream wise 

flow axe frequently found at heights below the uppermost bin.

The traxisverse flow is strongest in the near surface and near bottom layers, and 

weakest at mid-depth (Fig. 3.16b), with magnitudes reaching 0(0.15 m s~*) at the 

lowest cell during the ebb, and about 0(0.05 m s~^) in both the upper and the lower 

layers during the flood. The transverse flow is usually directed towards the headland 

in the lower layer, and in the opposite direction in the upper layer, with exceptions 

around the reversal of the tided and the weak flood between days 24.6 and 24.8. The 

transverse velocity profiles usually vary linearly with height up to mid-depth but are 

more complex in the upper half of the water column. During the ebb near day 23.9 

and between days 24.85 and 25, the transverse flow has a three-layer structure.

Both the streamwise and the transverse shear are bottom-enhanced (Figs. 3.16d, 

e). The streamwise shear reaches a magnitude of 0(0.05 s~^) in the lower layer, and 

contains a strong tidal signal. During the ebb, the transverse shear reaches about half 

the magnitude of the streamwise shear near the bottom, but it is small during the 

flood. The streamwise shear frequently reverses sign near mid-depth, corresponding 

to the occurrence of maximum velocity at that height. Reversals of the shear profile 

are also found in the transverse direction during the ebb when the transverse flow has 

three layers.

The mean vertical flow (Fig. 3.16c) is generally less than 0.02 m s“  ̂ in magnitude 

but several significant up- and down-welling events can be identified with some occur

ring during flow turning and some during strong currents. These intensified vertical 

flow intervals generally occur over the entire profiling range, and the maximum ve

locity is at mid-depth, reaching 0(0.05 m s~^) at times. The comparison of vertical 

against error velocity shows that, at least at levels up to mid-depth, these events of 

vertical flow are real (Fig. 3.11). Note that an 0(0.05 m s~^) vertical flow lasting 20
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min is enough to bring the bottom water to the surface and vice versa, invoking a 

significant vertical exchange of water.

b. Discussions

The measurement results reveal a complicated picture of tided flow in this natural 

channel. The occurrence of strong transverse flow can be attributed to the coastal 

curvature of the channel, especially the presence of a headland at the western side 

boundary (Fig. 2.1). The forms of transverse velocity profiles are derived theoretically 

by Kalkwijk and Booij (1986) as

“ nc =  —sig n (ü a )^ /c (—, q ) (3-6)h

=  (3.7)
K^n n

where Unc denotes the contribution from Coriolis forcing and from the effect of 

curvature (bending), /  is the Coriolis parameter, h is water depth, R  is the local 

radius of streamline curvature, û, is the depth-mean of u, and a = Cq ^ /k { C o  is the 

bottom drag coeflBcient referred to the depth-mean flow and k = 0.4 is von Kârmân’s 

constant). The two profile functions, fc and fb, are nearly linear in z except very close 

to bottom. In deriving (3.6) and (3.7), Kalkwijk and Booij assumed that a log-layer 

exists in the streamwise direction and extends to the surface. A log-layer extending to 

large heights above the seabed has not been convincingly observed in previous work. 

The streamwise velocity in Cordova Channel, however, has been accurately fitted to 

the logarithmic form to heights of over 20 m during peaJc flows (Chapter 5), and this 

analysis gives Co =  4 x 10“  ̂ with respect to the depth-mean flow. Hence, a  % 0.15. 

The functions fc and fb are both 0(0.5) in the near-surface and bottom layers. Using 

typical values of / ,  h and ûg in Cordova Channel, (3.6) predicts a transverse flow of 

only Unc ~  0.01 m s“ .̂ Thus, the Coriolis force makes only a small contribution to the 

transverse flow and the predicted direction is opposite to the observed direction during
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the ebb. To reproduce the correct magnitude of u„, which is approximately 0.05 and 

0.15 m s“  ̂ during the flood and ebb, respectively, one requires a radius of curvature 

of 4 and 1.5 km. Both radii axe reasonable considering the topography of the channel 

near the ADCP. The headland and Saanichton Bay provide an expansion/contraction 

that is asymmetric in the cross-channel direction (Fig. 2.1). During the ebb, the water 

must turn shaxply around the headland while passing the ADCP. During the flood, 

the flow curvature is weaJcer because the channel is fairly straight south of the ADCP 

and the flow can separate from the western shore just north of the ADCP.

The shear reversals may be due to the inertia of the oscillatory flow. However, 

the greater abundance of shear reversals during the ebb, as compared to the flood, 

suggests that these reversals are produced by the entrainment of shallow water from 

Saanichton Bay. This entrainment would slow down the water above mid-depth in 

the mainstream.

The occurrence of intense up- and down-welling events lasting longer than 20 

minutes is surprising and difficult to explain without some measure of the horizontal 

distribution of the flow. Flow separation and the production of eddies by a headland 

are possible (Geyer 1993) and were visually observed in Cordova Channel (D’Asaro, 

personal communication, 1995). Vertical flow can be induced by transverse flow 

and flow separation via the mechanism proposed by Garrett and Loucks (1976) and 

Wolanski et ai. (1984).

3.5 Sum m ary

This chapter discusses the measurement principles of an ADCP, and the data process

ing required to apply this instrument to velocity profiling in a turbulent environment. 

The ADCP was rigidly mounted to the bottom of Cordova Channel where the flow is 

mainly tidal with peaJc currents of 1 m s“  ̂ and rms turbulent fluctuations of 0(0.05) 

m s~^.
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An ADCP is not equivalent to a chain of point current meters in the sense that only 

the time-mean velocity vectors, rather than the “instantaneous” ones, can be obtained 

with ADCP. Turbulence was separated from the “mean” using 20-min averages.

The statistical uncertainty of the velocity estimates stems predominantly from 

turbulence rather than Doppler noise and is typically about 8 x 10“  ̂ m s“  ̂ for the 

horizontal components and 3 x 10“  ̂ m s“  ̂ for w during strong flow and less for 

weaker flows. Because the uncertainty depends on the characteristics of the turbulence 

rather than the instrument, its evaluation requires rapid sampling (and recording) to 

resolve the velocity fluctuations. That is, simply recording the ensemble means is not 

suflScient.

An explicit test for horizontal statistical homogeneity, an assumption made in 

calculating the mean flow components, was made by comparing the magnitude of an 

estimated velocity component against the error velocity. The ratio of averaging length 

to beam separation, N , can be used to predict the reliability of the horizontal velocity 

estimates. For more than 95% of our observations, the magnitude of the error velocity 

is less than the statistical uncertainty of the horizontal velocity for N  > 55. However, 

N  is not a good indicator of the statistical significance of vertical velocity estimates. 

Using only vertical velocity estimates that exceed the statistical uncertainty of 0.003 

m s " \  we find that only 75% of these velocity estimates are more than 3 times larger 

than the error velocity for N  =  90. For a 20-min averaging interval, N  exceeds 90 only 

below mid-depth and longer intervals are required to smooth out the instantaneous 

inhomogeneity over the beam separations.

Bias in the measurement of tilt angles (1° in our case) can easily contaminate the 

weak vertical flow signals. The effect of this bias can be removed for rigidly mounted 

deployments by re-processing the data with the correct tilt angles, but this is not 

possible for a non-rigidly mounted instrument that records only the mean velocity 

vector. Another source of bias to the vertical velocity estimates for a non-rigidly



Chapter 3. Mean Flow and Shear Estimates 42

mounted ADCP may come from the correlation of tilt and horizontal velocity due to 

eddies with scales comparable to the beam separation.

The depth-time variations of flow and shear observed in this natural tidal channel 

are complicated. The flow is asymmetric between the ebb and flood phases of the tide 

at the site of the ADCP, both in magnitude and direction. Strong transverse flow is 

observed, and is attributed mziinly to the curvature effect produced by a headland 

at the western side of the channel. The streamwise shear is bottom-enhanced and 

strong transverse shear is only observed during the ebb. The shear frequently reverses 

sign at mid-depth during the ebb, this being attributed to the entrainment of water 

from a shallow bay to the north of the experiment site into the mainstream of the 

channel. Intensified up/down-welling intervals occur with vertical flow magnitude 

reaching 0.05 m s~^ at mid-depth.
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Chapter 4

Turbulence E stim ates

4.1 Introduction

Turbulent velocity fluctuations in the ocean are conventionally measured by two types 

of instruments: shear probes (e.g. Osbom and Crawford, 1980) and point current- 

meters (e.g. Gross and Nowell, 1983, 1985; McPhee, 1994). Turbulent measurement 

with acoustic Doppler current profilers (ADCP) is a relatively new technique and 

possesses the advantages of remote sensing.

Several approaches have been developed to estim ate turbulent quantities with 

an ADCP by taking advantage of the rapid sampling of this instrument. Cargett 

(1988, 1994) reported on a “large-eddy” approach that provides one estim ate of the 

turbulent kinetic energy (TKE) dissipation rate, by using a narrowband ADCP with a 

true vertical beam. Van Haren et al. (1994) applied a “direct-correlation” approach to 

estimate the velocity covariance (Reynolds stress) in the internal wave frequency band, 

by using a moored narrowband ADCP with standard beam configuration. The third 

method is the “variance technique” that derives Reynolds stress and TKE density 

from the auto-covariances of along-beam velocities. This method was first explored by 

Lohrmann et al. (1990) with a pulse-to-pulse coherent sonar, and was recently applied 

by Stacey (1996) with a broadband ADCP. The advantage of using a broadband 

ADCP is that the noise level in velocity profiling is lower than that of a narrowband 

unit, and the profiling range is much larger than that of a pulse-to-pulse coherent 

sonar.

In this chapter, we address the issue of obtaining reliable estimates of turbulent
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quantities with the “vaxiance technique” and, thereby, extend the work on first order 

moments presented in the previous chapter.

4.2 Deriving turbulent products from variances o f along-beam  velocities

As shown in Eq. (3.1), the measured velocity along the zth (z = 1, . . . ,  4) beam, 6,-, 

is the sum of the horizontal and vertical components, u,, u,-, u;,-, at the position of 6,. 

Each of these velocities is decomposed into a mean part and a turbulent fluctuating 

part, i.e., 6j =  6,- +  b[,U{ =  u,- +  u(-, etc. To derive the mean velocity vector, we need 

to assume that the mean flow is statistically homogeneous in horizontal space over 

the distances separating the beams, i.e., ui =  «2, etc. (Chapter 3). To derive the 

Reynolds stress and the TKE density, we must further assume that all the second- 

order moments of turbulent velocity fluctuations are horizontally homogeneous, i.e..

u'l = u '21 u\w'x =  U2 W2 , etc.

The assumption of the horizontal homogeneity of the mean flow can be explicitly 

tested by comparing the magnitudes of either the horizontal or vertical velocity com

ponents against that of the “error” velocity (half of the difference between the two 

vertical velocity estimates from two beam pairs). In Chapter 3, we showed that for 

the magnitude of the error velocity to be less than 1% of the mean horizontal speed 

at the 95% confidence level, the averaging length scale (speed multiplied by averaging 

time interval) needs to be 55 times larger than the beam separating distances. There 

are no explicit tests for the homogeneity of the second-order moments. We anticipate 

that at least a similar amount of averaging is required for turbulent products (the 

second-order moments).

From the variances of along beam velocities, i.e., one can derive two compo

nents of the Reynolds stress

-u 'w ' =  2^sin 26 ~  ~  V’2^ V , (4.8)
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4̂ . /-7Ô —JÔ'
2 sin 20 

and a quantity

S  =  +  6?  +  6?  +  6?) -  (<y?3uW  -  y 2rW )(—^  -  1). (4.10)4 sin u tan (/

The quantity S  is related to the TKE density g^/2 =  (u'^ +  v"̂  +  w"^)/2 by

where q =  w"^/{u"^ + u'^) is a measure of turbulence anisotropy.

The ajiisotropy ratio a  cannot be determined from an ADCP with only four beams. 

For extremely anisotropic turbulence q =  0 hence S  =  ?^/2; whereas in the limit of 

isotropic turbulence a  =  0.5, and S  = 2.7g^/2 for 9 =  30°. Assuming a  =  0.2 

(consistent with the measurement results of Stacey (1996) in unstratified flow), S  =  

1.8ç^/2, so that the data  can be used to estimate q^.

Apart from the neglected second and higher order terms in yg and yg, (4.8) and

(4.9) also contain undetermined terms u'^ — w"^, u'^ — w"^, and u'v‘. Neglecting these 

terms brings a bias to the estimates of stress, which is examined in section 3.a. To 

eliminate this bias we need a fifth beam directed along the instrument axis (Lohrmann 

et al. 1990).

Calculating the Reynolds stress and the quantity S  with (4.8)-(4.10) requires that 

the tilt angles yg and ya, as well as the heading angle y i, are time invariant. In 

other words, the instrument needs to be rigidly mounted. For a non-rigidly mounted 

deployment, the decomposition of along-beam velocity 6,- is meaningless, because its 

variations can be caused by changes in the three angles.

To illustrate the problem with tilt-eddy correlation in estimating turbulent prod

ucts, we examine the case when only the roll angle ya changes with time, the heading

angle is constant, and the pitch angle yg =  0. By eissuming that u^ya =  u^ya =  u'ya.
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etc., (4.8) changes to

—u'w' % J  ^  +  (üuVs — wxi/ifz) +  (u 'V s — (4.12)^ sirx \̂7

where the terms with magnitudes of 0 (1̂ 3) have been dropped. The term which is

most likely to introduce a large error is uu'ips, i.e, the product of eddy-tilt correlation 

and the mean horizontal velocity. A 2° rms tilt angle fluctuation and a 0.1 m s"^ 

rms turbulent velocity fluctuation will produce a bias of 4 x 10“  ̂ m s~  ̂ if the two

fluctuations axe perfectly correlated. In a mean current of 1 m s“ ,̂ the term  uu'ipz 

will cause a bias of 4 x 10“  ̂ m^ s“ ,̂ which is larger than the typical magnitude of 

Reynolds stress. Even if the tilt-eddy correlation is as low as 0.1, the Reynolds stress 

contamination is still 4 x 10“ '* m^ s“^, too large for most practical flows.

The only case that turbulence can be possibly measured with a non-rigidly mounted 

unit is where dominant energy-containing eddies are much larger than the beam sep

arating distances. In that case the velocity field is instantaneously homogeneous 

over the beam sep«irating distances, hence a ping-by-ping transformation gives the 

true velocity vector. The turbulent velocity fluctuations can be obtained by applying 

Reynolds decomposition to the time series of velocity vector, and the products of tur

bulent fluctuations can then be calculated. This “direct correlation’’ approach was 

adopted by van Haren et al. (1994) to measure the Reynolds stress in the internal 

wave band over a sloping bottom on the continental shelf.

4.3 Error analyses

In this and the two subsequent sections, we present detailed analyses of a 1-day long,

4-ping averaged data. A sample of this data is shown in Fig. 3.9.

a. Bias in turbulence estimates

The measurement of beam velocity contains an uncertainty, referred to as Doppler 

noise. Denoting the measured value of along-beam velocity as 6*, its true signal as
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b{, and noise as iV,-, one has

b'i=bi + Ni. (4.13)

As described in Chapter 2, the noise standard deviation was determined to be 0.01 

to 0.015 m s“  ̂ up to a profiling range of 40 m, for 4-ping averaged ensembles with

1 m cell size, from an in situ test conducted in an inlet with almost slack water.

This noise standard deviation is used in the following analyses, although the noise 

level may vary slightly with changes in flow and water properties, e.g., the size and 

abundance of sound scatters in the water.

Doppler noise systematically biases the estim ate of S  to a higher level S ' ,  i.e..

5 - =  5 - f - r ^ u a r ( iV ) .  (4.14)
sin U

For 9 =  30° this bias amounts to 4 times of the variance of N{, and equals to 4—9 x 10“** 

m^ s~^ for 4-ping averaged data. In the remaining analyses, a bias of 5 x 10““* m^ 

s“  ̂ is removed from the estimates of S.  Doppler noise may introduce a bias in the 

Reynolds stress estimates if var{Ni)  varies among the different beams. If the noise 

levels of the two beams in a  pair are identical, then by subtracting the beam velocity 

variances the biases are canceled out, hence

—u'w' =  —u'w'. (4.15)

In this optimal case, the estimates of Reynolds stress contain no bias due to Doppler 

noise.

In section 4.2, we have noticed that neglecting the terms associated with tilt angles 

introduces another type of bias to the Reynolds stress estimates. From (4.8) and (4.9), 

this bias is proportional to the magnitudes of the tilt angles and the undetermined 

terms u"  ̂ — w"^, v'^ — w'^, and u'v'. If turbulence tends to be isotropic, u'^ — w’̂  

and v"  ̂— w'^ axe small. For anisotropic turbulence, 'pz{u'^ — w'^) =  0 (v?3Ç^/2 ). The 

magnitude of q‘̂ /2 is approximately 5 times larger than the Reynolds stress (e.g., 

Gross and Nowell, 1983). Hence, at most, the bias due to (p3 {u^ — w'^) amounts to
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17% of the magnitude of —u'w' for ys =  —2.0° as in this experiment. Similarly, if

the magnitude of —u'v' is not significantly larger than that of —u'w' or -u 'u / ,  then

neglecting p̂2u'v' and ip^u'v' will not cause a significant bias. For pitch and roll angles 

exceeding a few degrees, this bias may be significant.

b. Statistical uncertainties

In this analysis, we choose 20 mins as the ensemble averaging time to calculate the 

turbulent quantities. The low- and high-frequency velocity components are separated 

by a low-pass 4-th order butterworth filter at zero-phase. Variances of beam velocity 

fluctuations are then calculated and smoothed with the same filter, and averaged over 

20-min intervals to give estimates of Reynolds stress and the quantity S.

To test if a stress estimate is statistically different from zero, we apply a non- 

parametric approach that follows a suggestion by B. Ruddick (see, Fleury and Lueck, 

1994). Differences of the beam velocity variances in (4.8) and (4.9) are rearranged 

into a “covariance” form, e.g..

6? - & ?  =  (% +  61X62 - 61). (4.16)

Hence, the Reynolds stress —u'vo' is proportional to the covariance of the two time 

series (6g-|-6̂ ) and (6g —6 )̂ at zero lag. The de-correlation time scales of the beam ve

locities are typically 15 s during strong flows and 6 s during weak flows (see Fig. 3.10 

in Chapter 3). If we shift one time series, say (63 + 6^), by a lag larger than 30 s, then 

its statistical nature is unchanged, but it will have no correlation with the other time 

series, (63 — 6^), on average. A histogram of the zero covariances is obtained by ran

domly choosing the lag many times (e.g., 1000) and then computing the covariances. 

If the zero-lag covariance, i.e., the estimated stress, is outside of the 95% confidence 

levels of the zero covariance, then this estimate is accepted as statistically different 

from zero. Fig. 4.17 illustrates the examples of applying this method to two 20-min 

intervals of data, one during the strong ebb around day 23.91, and one during the
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weaJc flood around day 24.65. For each interval we calculate the 95% significance lev

els (denoted as A 9 5 )  for both the along- and cross-channel components of the stress, 

separately. During the strong ebb, the aJong-channel stress is significantly different 

from zero, and the cross-channel stress is marginally different from zero, at the 95% 

significance levels. During the weak flood, the along-channel stress is comparable to 

the size of the 95% significance levels, whereas the cross-channel stress is not different 

from zero.

We have also applied a bootstrap method (Efron and Tibshirani 1993, Chapter 13) 

to determine the statistical uncertainties for both the stress and S  estimates. For each 

20-min interval, tim e sequences of the vectors (6^ ,62, 63, 64) axe randomly resampled 

at identical time indices to construct a new matrix of beam velocity fluctuations. In 

one calculation the new matrix has the same length with the original data, assuming 

that each ensemble of (6 ,̂ 6j, 63, 64) to be an independent measurement. In the other 

calculation, the length of the resampled matrix is reduced by a factor corresponding 

to the de-correlation time lag of the original data: 15 s for the interval during the 

strong ebb and 6 s for the interval during the weal; flood, respectively. The “stress” 

and “5 ” for the resampled data are calculated according to equations (4.8)-(4.10). By 

repeating the above calculations 1000 times, distributions of the “stress” and “5 ” are 

constructed. The 95% confidence intervals for the stress and the quantity 5, denoted 

as ( 6 9 5 ) 1  for the first calculation and ( 6 9 5 ) 2  for the second calculation, respectively, 

are derived from the distributions.

Table 4.1 compaxes the 95% zero-stress significance levels ( A 9 5 )  with the 95% 

confidence intervals ( ( 6 9 5 ) 1  éind ( 6 9 5 ) 2 )  for the two 20-min intervals of data chosen. 

For the Reynolds stress, ( 6 9 5 ) 2  is larger than ( 6 9 5 ) 1  by a factor of 1.5 ~  2, with A 9 5  

lying in between. The 95% confidence intervals for 5 , determined with the bootstrap 

method, amounts less than 20% of the estimates of S.
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Figure 4.17: Examples of the measured stress estimates (heavy dashed lines) and the 
distribution (histogram) of the zero covariances obtained by computing the “covari
ances” (Eq. (4.16)) 1000 times at random lags larger than 30 s. The solid vertical 
lines denote the 95% significance levels for zero covariances. Panels (a) and (b) are 
for the along- and cross-channel components of the stress at a 20-min interval during 
the strong ebb; panels (c) and (d) are the respective stress estimates for a 20-min 
interval during the weaJc flood.
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Table 4.1: Estimates of Reynolds stress and 5 , the 95% significance level (A95) for 
stress and two estimates of the 95% confidence intervals ((^95)1 and (695)2) for both 
stress and S  (all quantities axe in units of 10“'̂  m^ s"^). The estimates are for two 
20-min intervals at z=3.6 m

mean A95 ( 6 9 5 )1 ( 6 9 5 )2

strong ebb
{—u'w'),
{ - V ' w ' ) n

s
-13.0
5.72
102

±5.72
±5.44

±3.34
±2.46
± 8.12

±8.32
±5.66
±19.0

weak flood
{—u'w'),
{ - V ' w ' ) n

S

0.367
0.148
4.08

±0.33
±0.32

±0.27
±0.25
±0.71

±0.37
±0.35
±0.96

In the following, we taJce the estimates of A95 as the indicator of statistical un

certainty for stress estimates. Time variations of the Reynolds stresses at z=3.6 m, 

as well as the corresponding estimates of A95, are shown in Fig. 4.18. For clarity in 

linear coordinates, we plot the “local friction velocities”

XImti —

{—U'w')s
|(—uW )a|^/2’

{ - U ' w ' ) n

(4.17)

(4.18)

where {—u ' w ' ) ,  and {—u 'w ' )n  are the along- and cross-channel components of the 

Reynolds stress (the along- and cross-channel directions are parallel and normal to 

the depth-mean flow, respectively). At z=3.6 m, estimates of the along-channel stress 

are generally significantly different from zero. The magnitudes of the cross-channel 

stress are marginally significant for half the time and not significant for the remainder.

Fig. 4.19 shows, at three heights (z=3.6, 15.6, and 27.6 m), the magnitudes of the

Reynolds stress, \u'w'\^ the quantity S’, and the 95% significance levels of the stress 

magnitude, denoted as IA95I. The three quantities vary with time, in accordance with 

the changes in beam velocity variances and the magnitude and direction changes of 

the time-mean flow (Fig. 3.9). There is a good correlation between the changes in 

the three quantities. At z=3.6 m and z=27.6 m, the magnitudes of the stress are 

generally larger than  [Ags], but by less than a factor of 10. At mid-depth, where the
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Figure 4.18: The variation of (a) along- and (b) cross-channel components of the local 
friction velocities u ., and u,„ (solid lines with circles) and the 95% significance levels 
(shaded ajeaa) at z=3.6 m.
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Figure 4.19: Variations of stress magnitude (heavy solid lines), the size of its 95% 
significance intervals (dashed lines), and TKE density S  (thinner solid lines) at (a) z 
=  27.6 m, (b) z =  15.6 m, and (c) z =  3.6 m.
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Figure 4.20: Scatter diagram (open circles) of |Ags| (y-ajcis) v. S  (x-eixis) at three 
levels (z =  3.6, 15.6, and 27.6 m). The two solid lines represent Eqs. (4.20) and 
(4.21).
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3.6, 15.6, and 27.6 m).
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stress is the weakest, [Agsl and |uW | are comparable.

There are apparently two regimes in the jAgsj v. S  diagram (Fig. 4.20). For 

S  > 10“'* m^s“^, I Agsl increases with S  according to

l A g s j  =  5 ^ / “ / 80,  ( 4 . 19)

whereas for S  < 10“  ̂ m^s“ ,̂

I Agsl =  1.5 X 10“® m^ s“2, (4.20)

is almost a constant. Fig. 4.21 is the scatter diagram of \u'w'\ v. S. Changes in \u’w'\ 

are approximately proportional to 5  according to

\u'w'\ =  10“ * 5. (4.21)

The two-regime relationship of |Ags| v. S  will be discussed in section 4.4. We

notice here that for S  > 10“* m^s“ ,̂ combining (4.19) with (4.21), one obtains

I Agsl =  7.0 X 10“^ ( |^ |)^ / '* . (4.22)

Equation (4.22) shows that |A g s | does not increase linearly with increasing |uW |. 

The ratio of stress magnitude to its 95% significance level increases as the stress

magnitude increases. For example, \u'w'\ is 1, 2, and 3 times larger than |A g s | when 

stress magnitude is (0.24,3.84,19.0) x 10“ * m^s“ ,̂ respectively.

c. Contributions from low-frequency fluctuations

We have not fully justified the choice of 20 mins as the cutoff period to separate 

the high- and low-frequency variations. We notice from Fig. 3.9 that a filter at a 

20-min cutoff period cannot fully separate the tidal signal and turbulence, because 

variations at periods longer than 20 mins but less than tidal periods still exist. We 

need to check if these low-frequency variations make contributions to the estimates 

of Reynolds stress and the quantity S.
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Fig. 4.22 compares, at z=3.6 m, the magnitudes of two components of Reynolds 

stress and S  calculated from fluctuations with periods less than 20 mins and their 

counterparts calculated from fluctuations with periods between 20 and 120 mins. For 

Reynolds stress, the low-frequency contributions are in general less than 1 x 10“'* m^ 

s“  ̂ in magnitude. For 5, the low-frequency contributions are an order of magnitude 

smaller than S  calculated from fluctuations at periods less than 20 mins, except 

during the turning of the tide (e.g., near day 24.05) and the flow turning in direction 

during the ebb (e.g., the two events at day 24.4 and 24.5). During the flow turning in 

direction, however, both the high- ajid low-frequency fluctuations are not stationary, 

hence, the estimates of turbulent products are not reliable. We conclude that the 

contributions from low-frequency fluctuations are not important to the estimates of 

Reynolds stress and TKE density.

4.4 T he causes of sta tistica l uncertainty

The statistical uncertainty of an estimated quantity can be due to several causes. 

First of all, to get a statistical estimate for a stochastic process requires the process 

to be stationary. Fig. 3.9 shows that the intensity of the high-frequency fluctuations 

is not stationary throughout the tidal cycle. Our concern is on the stationarity of 

turbulence (and mean flow) over the time intervals for which we conduct statistical 

analysis. Fig. 4.23 shows four 20-min intervals of velocity data along beams 1 and 2 

at the lowest cell (z=3.6 m). The four intervals are chosen from different phases of 

the tide, with interval (a) centered at day 23.91 during the strong ebb, (b) at day

24.04 during the turning of the tide, (c) at day 24.16 during the strong flood, and (d) 

at day 24.66 during the weak flood. By visual inspection, during intervals (a), (c), 

and (d), the low-frequency flow appeared to be nearly steady, and the intensity of 

high-frequency velocity fluctuations stationary. An extremely large velocity anomaly 

happened during interval (b) and lasted about 2 mins, and neither the flow nor the
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high-frequency fluctuations were stationary.

The uncertainty in the estimate of the mean of a time series x,(i =  1, • • •, N ) can 

be examined by looking at the cumulative mean of this series, defined as 

(n =  1, • • •, N ). As pertinent to the estimates of Reynolds stress and S, we examine 

the cumulative means of b'2 —b'^, b'^—b'21 and 5x  10"'̂  m^ s“  ̂ (where

5 X 10“"* m^ s“  ̂ is the bias in S  due to Doppler noise). Note that b'2 — b'l and b'  ̂— 63 

are approximately proportional to the along- and cross-channel stress, respectively. 

Figs. 4.24 and 4.25 show the time series of b'  ̂— b'̂  and b'  ̂+ b'  ̂-f b'  ̂+ b'^—5 x  10““* m  ̂

s“ ,̂ as well as their cumulative means, at z=3.6 m, for the four 20-min intervals shown 

in Fig. 4.23. Each 20-min interval contains many events of different strength. During 

intervals of strong flow (Figs. 4.24 and 4.25, panels (a) and (c)), the cumulative means 

become nearly constant after averaging over 5 mins, and the averages between 5 and 

20 mins only fluctuate at magnitudes less than 10% of the overall averages. During 

the weak flood (panels (d) ), the cumulative mean of b'̂  + b'  ̂-t- b'̂  + b'  ̂— 5 x 10““* 

s“  ̂becomes constant after 12 min averaging, whereas the cumulative mean of b'  ̂— b'̂  

varies over a range equal to the final mean. For the interval during the turning of tide 

(panels (b)) the cumulative means of both time series do not become independent 

of the averaging length, and the overall averages are dominated by the single strong 

event. The turning of the tide is not a stationary interval while the weak flood is 

stationary, and the variations in the cumulative mean of b'̂  — t>x is merely due to the 

small stress that is not significantly different from zero.

To illustrate the variations in uncertainty with height above the seabed, we show 

the cumulative means of 6^ — b'^, b'  ̂ — b'̂  and b'̂  4- b'  ̂ -f- b'̂  4- 6^ — 5 x 10”“* m  ̂

s“  ̂ at seven heights for the 20-min interval during the strong ebb (Fig. 4.26). It is 

seen that the cumulative means of b'  ̂— b'̂  are nearly constant after 10-min averaging 

at all levels (panel (a)). The cumulative means of — b'̂  are also nearly constant 

except at z =  11.6 m, where the means change sign at about 10 mins of averaging
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Figure 4.23: Four 20-min intervais of velocity data at z=3.6 m from beam 1 (bl) and 
beam 2 (b2). The four intervals are centered at (a) day 23.91, (b) day 24.03, (c) day 
24.15, and (d) day 24.65.



Chapter 4. Turbulence Estimates 61

0.04
0.02

CM

E
- 0.02

0.05

CM

E
-0.05

vvyvwv;

0.01 r

- 0.01
“ - 0.02

xIO"

8 10 12 
Time [min]
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(panel (b)). Note that z =  11.6 m is also the height at which the vertical profile of 

the cross-channel stress changes sign. For b'l -t- b'̂  -t- b'̂  + b'̂  — 5  x  10"“* s”  ̂ , the

cumulative means become constant after 5 mins of averaging at ail levels (panel (c)). 

Note that during this interval b'̂  4- b'2 -f b'̂  + b'̂  — 5 x  10“'* m^ s"^ is nearly uniform 

throughout the profiling range.

Both Doppler noise and turbulent fluctuations contribute to the uncertainty in an 

estimated quantity. Assuming the level of Doppler noise to be constant, the statis

tical uncertainty should be constant in a weaJc turbulent environment. This case is 

reached for S  < 10“'* m^ s“ ,̂ as shown in Fig. 4.20 and Eq. (4.20). As turbulent 

intensity increases, turbulent fluctuations dominate over Doppler noise, the absolute 

fluctuating levels of the cumulative means increase with increasing turbulence inten

sity. Hence, the 95% significance levels of stress estimates grow with increasing 5, but

less rapidly than the stress itself. Thus, the relative uncertainty | Agsl/lu'u?'! decreases 

with increasing stress magnitude.

4.5 The spectra of turbulence

The spectra of the Reynolds stress and S  axe obtained by subtracting and adding the 

spectra of beam velocities, according to (4.8) - (4.10). A bias due to Doppler noise is 

contained in the spectra of 5, but not in the spectra of the Reynolds stress, assuming 

that the noise levels of the two beams in a pair are the same.

We first choose an interval of 90-min data (starting at day 23.91 during the strong 

ebb) with nearly stationary turbulent fluctuations to compute the spectra. Fig. 4.27 

shows the spectra of the along- and cross-channel components of the Reynolds stress 

and the spectra of 5  at 7 heights. The horizontal ajcis in this figure is the wavenum- 

ber k calculated with the stream wise velocity at each height using Taylor’s frozen 

turbulence hypothesis. Each spectrum, calculated with an EFT length of 20 min and 

50% overlap, is averaged over 20 evenly distributed intervals in the log^o k domain to
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Figure 4.27: The spectra for (a) along- and (b) cross-channel components of Reynolds 
stress and (c) S , for a 90-min data during the strong ebb. The measurement heights 
corresponding to each curve are indicated by the numbers in panel (a). The shading 
areaa around the lowest curve in each panel are 95% confidence intervals of the spectral 
estimates.
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increase the statistical certainty of the spectrai estimates. A uniform level of 3 x 10"^

s~^, corresponding to a bias of 5 x 10“'* m^ s“  ̂ in the estimates of 5 , is removed 

from the spectra of S.

The signs of both components of the Reynolds stress spectra do not change over 

the resolved wavenumber range, except only at one depth (z=15.6 m) for the cross

channel stress, where the the level of the stress spectra is low. The signs of the 

cross-channel stress spectra change from positive below mid-depth to negative above 

mid-depth, and this change corresponds to the change of sign of the transverse shear 

(Fig. 3.16). The wavenumber ranges contributing to the Reynolds stress spectra are 

fully resolved (panels (a) and (b)). The spectra of S  axe also resolved, except at 

the high-wavenumber end for heights less than 7.6 m. Below mid-depth, there is a 

noticeable shifting of the peak of the spectra toward the low-wavenumber end with 

increasing distance from the seabed. An analysis of the other 90-min data, starting at 

day 24.15 and during the strong flood, obtains similar spectra for the along-channel 

stress and 5, as shown in Fig. 4.27. Whereas the spectra of the cross-channel stress 

are not significantly distinguishable from zero because the magnitudes of this stress 

component are small.

The turbulence spectra calculated for each 20-min interval are subject to léirger 

uncertainties than those shown in Fig. 4.27 due to the smaller degrees of freedom. It 

is interesting to seek a scaling for the spectra and to examine the statistics. Mea

surements in the atmospheric boundary layer (e.g., Kaimal et al. 1972) have found 

that the proper scaling for wavenumber is the measurement height, z, and that for 

spectral level is the surface (or bottom) kinematic stress, i.e., the square of surface 

friction velocity u.. Measurements in the oceanic boundary layer near the seabed, 

see Soulsby (1977, 1983), also supported the z-dependent scaling of wavenumber, but 

found that the spectral level is better scaled by the local magnitude of the stress. Fol

lowing Soulsby, we introduce the non-dimensional wavenumber A;. =  kz {k in c.p.m.)
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and the non-dimensional wavenumber-weighted spectra, k(Eum)s/ /(E^umjs^k, for the 

along-channel stress. We find that the scaling of wavenumber by z applies best to 

levels below the height of log-layer obtained from a fit to the streamwise velocity 

profiles (Chapter 5). Fig. 4.28 shows the average of the non-dimensionai Reynolds 

stress spectra for 1-day data and the 95% confidence intervals of the mean spectrum 

obtained with a bootstrap method. We have excluded the spectra with total vari

ances less than 2.25 x 10"'* m^ s”^, i.e, the local friction velocity less than 0.015 

m s~*, because the signaJ-to-noise ratios of these spectral estimates are small. The 

averaged non-dimensional spectrum is compared to that obtained from atmospheric 

boundary layer by Kaimal et al. (1972) under neutral stable conditions. The shapes 

of both spectra axe quite similar, except that the peak of our spectrum is shifted to 

higher wavenumber by a factor of 2.5. The reason for this shifting in spectral peak is 

unknown. In contrast, the spectra obtained from near-bottom measurements peaked 

at the same wavenumber as those of Kaimal et al. (Soulsby 1977).

The spectral range contributing to Reynolds stress lies between 10“  ̂and 2 in terms 

of k., with the peak around 0.3 from our analysis. This means that in the frequency 

domain, the spectral range contributing to Reynolds stress is between (0.01 ~  2)U/z. 

with U being the flow speed. Hence the sampling rate required to obtain estimates 

of Reynolds stress increases with increasing flow speed and decreasing height. The 

highest sampling rate of the ADCP used in this study is 1.3 Kz, which is sufficient to 

resolve the Reynolds stress spectra in flows of 1 m s"* and at heights over 2 m above 

bottom. For 4-ping averaged data, the spectra at z=3.6 m are nearly resolved. In the 

regions closer to bottom, a higher sampling rate is required.

Kaimal et al.(1972) also established the scaling of TKE density by the bottom 

stress. However, we find that their scaling does not apply to the spectra of 5, in fact 

the level of the averaged non-dimensional spectra of S  is higher than that of Kaimal 

et al. by a  factor of 5, which caxmot be explained by even considering the difference
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Figure 4.28: The wavenumber-weighted non-dimensional spectrum (solid line) for the 
along-channel Reynolds stress, k{Eruv)sl /(jGunf)adA;, v. non-dimensional wavenumber 

=  kz {k in c.p.m.), averaged for the spectra at levels within the log-layer. The indi
vidual spectra are calculated for each 20-min intervals, and those with total variances 
less thein 2.25 x 10““* m  ̂ s“  ̂ axe excluded. The shaded area is the 95% confidence 
interval of the mean spectrum. The dashed line is the averaged spectrum with k. 
reduced by a factor of 2.5. The dot-dashed line is the non-dimensional spectrum of 
Kaimal et al. (1972) under neutral conditions.
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between S  and q^j2 . Obviously, more measurements are required to establish the 

similarity of the spectra from atmospheric and oceanic boundary layers.

4.6 E stim ates o f turbulent quantities

In this section, we present the estimates of Reynolds stress and TKE density (obtained 

with the variance technique) and two more quantities, the TKE production rate P  

and the vertical viscosity coefficient A„ (derived from stress and the mean flow shear). 

Fig. 4.29 shows the depth-time sections of these quantities over 1-day period, covering 

two cycles of the dominant tidal constituent, M 2 . Changes in the direction of the tidal 

flow correspond to sign changes of the along-channel stress (panel (a)) at levels close 

to the bottom , positive (—itW ), during the flood and negative during the ebb.

a. Reynolds stress

The two upper panels in Fig. 4.29 show the local friction velocities and u.„, which 

are related to the along- and cross-channel components of the Reynolds stress by 

(4.17) and (4.18). First of all, we note that the extremely large stresses obtained 

during the flow turning in direction, e.g., the events around day 24.05, 24.35, 24.55, 

are unreliable because neither the flow nor turbulence is stationary (section 4.4). In 

fact these large stresses usually have opposite signs to the shear, as indicated by the 

negative production rate (blank areas in panel (c)). During the weak flood between 

day 24.6 and 24.8, the magnitudes of both u ., and u,„ are small, less than 0.01 m s~  ̂

in general.

Excluding the extreme events during the tide turning in direction, the along- 

channel stress intensifies at levels close to the seabed, where the tidally-varying signal 

is evident. At z=3.6 m, u ., reaches 0.04 m s~  ̂ at peak flow during the ebb, and 

0.03 m s~^ at peak flow during the flood. Away from the bottom, the magnitudes 

of the stress decrease. Panel (a) also shows the height of the log-layer obtained by a
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least-squaxes fit to the stream wise velocity profiles (Chapter 5). It is seen that the 

signs of U.3  are uniform below the log-layer height, but may change at the top and 

above of the log-layer.

The cross-channel stress is small during the flood, with the magnitude of about 

0.01 m s“ *̂ in general throughout the water column. During the ebb, the magnitude 

of u.n reaches 0.03 m s“  ̂ at strong flows. The cross-channel stress changes sign at 

mid-depth during the ebb, pointing to the headland in the upper layer and away 

from it in the lower layer. This flood-ebb asymmetry in terms of cross-channel stress 

corresponds to the asymmetry we found for the transverse shear, which is related to 

variations in the strength of the transverse flow (Chapter 3).

b. TKE production rate

The TKE production rate is calculated from the two components of the Reynolds

stress {—u'w')3 , {—u'w')n and the corresponding mean flow shear dus/dz,dunldz,  

according to

P  =  { - u ' w ' ) s ^ ^  -h (4.23)
oz az

The depth and time vaxiations of P  axe shown in Fig. 4.29c. Negative estimates of 

P  axe blank areas and occur mostly during flow turning and the weak flood when 

the stress estimates are unreliable. In general, the TKE production rate intensifies 

toward the seabed, bearing the character of wail-bounded turbulence. The major 

region of TKE production is within the log-layer. However, during the ebb, there 

are events of laxge production rate that occur at heights above the log-layer. These 

events correspond to the sign reversai of stress (and shear) above mid-depth. The 

magnitudes of P  span about 3 decades, ranging from 10"“* m^ s“  ̂ (W kg“ )̂ at levels 

close to bottom and down to 10”  ̂ m^ s“  ̂ (which may close to the noise level of P) 

during the weak flood. The variations with tidal flow is most evident at levels close 

to the seabed.
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Figure 4.29; Depth-time sections of the 20-min mean local friction velocities (a)
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c. TKE density

The quajitity 5 , relating to the TKE density q^[2 by (4.11), is illustrated by panel (d) 

in Fig. 4.29. A uniform bias of 5 x 10“  ̂ m^ s~^ (the level of bias for 4-ping averaged 

data) has been removed from S  calculated with (4.10). The blank area around day 

24.75, during the weak flood, corresponds to negative 5 , indicating that the bias may 

not have been as large as 5 x 10“  ̂ m^ s“  ̂ at that time. S  is smallest during the weak 

flood, about 1 x 10“"* m^ s“  ̂ (close to the 95% confidence interval of 5 , see Table 4.1). 

The largest estimates of S  are obtained at the beginning and end of the ebb, reaching 

10“  ̂ ~  10“ * m^ s“ .̂ During the strong flood between day 24.1 and 24.3, and in the 

middle of the ebb around day 24.45, S  is about 10“  ̂ ~  10“ * m^ s“ .̂ The variation 

of S  with depth for a single profile does not exceed 1 decade. The magnitude of 

S  increases slightly toward the seabed between day 24.1 and 24.3 during the strong 

flood.

The magnitudes of S  are proportional to those of the Reynolds stress by a factor 

of 10 (Eq. 4.21). From (4.11), we know that for a moderate level of isotropy a  =  0.2, 

S  overestimates g^/2 by a factor of 1.8. If this is the case, then from (4.21) we

have ç^/2 =  5.6| — uW |, which is close to what Gross and Nowell (1983) got from 

measurements in the near-bottom region of tidal boundary layer.

d. Turbulent viscosity

In principle, an estimate of the vertical viscosity coefficient can be readily obtained

from one component of Reynolds stress and the corresponding shear, i.e..

Ay =  (4.24)

or

A„ =  ( - u W ) „ / ( - ^ ) .  (4.25)
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Alternatively, can be calculated from the TKE production rate and the magnitude 

of shear, i.e.

By using (4.26), the sign of A„ is the same as P . In the optimal case, the estimates 

from (4.24), (4.25) and (4.26) should be consistent, and this is found to hold statisti

cally for the present datciset. The estimates of A„ are subject to large uncertainties, 

particularly when the magnitudes of the shear are small. Fig. 4.29e indicates a vari

ation of A„ with tidal flow, ranging from about 10“  ̂ m^ s"^ during the weak flood to 

0.1 - 0.3 m^ s”  ̂ during the ebb. During the strong flood between day 24.1 and 24.3, 

A„ is about 0.03 m^ s“ .̂ The turbulent viscosity increases with increasing height in 

the lower half of the water column, and reaches a maximum near mid-depth.

4.7 Sum m ary

The variances of the along-beam velocities from a standard ADCP with four beams 

provide estimates of two components of the Reynolds stress and a quantity propor

tional to the turbulent kinetic energy density. To apply this “variance technique” 

one needs to assume that the mean flow and the second-order moments of turbulent 

velocity fluctuations are statistically homogeneous in horizontal space over the dis

tances separating the beams. The ADCP needs to be rigidly mounted for turbulence 

measurements to avoid contamination due to correlation of instrument motions and 

turbulent velocity fluctuations. Doppler noise brings a bias to the estimate of TKE 

density, but not to stress estimates if the noise standard deviations of the two beams 

in a pair are identical. For a four-beam unit, terms involving pitch and roll angles 

are dropped from the calculation algorithm and, thus, there is a bias that is only 

negligible for small tilt angles.

The uncertainty levels of the stress estimates are mainly due to turbulent fluc

tuations, and increase with increasing turbulent intensity. The influence of Doppler
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noise emerges when turbulent intensities axe low. The highest signai to noise ratio is 

obtained at levels close to the seabed, where the stress magnitudes are large. Velocity 

fluctuations at periods longer than 20 mins maJje little contributions to the estimates 

of Reynolds stress and TKE density. The spectrai ranges of the Reynolds stress and 

TKE density are usually resolved. Within the log-layer, the spectrai range of the 

Reynolds stress lies between (0.01 ~  2) in terms of the non-dimensional wavenum

ber k. =  kz (k in c.p.m.), or (0.01 ~  2)f//z  in frequency, domain. The average 

non-dimensional Reynolds stress spectrum takes the same shape as that from atmo

spheric boundary layer and near-bottom region in tidal boundary layer, except that 

the peak of our spectrum is shifted to higher wavenumber by a factor of 2.5.

The combination of the Reynolds stress and mean shear provides estimates of 

TKE production rate and the vertical eddy viscosity coefficient. Excluding intervals 

during the turning of the tide and flow separation from the headland, measurement 

results describe the depth and time variations of turbulence forced by a tidal flow in 

the channel. The Reynolds stress shows a clear tidal signal in the near-bottom layer 

for the along-channel component, and presents a clear ebb-flood asymmetry in the 

cross-channel component. The TKE production rate is bottom-enhanced, ranging 

from 10““* m^ s~^ (W kg~^) during strong flows to 10"~ m^ s~^ during weak flows. 

The TKE density is approximately proportional to the stress magnitude. The eddy 

viscosity increases with increasing flow speed, and also with increasing height in the 

lower half of the water column.
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C hapter 5 

The Logarithm ic Layer

5.1 Introduction

The oceanic boundary layer above the seabed is where the flow shear is large and 

the frictional effect is enhanced. The structure of this boundary layer bears many 

similarities with that in the atmosphere and the laboratory. For example, it is gen

erally believed that a log-layer occupies a portion of the boundary layer, where the 

velocity increases logarithmically with the height above the seabed. The log-layer lies 

below a height at which the effect of the earth’s rotation begins to be important. At 

the same time, it lies above a thin “bed layer” within which the dynamics may vary 

depending on the relative importance of molecular viscosity and bottom roughness 

(Bowden, 1978; Soulsby, 1983).

Identifying the existence of a log-layer is important because it provides one way 

to estimate the bottom stress, r ,  the drag exerted on the flow by the seabed. In a 

log-layer the expected velocity profile is

where U is the ensemble mean velocity (averaged sufficiently to eliminate turbulent 

fluctuations), z is the height above the seabed, k is von Kârmân’s constant, Zo is a 

length scale reflecting the bottom roughness, and u.  is the friction velocity that scales 

the turbulent velocity fluctuations. The bottom stress is related to u.  by

T =  pul, (5.28)

where p is the density of seawater. Using (5.27) to estimate the bottom stress is



Chapter 5. The Logarithmic Layer 76

called the “profile method”, which has the practical advantage of requiring only the 

mean velocity profiles. The laboratory technique of directly measuring the drag force 

by mounting force transducers to solid boundaries is usucdly not practical for geo

physical flows. O ther methods of estimating the bottom stress require measuring and 

recording the velocity fluctuations at turbulent scales. For example, the “eddy cor

relation” method (e.g. Heathershaw, 1976), which obtains estimates of the Reynolds 

stress, requires measurements of velocity fluctuations at the energy-containing scales 

of turbulence; while the “dissipation method” (e.g. Dewey and Crawford, 1988) de

rives the bottom stress from the dissipation rate of turbulent kinetic energy, which 

requires measurements at the dissipation scales. In using the dissipation method the 

existence of both a log-layer and a constant-stress-layer is assumed.

One determines a drag coefficient Co from the measured flow and the estimated 

bottom stress. This coefficient is commonly used in numerical models to parameterize 

the bottom stress from a known reference velocity, Uri via a quadratic relationship

t I p =  CdU^. (5.29)

The shape of the velocity profiles is related to the turbulent momentum transfer, 

which is also parameterized in numerical models in some fashion, e.g., by introducing 

the eddy viscosity coefficient. In particular, the eddy viscosity in the bottom layer is 

usually assumed to increase linearly with height (e.g. Foreman et al., 1995), consis

tent with the scaling arguments applied to the log-layer. Hence, verification of the 

actual existence of the log-layer and its height provides a necessary but not sufficient 

condition to justify the choice of a linearly increasing eddy viscosity profile.

The profile m ethod has been extensively applied to different sites and conditions 

in oceanographic studies. However, the height of the log-layer and its variation with 

changes in flow are not well determined from previous measurements. Most of the 

previous studies were concerned with the near-bottom layer, and measurements using 

point current meters seldom reach more than 3 m above the bottom . There are a
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few reports on using the expendable current profilers (e.g. Johnson et al., 1994a,b; 

Jones, 1989) or hydrosondes (e.g. Schumann, 1986) dropped from ships. The free- 

falling profilers are capable of talcing measurements through almost the whole water 

column. However, the statistics of each individual profile is poor, and to reduce the 

standard deviation requires averaging over many profiles. It is also inconvenient to 

apply the free-falling profilers for long-term observations.

Measurements using the acoustic Doppler current profiler (ADCP) provides sev

ered advantages for the study of ocean boundary layer — it attains the precision of 

point meters and the vertical resolution of profilers for the mean velocity. The profil

ing range is sufficient to cover a large portion of the water column in coastal waters. 

However, the profiling can not cover the near-surface and near-bottom regions due 

to the size of the ADCP, its mount, a “blanking” distance, and the side-lobe con

tamination. For bottom-mounted deployments, even with a 90° adaptor, an ADCP 

cannot make measurements within 2 m of the bottom. The unit we used in this study 

does not use a 90° adaptor, hence the profiling started 3.1 m above the bottom and 

the first velocity bin is centered at 3.6 m height. The near-bottom layer has been 

extensively studied with point current meters, mostly below 3 m (e.g. Grant et al., 

1984; Gross and Nowell, 1983, 1985). The objective of our ADCP measurements is 

to reveal the structure of the boundary layer beyond the near-bottom region. As 

suggested by scaling arguments, the log-layer height grows with increasing friction 

velocity and can reach many meters above the bottom. Bowden (1978), for example, 

gave 10 m as the typical height of log-layer in a flow of 0.4 m s“  ̂ with u, about 0.02

m s
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5.2 L og-layer fittin g

a. Least-squares fitting

The fitting of measured velocity profiles to the logarithmic form (5.27) is tried to 

the streamwise component, u*, in a least-squares sense. The fitting is applied to the 

“orthogonal” form of (5.27) (cf. Jenkins and Watts, 1968, pp 114-116), i.e..

Ua, =  -^(In Zi —  Inzi) - I -  -j^(lnz,- — In Zq), (5.30)

where i(=  1 , . . . ,  iV) is the index of velocity bins involved in the fitting. For (5.30), the 

estimates of slope and intercept have zero covariance and their confidence intervals are 

independent. The “error” of the fitting is calculated as the mazcimum magnitude of 

the difference between the fitted values of u, and the observed data at each velocity 

bin. For a fit to be acceptable we require that this error is less than 1% of the 

maximum streamwise speed of the bins involved. The “1%” criterion is compatible 

with the confidence intervals of the mean velocity estimates. The fitting starts by 

trying the lowest three velocity bins. If the error of the three-bin fit is within the 1% 

accuracy, then the fourth bin (counted from the lowest bin) is tried; and so on. Fits 

obtained with extremely large (larger than 0.2 m) z<> values are rejected. The height 

of the log-layer, A/, is defined as the maximum height to which acceptable fits can be 

obtained. Hence the minimum value of hi, if found, is 5.6 m (the height of the third 

bin) above the bottom.

Consecutive streamwise velocity profiles covering 12 h (from day 23.97 to 24.4) and 

the corresponding logarithmic fits are shown in Fig. 5.30. The log-layer can usually be 

found during strong flow; during weak flow, a fit is usually not possible. The log-layer 

embraces the layer close to the bottom where the streamwise shear is intensified. The 

log-layer height varies with tidal flow in accordance with the strong tidal signal in the 

streamwise shear, and reaches more than half the water depth during strong currents. 

During the ebb, the growth of the log-layer seems to be limited by the frequent shear
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Figure 5.30: Consecutive (spaced by 20 min) profiles of observed streamwise velocity 
(circles), from (a) day 23.97 (index No. 5) to (b) day 24.40 (index No. 35). The 
logarithmic fits are plotted as solid lines.
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reversals at mid-depth.

The finction velocity and roughness length obtained from the fitting, for 1-day- 

long data, are plotted in Fig. 5.31. The variation of u. with the tidal current is 

obvious, and its magnitude reaches 0.05 m s“  ̂ during peak flows. The values of Zo 

are scattered, but the majority are less than 0.02 m. From the scaling arguments 

for a boundary layer in a tidal channel flow (see section 5.4), the log-layer exists 

below a small portion of u_/w, where w is the angular frequency of the dominant 

tidal constituent. Fig. 5.31(b) shows the comparison of the log-layer heights obtained 

from the fitting and the values of 0.04u./w, where w =  1.4 x 10“'‘s“  ̂ is the angular 

frequency of the lunar semidiurnal constituent, M2 . The agreement between the two 

heights is quite good.

Error bars on the estimates of friction velocity and roughness length are functions 

of # ,  the number of velocity bins involved in the fitting and the correlation coefficient. 

R. Following Jenkins and Watts (1968), the (1 — a)% confidence internals of u . and 

Zo are

2 i i / 2 /  1 \  1/26 u.
u.

r 2 1 ' /  1 \
5/2.N -!(l -  a)] ( ^ - 1)  ■ (5.31)

Szo Su,
Zo U.

respectively, where f 2,N- 2  is the Fisher’s F distribution with 2 and N  — 2 degrees of 

freedom, and R  is defined by

(5.33,
E(u„- — u„) S(ln Zi -  In z,) 

where the summation and the means (denoted by overbars) of u,,- and Inz,- are taken 

from z =  1 to N .  The shaded area in Fig. 5.31(a) shows the 95% confidence intervals 

for the estim ated values of u,. W ith typical values of R^ = 0.995, the uncertainty in 

u , is ±9% if the log-layer reaches 10 m in height [N = 8), and ±6% if the layer is 15
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Figure 5.31: Twenty-minute mean velocity profiles showing time variations for (a) 
friction velocity; (b) log-layer heights from least-squaxes fits (thick line) v. 0.04u./w 
(thin line); and (c) roughness length. The shaded area in (a) indicates the 95% 
confidence interval for friction velocity.
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m high {N  =  13) (all at the 95% confidence level). The error baxs for laxge u . tend 

to be small because large friction velocities correspond to large log-layer heights.

As can be seen from (5.32), the confidence interval of Zo equals that of u. multiplied 

by a factor (S(lnz, — lnz,)^/AT)^/^ + Kim/u,.  The typical value of this factor is 7, 

hence the confidence interval of Zo is typically 7 times larger than that of u., i.e, 

±60% for 10-m high and ±40% for 15-m high log-layers, respectively. The magnitude

of this factor increases with increasing S(lnx,- — Inz,)^ and Kimju.. Hence, accurate 

estimates of Zq require measurements close to the bottom.

The fitting was tried to all 306 velocity profiles covering 4.5 days (Fig. 5.32). 

The variations of the log-layer height and the friction velocity with tidal flow axe 

consistent with the 1-day results of Fig. 5.30. The roughness length is considerably 

scattered. Unlike Schauer (1987), we do not observe any systematic decrease of Zo 

with increasing flow magnitude. Fig. 5.33 shows histograms for the log-layer height 

and Zo. Under the 1% criterion, 227 out of 306 (74%) velocity profiles can be fitted to 

a log-layer. The remaining 26% have a log-layer height less than 5.6 m, or no log-layer 

at all; 58% of the log-layers have a height between 5.6 and 15 m, and 16% are above 

15 m. The majority (about 70%) of the Zo values obtained axe less than 0.05 m, and 

33% axe less than 0.01 m.

We need to test if the results of log-layer fitting change with the choice of the 

averaging period used to calculate the mean velocity. Studies of the near-bottom 

tidal boundaxy layer tended to choose 10 min as an averaging time (e.g. Soulsby, 

1980; Gross and Nowell, 1983). Grant et al. (1984) found that averaging intervals 

longer or shorter than 10 min tend to increase the scatter in u. and Zq. The results of 

repeating the log-layer fitting with 10-min averaged velocity profiles show that both 

the friction velocity and the log-layer height axe consistent with those obtained with 

20-min meaxis, and the scatter in z„ remains the same (Fig. 5.34).

Finally, the transverse velocity profiles axe nearly linear and not logarithmic.
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Figure 5.33: Histograms of (a) log-layer height for 306 profiles and (b) roughness 
length Zo for 227 log-layer fits obtained. The total data covers 4.5 days.
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Hence, the treinsverse component of bottom stress cajinot be estimated with the 

profile method.

6. Scaling of shear in the log-layer

The logarithmic velocity profile expressed by (5.27) and (5.30) is equivalent to

which means that the stream wise shear can be scaled by u . / k z  and this non-dimensional 

shear equals unity within the log-layer. Because the statistical uncertainty is much 

poorer for sheax than for velocity estimates, identifying the existence of a log-layer 

by fitting the sheax to (5.34) for each individual profile is difficult. However, the 

relationship of (5.34) can be examined statistically. Fig. 5.35a shows, for all 227 

log-layer fits, the estimates of the non-dimensional shear (^Ug/^z)/(u./Kz) against 

z/A(, the distance from the seabed scaled by the fitted log-layer height. Ebb and 

flood are distinguished by setting the ebb values of zjhi  to negative. The values 

of {du3 ldz) /{u . lKz)  axe averaged over eight segments of z/hi  for ebb and flood, re

spectively. These averaged values, with the corresponding 95% confidence intervals 

obtained using a bootstrap method (Efron and Tibshirani, 1993, Chapter 13), are 

shown in Fig. 5.35c. During the flood, the averaged non-dimensional shear is statisti

cally indistinguishable from unity throughout the log-layer. In fact, averaging all the 

values of (ôu, / 5 z) / ( u. / kz) for zjhi < I gives 0.998, with a 95% confidence interval 

of ±0.014. During the ebb, the non-dimensional shear averaged over the segments 

of zjhi  is close to 1 for |z/A/| < 0.8, but significantly less than 1 for |z/A(| > 0.8. 

The mean of all the values of (ôus/5z)/(u ./kz) in the range of \z[hi\ < 0.8 is 1.012, 

with a 95% confidence interval of ±0.016. An alternate way to obtain a profile of 

the mean non-dimensional sheax is to fit a straight line to the points. The fit with 

the least absolute deviation is illustrated by the straight lines in Figs. 5.35a, b. A 

straight line of {duajdz)/{u^f nz) w 1 is obtained for z /h i  < \ during the flood, but
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Figure 5.35: Non-dimensional shear { d u s f  d z ) / { u m l k z ) against non-dimensional ver
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least absolute deviations. Note that the fitted straight lines are obtained for different 
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only for \z/h[\ < 0.8 during the ebb. Near the top of the log-layer the shear is small, 

hence small velocity variations that depart from the mean logarithmic profile by less 

thaji 1 % can still produce large variations in the non-dimensional shear. The statis

tics of the non-dimensional shear provides a more stringent test of the existence of a 

log-layer than the fitting of velocity profiles. Thus, the mean non-dimensional shear 

agrees with its theoretically predicted value of I to height hi during the flood and to 

0.8A; during the ebb.

Is it possible to predict the height to which the mean non-dimensional shear 

equals unity? The distribution of {dusldz)l{u ,(nz)  against 0.04u./w is shown in 

Fig. 5.35b. The values of { d u a l d z ) l [ u ^ l k z ) averaged over segments of z/(0.04u./w) 

(figure 5.35(d)) are equal to unity at the 95% confidence level up to z/(0.04u./w) =  1 

during the flood but only for |z/(0.04u./w)| <  0.7 during the ebb. The straight lines 

in Figs. 5.35b and d show that the points can be fitted to [d u s /d z ) /{u .lk z ) % 1, up 

to z/(0.04u./w) =  1 for flood and |z/(0.04u./w )| < 0.7 for ebb. Thus, the log-layer 

height can be predicted as 0.04u./w during the flood, and 0.03u./w during the ebb.

5.3 E stim ation o f the bottom  drag coefficient

The quadratic law of bottom stress expressed by (5.29) is equivalent to

ul = Cd U^. (5.35)

Usually, the reference velocity, Ur-, is chosen to be either the depth-averaged or a near

bottom (say, at I m above the seabed) velocity. The velocity profiles did not cover 

the whole depth range in our study, hence the depth-mean velocity is not known. 

Assuming that the log-layer extends to z =  10 m, and the velocity remains constant 

above this height, then for u. =  0.05 m s"^, the mean velocity in a water column 30 

m deep is only 0.02 m s~  ̂ less than that averaged over the profiling range (z =  3.1 

to 28.1 m). Hence the velocity averaged over the profiling range, Um-, should be quite
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Table 5.2: Bottom drag coeflBcient (Co x 10^) for different reference velocities {Ur) 
obtained by least-squéires fitting in “linear” and “log” scales. The error bars of Co at 
the 95% confidence level obtained by least-squaxes fitting in “lineax” and “log” scales. 
The error baxs of Co at the 95% confidence level axe obtained using a bootstrap 
method.

Ur all ebb flood

lineax
Um
Uz.G
Ul

4.3 ± 0 .3  
6.1 ± 0 .6  
9.2 ±  1.4

4.2 ±  0.4 
5.8 ±  0.8 
8.6 ±  1.5

4.8 ±  0.4
7.5 ±  0.8
12.5 ±  2.0

log
Um
Uz.G
Ul

3.7 ± 0 .3  
5.2 ± 0 .6  
9.4 ±  1.4

3.5 ±  0.4 
5.0 ±  0.7 
8.8 ±  1.7

4.0 ± 0 .6  
5.7 ±  1.0 
10.6 ± 2 .4

close to that averaged over the total depth. The stream wise velocity at the center of 

the first bin {z =  3.6 m), denoted as f/a.e, is chosen to be axiother reference velocity. 

The log-layer fitting also infers a neax-bottom streamwise velocity at 1 m, denoted 

by Cl, which provides a third choice of reference velocity.

The fitting to (5.35) in a least-squaxes sense, using all the 227 values of u. and the 

three different reference velocities { U m ,  U z .g ,  and Ci), gives various estimates of C d  

and their 95% confidence intervals, obtained with a bootstrap method. The fitting 

can be done in the original form of (5.35) or by taking the logarithm of both sides 

(denoted as “linear” and “log”, respectively). We also tried to apply the fit to the 136 

values obtained during the ebb separately from the 91 values during the flood. The 

fitted C d  values axe listed in Table 5.2 axid the examples of the fitting are shown in 

Fig. 5.36. The fitting in linear form puts more weight on the larger values of (u., Ur) 

pairs than on the smaller values, whereas the fitting in log form puts more weight 

on the smaller (it,, Ur) pairs. From both fits, Cd is estimated to be about 4 x 10“  ̂

with reference to the depth-mean speed Um, 5 ~  6 x 10“  ̂ with reference to U z.g ,  and 

9 X 10“  ̂ with reference to U \ .  The difference between flood and ebb in the values of 

Cf) is only marginally significant for the lineax case, with the flood values tending to 

be larger than the ebb values. The difference between ebb and flood is not statistically 

significant for the log case. Fig. 5.37 shows a time series plot of u\ against CdU^
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using two values of Cd , 4.3 x 10“  ̂ and 3.7 x 10~^, determined from lineax and log 

fits, respectively. It can be seen that Cd =  4.3 x 10“  ̂ is more appropriate during the 

flood while Cd =  3.7 x 10“  ̂ fits better during the ebb.

5.4 D iscussion

a. Interpretation o f measurement results

The observed log-layer height in Cordova Channel reaches 20 m above the seabed at 

peak flow. This is apparently the highest log-layer ever reported from field measure

ments, although Schumann (1986) observed a log-layer with large standard deviations 

up to 14-24 m above the seabed, inshore of the Agulhas Current. The high log-layer 

we observed cannot be connected to skin friction. Skin friction corresponds to a 

log-layer directly influenced by bottom roughness, hence lies immediately above the 

“bed layer” and only extends to a small distance from the bottom. For example, the 

observed log-layer related to skin friction is only 0.1 m high for u. % 5 x 10“  ̂ m 

s~  ̂ on the continental shelf (Chriss and Caldwell, 1982), and less than 1 m high for 

u. % 3.5 X 10“  ̂ m s~^ in a tidal channel (Gross and Nowell, 1983).

Previous studies have found that mechanisms like wave-current interaction, the 

effect of small-scale topography (bed forms), etc., cause segmented log-layers with 

the outer log-layer extending farther from the bottom (e.g. Grant and Madsen, 1979; 

Chriss and Caldwell, 1982). During our measurements in Cordova Channel the wind 

was weak and waves were insignificant, hence the wave-current interaction was not 

important. Since the strong and highly turbulent flow conditions in the channel would 

favor erosion of the seabed and promote the formation of small-scale topography, the 

high log-layer observed may be related to form drag.

Wide ranges in the magnitudes of the friction velocity and the drag coefficient have 

been reported in literature (see the review by Soulsby (1983)). The difference between 

the reported estimates can be attributed to the diflFerences in flow and bed form
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conditions. Skin friction véiries with the roughness of the seabed, with distinctions 

between hydraulically smooth, rough, or transitional conditions. The drag coefficient 

related to form drag can be 4 to 10 times larger than that related to skin friction, as 

reported by Chriss and Caldwell (1982) on continental shelf measurements. The drag 

coefficient we obtained is about 2.5 times larger than that estimated by Gross and 

Nowell (1983) in a tidal chéinnel in Puget Sound, Washington, where the bed forms 

were believed to be non-existent. Our value of Cd is very close to that obtained 

by Grant et al. (1984) from the measurements on the continental shelf off Northern 

California, even though they attributed the log-layer they observed to wave-current 

interaction.

Our estimates of bottom roughness axe quite scattered, but the values are on 

average larger than required to quantify the roughness of the bed material. Besides 

the statistical error, other mechanisms that can cause scatter in Zo are wave-current 

interaction, effect of bed forms, and stratification of suspended sediment (see a recent 

discussion by Green and McCave, 1995). We lack near-bottom flow measurements 

and detailed observation of seabed conditions to further address this issue.

b. Scaling arguments of the log-layer

The log-layer occupies only a small portion of the total boundary layer. Clauser 

(1956) found (from laboratory experiments) that the log-layer extends to 10% of the 

bottom boundary layer height. The boundary layer height is related to the scalings 

of the flow fields inside and outside the boundary layer. The tidal boundary layer can 

be classified as the oscillatory planetaxy type, and the scaling arguments applied to 

it were advanced by Soulsby (1983). Because the magnitudes of the tidal frequency 

and that of the Coriolis paxameter axe compaxable, the scaling axguments for the 

tidal boundaxy layer axe not as simple as those for purely oscillatory or planetaxy 

layers. In the case of "rectilinear free-streaxn flow” the boundaxy layer structure
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bears similarities to those for a purely oscillatory one. The tidal flow near smooth 

coastline or in narrow channels is approximately “rectilinear” . In such cases, the 

momentum equation in the streamwise direction is

dua drj
gj =  +  (5.36)

where 77 is the free-surface elevation, g the acceleration due to gravity, and f  the 

Coriolis parameter. The density of seawater is assumed to be constant. The time 

scales for the first term  is with w being the angular frequency of the tide. For 

diurnal and semi-diurnal constituents, w % / ,  and because u„ is small compared with 

U5, the Coriolis term can be neglected. Hence, we can apply the scaling arguments 

for a purely oscillatory boundary layer, which suggest that the log-layer height is only 

a small portion of u.fuj.

Neglecting the nonlinear terms in the momentum equation poses constraints on ap

plying simple scaling arguments strictly to the near-coast and channel flows (Soulsby, 

1983). In the case where a strong coastline curvature is present, the curvature forcing 

drives flow in the transverse direction. In Cordova Channel, the curvature forcing is 

weak during the flood and strong during the ebb, at the site of the ADCP. Hence, we 

expect that the simple scaling arguments are more appropriate to the flood than the 

ebb.

The log-layer height in Cordova Channel is approximately 0.04u./w during the 

flood and 0.03u./w during the ebb. For the reasons stated above, we take 0.04u./w 

as generally more applicable to an approximately rectilinear tidal flow near straight 

coastline and in narrow channels. For a tidal boundary layer in the open sea, 

more complicated scaling arguments for oscillatory planetary boundary layers apply 

(Soulsby, 1983). Interestingly, previous studies suggested that the log-layer height for 

a steady planetary boundary layer is 0 .0 3 u ,//  (Tennekes, 1973) or 0 .0 4 u ,// (Soulsby, 

1983).
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c. On modifications of the log-layer

In this study, we only tried to fit the measured streamwise velocity to the exact 

logarithmic profile (5.27). Previous studies of the near-bottom layer in tidal flows 

frequently reported departures of measured velocity profiles from (5.27), at heights 

above the “inner log-layer” connected to skin friction (e.g. Chris and Caldwell, 1982; 

Schauer, 1987). A number of factors, including the acceleration/deceleration of the 

tidal flow, stratification, wave-current interaction, and bed forms, etc., can cause 

deviations from the exact logarithmic profile. Efforts have been made to account 

for these added mechanisms by a “modified” form of (5.27), which usually takes a 

“log-linear” form (e.g.,Gross et al., 1992):

(5.37)

The meaning of the new parameter j3 varies according to the mechanism under con

sideration. For example, in the scheme proposed by Soulsby and Dyer (1981), is 

related to the acceleration/deceleration effect by

where 7  is a constant. The log-linear velocity profile can also be obtained by modifying 

the mixing length I from a linear variation with 2, i.e., I = k z , to I = k z / { 1  -{- K z j L ) ,  

where L is the upper limit of / (Schauer, 1987). Schauer’s scheme corresponds to

= (5.39)

To account for stratification, taices the same form of (5.39) except that L is replaced 

by the Monin-Obukov length and k  is replaced by another constant (Taylor and Dyer, 

1977).

These modifications of the log-layer were all proposed to explain the velocity 

profiles in the near-bottom layer obtained from measurements seldom extending to 

more than 3 m above the sea bed. Although fitting the observed velocity profiles to
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(5.37), which adds one more degree of freedom, is éilways technically feasible, there 

are no obvious reasons to apply these modifications to the “outer” layer measured 

in Cordova Channel. In fact, we can fit (5.37) to the streamwise velocity (with 1% 

accuracy) to greater heights than we can fit this velocity to (5.27). However, the “log- 

linear” fits cannot account for the mechanisms in the above listed schemes. In Soulsby 

and Dyer’s scheme, ^  is negative (positive) during the accelerating (decelerating) 

phase of the flow. Hence, as the height increases, a log-linear profile has a smaller 

(larger) velocity and shear than a log-layer profile. In Cordova Channel, the measured 

streamwise velocity above the logarithmic part is always smaller in magnitude than 

predicted by the log-layer model during both the accelerating and the decelerating 

phases (Fig. 5.30). Hence, the measured profiles are inconsistent with the correction 

for the effect of acceleration and deceleration. According to the schemes proposed 

by Taylor and Dyer, or Schauer, /? is always positive, and a log-linear profile has a 

larger velocity and shear than (5.27). Thus, modifications of the logarithmic profile 

to account for stratification and a nonlinear mixing length are also inconsistent with 

our observation.

The decreasing velocity and shear above the log-layer is more easily explained by 

the boundary condition of zero stress at the surface and by the entrainment of the 

shallow water from the shoals of Saanichton Bay. The tight log-layer fits we obtained 

indicate that the modifications of log-layer model proposed by previous researchers do 

not apply to the outer layer. It is plausible that the simple scaling arguments leading 

to the existence of a log-layer apply within both the near-bottom and outer layers, 

whereas more scales exist in the transition region where modifications of (5.27) may 

be required.
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5.5 Sum m ary

The major contribution of this chapter is the observation of a time varying log-layer 

in a turbulent tidal channel flow. The fitting of streamwise velocity profiles to the 

logarithmic form is performed under a 1% criterion in velocity magnitude, which is 

compatible with the uncertainty levels in the mean velocity estimates. The observed 

log-layer height reaches 20 m above the seabed during peaJc tidal flows of 1 m s“ .̂ 

During the ebb, mid-depth shear reversals, presumably caused by the entrainment of 

slower waters from the shoals of Saanichton Bay on the western side of the channel, 

limit the majcimum height of the log-layer. This log-layer is not connected to skin 

friction, but is more likely the result of form drag. The mean profile of the non- 

dimensional sheax, defined as (df//ôz)/(u ,//c2 ), is statistically indistinguishable from 

unity up to 100% (for the flood) and up to 80% (for the ebb) of the log-layer height 

obtained from profile fitting. Correspondingly, the log-layer height is predicted by 

0.04u./w during the flood and 0.03u./w during the ebb, where uj is the angular 

frequency of the dominant tidal constituent. Mg.

The estimated friction velocity also varies tidally, reaching 0.05 m s~  ̂ at peak 

current flow. The quadratic drag coeflScient derived from the friction velocity is 

4 X 10~  ̂ with reference to the depth mean streamwise velocity, and is about 6 x 10”  ̂

and 9 x 10“  ̂ with reference to the velocity at 3.6 m and 1 m above the bottom, 

respectively. The drag coefficient is larger than that connected with skin friction, 

consistent with the previously reported increasing of drag coefificient over bedforms. 

Although during the ebb there is considerably more flow curvature, transverse flow 

and transverse shear, the drag coefficient is statistically indistinguishable between 

the flood and the ebb. The estimated values of bottom roughness length have a laxge 

scatter.

Neax the top of the log-layer, both the measured velocity and sheax axe less than 

predicted by the log-layer model. This deviation is inconsistent with the effects of
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acceleration/ deceleration, stratification, and a modified mixing length. The observed 

deviation from a logarithmic profile can be more easily explained by the zero-stress 

boundary condition at surface and the entrainment of shallow water from Saanichton 

Bay.
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Chapter 6

Turbulence C haracteristics in Cordova Channel

6.1 Introduction

In this chapter, we present an analysis of the turbulent quantities in Cordova Chan

nel from measurements with the ADCP and the moored microstructure instrument 

TAMI. The measurement results describe the space and time variability of the tu r

bulence and the structure of a tidal boundary layer. The relative importance of the 

terms to the turbulent kinetic energy (TKE) budget is evaluated; and a parameter

ization scheme for the rate of dissipation of TKE is tested with the observational 

data.

There have been minimal turbulence measurements in comparison to the vast pool 

of mean flow data. The important turbulent quantities of practical interests are the 

frictional force on the flow, turbulence intensity, and various coeflBcients describing 

the mixing efflciency of momentum and scalars. In reality, turbulent quantities un

dergo complicated variations in space and time. A turbulent boundary layer is formed 

above the seabed by bottom friction. Within the boundary layer the flow is atten

uated, the shear and frictional force are enhanced, and the turbulent kinetic energy 

(TKE) production is intensified. It is generally believed that the structure of oceanic 

boundary layer bears many similarities to that in atmospheric and laboratory flows. 

More measurement evidence, particularly from oceanic boundary layer, is required to 

convincingly establish this analogy.

Turbulent closure schemes are commonly proposed with scaling arguments, and 

include constants to be determined from measurements. Mellor and Yamada (1974,
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1982) proposed a hierarchy of turbulent closure models for geophysical boundaxy 

layer flows, and their level-2.5 version has been implemented in practical modeling 

of coastal water circulation (e.g. Blumberg and Mellor, 1987; Lynch et al., 1996). 

The feasibility of this closure scheme and the values of the empirical constants need 

to be tested with oceanic measurements. Whereas turbulent parameterization can 

be indirectly tested by the ability of the model to reproduce the time-mean field, a 

more critical test is the model’s ability to describe the depth dependence and time 

evolution of the turbulence paraxneters (Simpson et al., 1996).

6.2 Turbulence m easurem ents with the ADCP and TAM I

Measurements with the ADCP provide profiles of two components of the Reynolds 

stress, the TKE density (ç^/2), the rate of TKE production (P), the vertical eddy 

viscosity coefficient (A„) (Chapter 4), and the Prandtl mixing length.. The moored 

microstructure instrument TAMI was deployed twice during the experiment at a 

nominal depth of 15 m. The turbulent velocity and temperature fluctuations were 

measured, respectively, by sheax probes and fast thermistors mounted on TAMI. 

The TKE dissipation rate, e, were estimated by fitting the velocity spectra to the 

theoretical spectra in the inertial subrange (Huang, 1996; Lueck and Huang, 1997). 

The temperature spectra provide estimates of the weighted-mean temperature 

spectral level

^ =  0(A:)P/^e^/^, (6.40)

where the overbax denotes an average over the inertial-convection subrange. The 

dissipation rate of temperature fluctuation variance, 2%, is related to ^ by

X =  C//3, (6.41)

where /? is a constant. This constant ranges between 0.35 to 1.15 (e.g. Gargett, 1985). 

Following Edson et al. (1991), we choose =  0.79 in this study.
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6.3  T u rb u len t p a ra m e te rs  an d  closure m odel

a. Mixing coefficients and mixing length

The effects of turbulence in transferring momentum and in mixing scalars are usually 

parameterized by introducing viscosity and diffusivity coefficients. From measure

ments with the ADCP, estimates of the vertical viscosity coefficient A„ are obtained 

by dividing the observed Reynolds stress with the mean shear. In this analysis, A„ 

is calculated by dividing the TKE production rate (P) with the squares of the shear 

magnitude {dU/dz), i.e.,

"  { d U l d z f

At mid-depth, the fine- and microstructure measurements made with TAMI provide 

two estimates of eddy diffusivity coefficient. By assuming that the rate of TKE loss

to buoyancy {B =  {g/ po)w'p') is proportional to the rate of TKE dissipation (e), i.e., 

r  =  5 /e , the vertical diffusivity for density is derived as

k ; = (6,43)

Assuming that the dissipation rate of temperature fluctuation variance, 2%, is ap

proximately balanced by the variance production rate (Osborn and Cox, 1972), we 

derive the diffusivity for temperature as

^  [dT^dzY '

The eddy viscosity and diffusivity coefficients are related to the turbulent mixing 

length. In this study, measurements with the ADCP provide the estimates of the 

Prandtl mixing length, which is defined as

_  ( 1 ^ 1 ) '/ "  _  f ' / '  /g 45)
duidz ~ (dujdzfn'

where \u'w'\ represents the magnitude of the Reynolds stress. In turbulent shear 

flow, Im is a characteristic length scale of TKE-containing eddies. At mid-depth, the
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observational data from TAMI provide estimates of the Ozmidov length scale,

/  e \  i/2

In stratified flow, I q  characterizes the largest possible overturn that turbulence can 

accomplish (Turner, 1973).

Both Im  and I q  are macroscales. W ith the rate of dissipation of TKE available, 

one can also derive a turbulence microscale, i.e., the Kolmogorov scale

Ik  =  (6.47)

where i/ is the kinematic molecular viscosity. The Kolmogorov scale represents the 

lower bound on the scales of turbulent motions.

b. The Mellor-Yamada closure model

In the hierarchy of turbulent closure models proposed by Mellor and Yamada (1974, 

1982), turbulent viscosity/ diffusivity coefficients are parameterized in terms of the 

turbulent intensity, ç, and a turbulent macroscale /, i.e.,

(A„,A'„,A7) =  {Sm,Sh-,Sq)lq, (6.48)

where A'„ is the vertical diffusivity for passive scalars (e.g. salinity and temperature), 

K l  is the diffusivity for g^/2, and {Smi Sh, S^) are stability functions.

The governing equation for TKE density reads

| ( | - )  +  u ■ v(|-) -  A  [ * r , ^ ( | . ) ]  =  / .  _  s  _  (6.49)

In geophysical boundciry layers where the mean flow and density fields vary more 

strongly with depth than with horizontal distance, the rate of TKE production (P) 

is related to the velocity shear by (6.42), and the rate of TKE loss to buoyancy {B) 

is related to local stratification by

B  =  KyN'^. (6.50)
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The rate of TKE dissipation (e) is parameterized as

^MY =  (6.51)

where Bi is an empirical constant. The three stability functions were formulated by 

Galperin et al. (1988) as

-  i r f e '
5 , =  0.2, (6.54)

where

Gh =  (6.55)
r

and Ç2  6 are empirical constants. The values of these empirical constants were

determined by appealing to data from the laboratory and the atmosphere under 

neutral conditions (Mellor and Yamada, 1982).

Mellor and Yamada (1982) proposed an additional equation for q^l to determine 

the mixing length I. For turbulent boundary flows, / is usually prescribed as a function 

of the distance from the boundary. For example, Simpson et al. (1996) specified I in 

tidal boundary layer as
/  z \

/ =  Kzf 1 — - j  , (6.56)

where z is the height above the seabed, h the water depth, and k =  0.4 is von 

Karman’s constant. By choosing I =  Im, the combination of (6.48) with (6.42) gives

^  (6.57)

c. The local TKE balance

In turbulent boundary layers, terms on the left-hand side of (6.49) are usually small 

compared to terms on the right-hand side, hence (6.49) reduces to a local balance of
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P , e and P , i.e.,

P = e + B. (6.58)

By introducing the mixing efficiency F =  P /e , or equivalently, the flux Richardson

number R j = P /P ,  we reduce the three-term local balance of TKE to two terms. By

combining (6.58) with (6.57), the relationship between the two empirical constants 

S-m and P i is derived as

^  =  T T r -

In stratified oceanic flows, the magnitude of F varies between 0.04 and 0.4 (Peters et 

al., 1995) and is typically F <  0.2 (Osbom, 1980).

Under local balance of TKE, equivalent estimates of the Ozmidov and Kolmogorov 

scales can be obtained by replacing the rate of TKE dissipation (e) with the produc

tion rate (P). This gives

/  f  \  1/2
~ \ 1^ J  ~  (6.60)

and

/, =  (i/V P )'^“ ~ / a-. (6.61)

For a recent study on the implications of both the macro- and microscales to turbu

lence generating mechanism in coéistal waters, see Stacey et al. (1997).

6.4 Turbulent characteristics in the near-bottom  layer

A total of 3.8 days of estimates of the turbulent quantities axe obtained from mea

surements with the ADCP (Fig. 6.38). The depth-time variations of the Reynolds 

stress, TKE density, production rate, and the eddy viscosity coefficient, are consistent 

with the 1-day results of Fig. 4.29.

At 3.6 m above the seabed, variations of the TKE density and the magnitude of

the Reynolds stress are well correlated (Fig. 6.39a). Both q /2  and uW | contain
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Figure 6.39: (a) TKE density q^/2 (heavy solid lines) v. stress magnitude \u'w'\ 
(thinner lines with crosses) (both in s“^); (b) Values of the stability function Sm. 
calculated with (6.57) (solid line) v. Sm =  0.39327 (dashed line); (c) the stick diagram 
of the flow. The quantities are estimated at z =  3.6 m.
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Figure 6.40: (a) Vertical eddy viscosity (A„), (b) Prajidtl mixing lengths Im v. I 
defined by (6.56) (dashed lines). Panel (c) shows a stick diagram of the 20-min fiow. 
The quantities axe estimated at z =  3.6 m.
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clear tidal variations, but they are elevated during the beginning and the end of the 

ebb when the flow direction is turning. Fig. 6.39b shows the values of the stability

function Smi which is related to the g^/2-to-|—uW | ratio by (6.57). According to 

(6.52), Sm is a constant in unstratified flow, and equals Ç2 = 0.39327 (Galperin et 

al., 1988). It is seen that the magnitude of Sm is close to Ç2 during strong flows, and 

tends to be less than g2 when the flow is weak.

A least-squaxes regression in logarithmic scales obtains a mean ç^/2-to-|— 

ratio of 4.94, with a 95% confidence interval of ±0.27 determined with a bootstrap 

method. By using (6.59) and assuming F =  0, the value of Bi is determined to be 

31.1 ± 2 .5 .

Fig. 6.40a shows the time variations of the vertical viscosity coeflBcient Except 

during the turning of the tide and during the weak flood between day 24.55 and 24.75, 

the eddy viscosity is almost independent of flow magnitude at logarithmic scales, 

ranging between 0.02-0.04 m^ s~^. During the weak flood, A„ drops to 5 x 10“  ̂ m^ 

s“  ̂ and lower. Fig. 6.40b illustrates the measured Prandtl mixing length (Im)- The 

majority values of Im are about 1 m, and smaller than / =  1.35 m calculated using 

(6.56).

Fig. 6.41 compares P  with the local time-derivative, advection by vertical flow, 

and diffusion of the TKE density g^/2. The magnitude of P  is constantly about 1 

to 2 decades larger than the magnitudes of any of the other three terms. Hence, the 

contributions from the three terms on the left-hand side of (6.49) (except possibly 

the advection by horizontal flow which is not evaluated) are negligible to the TKE 

balance. Stratification is weak near the bottom, hence, the dominant balance in the 

TKE equation must be between production and dissipation.

Fig. 6.42 compares the TKE production rate P  and the closure-based dissipation 

rate cmy, calculated by using Bi  =  31.1. The ebb-flood asymmetry in the magnitudes 

of both quantities is evident. During the ebb, the peaks of P  and t\fY  are about
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and (c) dldz{Kldldz{q^l2)]. Panel (d) shows a stick diagram of the 20-min flow. 
The quantities axe estimated at z =  3.6 m.
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1 X 10““* s~^ when the flow is about 1 m s~^. In contrast, peak values of P

and cmy reach only 10“® s“® during the flood. There is a very good correlation

between the variations of the two rates. Fig. 6.43 is a scatter plot of P  vs. cmy- For 

a flow magnitude greater than 0.35 m s“ ,̂ the two rates agree within a factor of 2. If 

B\  =  16.6, the value suggested by MeUor and Yamada (1982), is used, the estimates 

of tMY tend to be 2 times larger than P. For a flow magnitude less than 0.35 m s“ ,̂ 

the magnitude of the production rate is small (less than 3 x 10“® m^ s“®), and the 

closure-based dissipation rate tend to be larger than P.

The along- and cross-channel local friction velocities n ., and u,„ at 3.6 height are 

shown in Fig. 6.44. The along-channel friction velocity reaches 0.04 m s“  ̂ during 

peak flows, corresponding to a stream wise stress magnitude of 1.6 x 10“® m® s“  ̂ (the 

large stress estimates obtained during the turning of the tide are not reliable). The 

cross-channel friction velocity reaches 0.025 m s“ ' during peak ebb flows and is small 

during the flood. The variation of u „  shows a clear tidal signal and correlates with 

the bottom friction velocity u . (shown also in Fig. 6.44a) obtained by fitting the 

stream wise velocity profiles to a log-layer (Chapter 5). However, the log-layer fitted 

friction velocity is consistently larger than the local friction velocity at 3.6 m height, 

although the height of the log-layer, when it exists, exceeds 3.6 m. A regression 

shows that the bottom stress ui  is on average 3 times larger than the along-channel

stress (—uW ), at 3.6 m height. Fig. 6.45 shows a total of 22 consecutive profiles 

of along-channel friction velocity over one-half of the tidal period from day 24.2 - 

24.5. Individual profiles of the along-channel stress are not constant, even within the 

log-layer.
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Figure 6.42: TKE production rate (open circles) v. the closure-based dissipation rate 
(solid lines with at z =  3.6 m.
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Figure 6.43: Scatter diagram of the TKE production rate v. dissipation rate {cym 
)at z =  3.6 m. The open circles are for flow magnitude > 0.35 m s“  ̂ and crosses are 
for flow <  0.35 m s“ .̂ Solid line denotes a ratio of 1 and dashed lines represent ratios 
of 2 and 1/2 between the two quantities, respectively.
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of the period of the M 2 tide (day 24.2 - 24.5). The solid circles mark the height of 
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6.5 T urbu lence  ch a rac te ris tic s  a t m id -d ep th

Both the ADCP and TAMI took measurements at mid-depth in the channel. The 

two instruments were apart by about 50 and 100 m during the first and second de

ployments of TAMI, respectively. The vertical displacement of TAMI was determined 

to be less than ±1 m (Huang, 1996). To compare the estimates from the two instru

ments, the measurements from TAMI are averaged into 20-min ensembles, and the 

quantities estimated with the ADCP are averaged over three levels near mid-depth 

over the same 20-min intervals.

Variations of the TKE density q^/2 and the magnitude of Reynolds stress |— 

at mid-depth are shown in Fig. 6.46a. As was found near the bottom, there is a 

clear correlation between the magnitudes of the Reynolds stress and ç^/2. Values 

of the stability function Sm determined by the measured l 2 -to-\—u'vo'\ ratio are 

comparable with those calculated using (6.52). Due to stratification, Sm at mid-depth

is less than § 2  =  0.39327 (Fig. 6.46b). The mean ç^/2-to-|— ratio is 6.06 ±  0.45, 

which is larger than the mean ratio of 4.94 ±0.27 obtained at 3.6 m above the seabed. 

The value of B\ is determined to be 42.2 ±  8.8 by assuming F =  0. The mean value 

of Bx is 50.1 if r  =  0.2.

Fig. 6.47 compares the vertical eddy viscosity coefficient measured with the 

ADCP (using Eq. (6.42)) against (a), the diffusivity for density (A'^, calculated with 

(6.43) using F =  0.2), and (b), the diffusivity for temperature (A'J), both from 

measurements with TAMI. The agreement between A„ and is very good and both 

ranged between 10“  ̂— 1 m^ s"^. The correlation between and A'J is generally 

good except that A'J occasionally has spikes of up to 10 m^ s ~ \  due to the small 

temperature gradients.

Fig. 6.48 compares the measured Prandtl mixing length (/m), the Ozmidov length 

(/o), and the z-dependent mixing length (/) specified by (6.56). Both Im and Iq vary 

significantly with time. Similar as at z =  3.6 m, Im is generally smaller than the
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Figure 6.46: (a) TKE density q^/2 (heavy solid lines) v. stress magnitude \u'w'\ 
(thinner lines with crosses) (both in s"^); (b) Values of the stability function Sm 
calculated with (6.57) (solid line) and (6.52) (+) v. Sm =  0.39327 (dashed line); (c) 
the stick diagram of the flow. The quantities are estimated at mid-depth.
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Figure 6.47: Time variations of the diffusivity for (a) density (A'’̂ ) and (b) tempera
ture (A J) (both denoted by solid lines with “H-” ) against the vertical eddy viscosity 

(open circles, both panels). Panel (c) shows a stick diagram of the 20-min flow. 
The quantities are estimated at mid-depth.
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z-dependent mixing length /, which is 4.3 m at mid-depth. From (6.45) and (6.46), 

the ratio to Iq is if P  «  c. With reference to Fig. 2.5, Im is close to Iq when 

stratification is strong, while less than Iq when Ri is small.

Fig. 6.49 compares the closure-based TKE dissipation rate cmy (using B\ =  42.2) 

with the completely independent estimates of e from TAMI. Correlation between the 

variations of the two quantities can be observed, and their magnitudes are equal on 

average. If the original value of B\ (16.6) is used, the closure-based dissipation rate 

tends to be 2.5 times larger than the estimates with TAMI.

We now proceed to discuss the TKE balance at mid-depth. Fig. 6.50 compares 

the estimates of c from TAMI against the estimates of P  from the ADCP. The time 

variations of e correlate well with those of P. The peaic values of both rates are 

about 2 X 10“® m^ s“  ̂ (W kg“^), and the minimum values are about 2 x 10“* m^ s“*. 

Note that during the ebb from day 24.3 - 24.6, both quantities peaked when the flow 

direction fluctuated and dropped when the flow was unidirectional. The agreement 

between the two rates is slightly better during the first deployment of TAMI probably 

because the two instruments were closer together. Fig. 6.51 shows a scatter plot of 

P  vs. e. During the first deployment of TAMI, almost all of the t  values agree with 

P  within a factor of 5, and this is also true for the majority of the e values from 

the second deployment. This factor of 5 agreement is mainly due to the statistical 

nature of the P  and e estimates and the spatial separation of the two instruments. 

The agreement between the two quantities shrinks to within a factor of 2 if the two 

quantities are averaged over one quarter of a tidal cycle. The agreement is quite 

remarkable, considering that the two rates are obtained with two completely different 

instruments that are 50 - 100 m apart.

Fig. 6.52 compares the production rate and the magnitudes of the three terms on 

the left-hand side of (6.49). Estimates of the diffusion term are discarded when a 

negative diffusivity is included in the calculation. Consequently, we obtain only a few
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Figure 6.48: Time variations of the Prandtl mixing length Im (open circles) and the 
Ozmidov length Iq (solid lines with The z-dependent mixing length I is plotted
as dashed lines. The quantities are estimated at mid-depth.
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Figure 6.49: TKE dissipation rate e measured with TAMI (solid lines with “+ ”) v. 
closure-based dissipation rate e^Y  (open circles) at mid-depth.
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Figure 6.50: TKE dissipation rate e measured with TAMI (solid lines with “+ ” ) v. 
production rate P  (open circles) at mid-depth.
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TAMI respectively. Solid line denotes a ratio of 1 and dashed lines represent ratios 
of 5 and 1/5 between the two quantities.
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estimates of the diffusion term. In general, the production rate is about one decade 

larger than any of the other three terms at mid-depth. The local time derivative 

term, d{q^/2)/dt, is comparable to P  only when the TKE density drops sharply from 

an interval of high intensity to a less energetic one and vice versa (cf.. Fig. 6.38d). 

The advection by mean vertical flow becomes comparable with P only during short 

intervals of large (> 0.015 m s“ )̂ vertical flow. The diffusion term also becomes 

comparable with P  at times. Including the tim e derivative, advection and diffusion 

terms in P, P  — d/dt{q^/2) — wd/dz{q^/2) 4- dldz[K ldldz{q^l2)\ does not show a 

better agreement with e.

At mid-depth, there are no clear tidal signals in the estimates of turbulent quanti

ties. Variations of the turbulent parameters appear to be only correlated with changes 

in TKE intensity. From Fig. 38c, the region of bottom-enhanced TKE production is 

generally below mid-depth during the flood. During the ebb, the region of enhanced 

production protrudes above mid-depth, which can be explained by the entrainment 

of water from the shallow Saanichton Bay to the main stream and eddy activities 

associated with the curvature effect of the headland.

6.6 S u m m ary  and  discussion

A bottom-mounted ADCP and TAMI, moored at mid-depth, provide estimates of 

turbulent quantities at both the energy-containing and dissipation scales, as well as 

the estimates of the mean flow, shear, and the gradient of density. Using these data, 

we tested the Mellor-Yamada turbulent closure model on its parameterization of TKE 

dissipation rate (Eq. (6.51)), the formulation of the stability function Sm. (Eq.(6.52)), 

and the value of the empirical constant B \ .

Close to the bottom where stratification is usually negligible, the measured ratio 

of TKE density q^/2 to stress magnitude is 4.94 ±  0.27. The values of Sm are close to 

the specified value using (6.52) during strong flows, but tend to be less during weak
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Figure 6.52: TKE production rate (open circles) v. (a) ô/ôt(ç^/2), (b) wd!dz{q^ 12), 
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of the 20-min flow. The quantities are estimated at mid-depth.
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flows. The mean value of B\ is 31.1 ±  2.5, larger than 16.6 given by Galperin et al. 

(1988). Using Bi =  31.1, the measured production rate agrees with the closure-based 

dissipation rate within a factor of 2, and both are one to two decades larger than the 

rate of TKE change with time, the advection by the mean vertical flow, and diffusion. 

The increasing of Bi from its original value, hence, is consistent with the local balance 

of TKE near the bottom.

At mid-depth, the measured ç^/2-to-|— ratio is 6.06 ±  0.45. The values of 

Sm agree with the prediction using (6.52), and axe less than Sm =  92  in unstratified 

flow. The mean value of Bi is 42.2 ±  8.8, which gives the closest agreement between 

the closure-based dissipation rate and that measured by TAMI.

The increasing of Bi in wall-bounded boundary layers, from the original value used 

in Mellor-Yamada model, has been supported by the results of large-eddy simulations 

(Andre and Moeng, 1993). However, we must note that the values of Bi matching 

the current dataset may not be exact, considering the uncertainties or biases in the 

Reynolds stress and TKE density estimates. The robustness of this analysis is the 

validation of the parameterization for dissipation rate with TKE density and mixing 

length (Eq.(6.51)). The measurement results also verify the decreasing of Sm with 

increasing stratification, as predicted by (6.52).

At mid-depth, independent estimates of the TKE production and dissipation rates 

are available, and both quantities agree within a factor of 5 for 20-min mean ensem

bles, and within a factor of 2 for averages over a quarter of tidal cycle. The terms 

representing the rate of TKE change with time, advection by mean vertical flow, and 

diffusion are usually 10 times smaller than either the production or dissipation rate.

The estimates of the eddy viscosity in the near-bottom layer range between 0.02 - 

0.04 m^ s"i, and are fairly steady except during the turning of the tide and very weak 

flows. At mid-depth, various estimates of the viscosity and diffusivity coefficients are 

in good agreement.
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The measured Prandtl mixing length shows significant time variations and is 

smaller than the simple z-dependent specification of I by (6.56). At mid-depth, the 

Ozmidov length is larger than the Prandtl mixing length when stratification is weak, 

whereas Iq is close to Im when the gradient Richardson number exceeds 0.25.

The estimated turbulent quantities contain clear signals of tidal variations near the 

bottom. At mid-depth, the major signal of time variation is the flood-ebb asymme

try, presumably caused by the events of eddy separation associated with the coastal 

curvature, and the entrainment of flow into the mmn stream of the channel from 

Saanichton Bay.

Changes in the sign and magnitude of the Reynolds stress correspond well with the 

changes in velocity shear. Although the mean velocity profiles are fitted accurately 

to a log-layer, the Reynolds stress is not constant within the log-layer. At 3.6 m 

height, the magnitude of the along-channel stress is smaller than the log-layer fitted 

bottom stress by a factor of 3. This result is inconsistent with the nearly “constant 

stress” profile predicted by the scaling arguments in the classical theory, for turbulent 

boundary layers over horizontal homogeneous bottoms (see, e.g. Tennekes, 1973). 

Interestingly, Johnson et al. (1994) found the same factor of 3 discrepancy between 

the bottom stress obtained from log-layer fitting and that derived from dissipation 

estimates using data collected in the Mediterranean outflow.

The mismatch between the log-layer fitted bottom stress and the direct estimates 

of Reynolds stress near the bottom is related to the diff^erence between the mea

sured Prandtl length and the z-dependent specification of mixing length. Further 

examination of other possible biases in estimating stress with the variance technique 

using the ADCP, particularly the potential variance reduction associated with spatial- 

averaging, needs to be pursued (Stephen Monismith, personal communication, 1997). 

If the measurement biases are proved to be negligible, a possible explanation for the 

mismatch is the influence of horizontal inhomogeneity caused by bed forms (Belcher
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et al-, 1993). We leave the question about the connection between the bottom friction 

velocity and the Reynolds stress distribution to a future study.
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Chapter 7

Conclusions

During a multi-investigator experiment conducted in a tidal channel along the coast 

of British Columbia, we deployed a broadband ADCP and a moored microstructure 

instrument (TAMI). The goal of this thesis is to study the use of the ADCP for 

taking measurements in a highly turbulent environment, and to examine the flow and 

turbulence in a tidaJly forced boundary layer.

7.1 M easurem ents w ith an A D C P

A multi-beam ADCP remotely senses the velocities in the directions along its acoustic 

beams. The performance of an ADCP in velocity profiling can be described by several 

key parameters: profiling range, spatial resolution, sampling rate, and noise level. The 

profiling range of an ADCP covers a large portion of water column in coastal waters, 

except that it cannot be used to take measurements within a short ( 1 - 2  m) distance 

from the bottom and the surface. The spatial resolution is adequate to reveal the 

rapid changes of flow field in the vertical space. For direct-reading deployments, there 

are no constraints of battery capacity and solid-state memory, hence, the data can 

be collected at rapid rates. The fastest sampling rate we obtained is 1.3 Hz, which 

makes it possible to determine the statistical uncertainty of the mean flow estimates, 

and to resolve the spectral ranges contributing to the Reynolds stress and turbulent 

kinetic energy (TKE) density. The single-ping standard deviation of Doppler noise 

is estimated to be 0.02 - 0.03 m s“  ̂ for our broadband unit. However, the statistical 

uncertainties in the estimates of the mean flow, shear, and turbulence stem mainly
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from turbulent fluctuations. Doppler noise causes a systematic bias in the estimates 

of the TKE density, but not to the Reynolds stress if the noise standard deviations 

of the two beams in a pair are identical.

In the derivation of the mean flow vector and the second-order turbulent moments, 

one must assume that the mean flow field and turbulent statistics are homogeneous 

over the distance separating the beam pairs. A comparison of the estimated mean ve

locity against the “error” velocity provides an explicit test for statistical homogeneity. 

The number of horizontal velocity estimates that pass a simple test for homogeneity 

increases rapidly with increasing averaging distance, and exceeds 95% for distances 

exceeding 55 beam separations. There are no explicit tests for the homogeneity of 

the second-order moments. In this study, we choose 20 minutes as the ensemble aver

aging time to calculate the mean flow and turbulent quantities. Velocity fluctuations 

at periods longer than 20 minutes make little contributions to the estimates of the 

Reynolds stress and TKE density.

Instrument motion must be carefully considered in interpreting the measurements 

using an ADCP in a turbulent environment. Analysis of the computation algorithm 

shows that, for non-rigidly mounted deployments, the influence of instrument motions 

is likely to be negligible in the estimates of horizontal velocity, whereas it can be 

significant for the vertical flow. To estimate turbulent moments with the variance 

technique requires the ADCP to be rigidly mounted.

The misalignment of the instrument axis with respect to vertical, i.e., the magni

tudes of the pitch and roU angles, can be compensated in the calculation of the mean 

flow. However, it causes a  bias in the estimates of the Reynolds stress. This bias 

can be eliminated if the ADCP has a fifth transducer directed along the instrument 

axis. Another advantage of using a 5-beam unit is that the TKE density can be 

unambiguously determined. When using a 4-beam unit, one must assume a value for 

the anisotropy factor in estimating the TKE density.
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With increasing TKE density, the statistical uncertainty of the Reynolds stress 

estimates increases, whereéis the relative uncertainty decreases. The highest signai to 

noise ratio is obtained at levels close to the bottom, where the stress magnitudes are 

large. The minimum uncertainty of stress estimates is ±1.5 x 10~® m^ s“^, obtained 

during weaJc flows. During the turning of the tide and the events of flow separation 

from the headland at one side of the channel, turbulence was not stationary, and the 

estimates of turbulent moments are unreliable. The production rate of TKE and the 

vertical eddy viscosity coefficient are derived by combining estimates of the Reynolds 

stress and shear.

7.2 The tidally  forced turbulent boundary layer

CTD profiles, taken near the southern entrance of the channel (upstream during the 

flood), show a fairly well mixed layer above the seabed. The height of this mixed 

layer varies with tidal flow, in accordance with the variation of the height of the 

log-layer. At mid-depth, estimates of the gradient Richardson number show that the 

water column is stable more often than it is unstable during the flood, whereas the 

chances of shear stability and instability are roughly equal during the ebb. Toward 

the bottom layer, the frequency of occurrence of shear instability increases.

Measurements with the ADCP provide a total of 4.5 days of estimates of the mean 

flow and shear and 3.8 days of estimates of the turbulent quantities. The profiling 

range (in terms of the center of the depth cells) is between 3.6 - 27.6 m in the center 

of the channel, where the depth is about 30 m. The spatial resolution of the estimates 

is 1 m. Clear tidal signais are contained in the stream wise velocity. The stream  wise 

shear and the aJong-channel stress also contain clear tidal variations in the lower half 

of the water column, but reverse signs above mid-depth. The transverse flow, shear, 

and cross-channel stress present a flood-ebb asymmetry caused by the variations in 

the curvature effect of the headland. During the ebb, the curvature effect is strong
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and drives a substantial secondary flow causing the transverse shear. During the 

flood the curvature effect is weak, and the transverse flow, shear, and cross-channel 

stress are small. The TKE production rate generally intensifies toward the bottom, 

bearing the character of wall-bounded turbulence. Events of large production above 

mid-depth, corresponding to the sign reversals of shear and stress, occur occasionally 

during the ebb.

Profiles of the streamwise velocity are fitted to a logarithmic form with 1% accu

racy. The height of the log-layer varies tidally and reaches 20 m above the bottom 

during peak flows of 1 m s“ .̂ The height is well predicted by 0.04u./w, where u . is 

the friction velocity and w is the angular frequency of the dominant tidal constituent. 

The mean non-dimensional shear, { d U f d z ) f { u . / K z ) ,  is within 1% of unity at the 95% 

level of confidence inside the log-layer. The friction velocity varies tidally and reaches 

0(0.05) m s~  ̂ during peak current flow. The bottom drag coefficient, referenced to 

the depth-mean flow, is 4 x 10~^. The observed log-layer is not connected to skin 

friction, but possibly to form drag. Deviations of the measured velocity from the 

logarithmic profiles above the log-layer can be explained by the zero-stress boundary 

condition at the surface and by the entrainment of shallow water at mid-depth. The 

deviations are inconsistent with the effects of acceleration/deceleration and stratifi

cation.

The moored microstructure instrument TAMI was deployed twice at mid-depth, 

apart from the ADCP by 50 and 100 m during the first and second deployments, 

respectively. Measurements with TAMI provide estimates of the dissipation rates 

of TKE and temperature fluctuation variance, and the buoyancy frequency at mid

depth. Combining the measurements taken with the ADCP and TAMI, we obtained 

estimates of the eddy viscosity and diffusivity coefficients, and the Prandtl mixing 

length and Ozmidov length. The estimated turbulent quantities contain clear signals 

of tidai variations near the bottom, but tidal variations are less evident at and above
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mid-depth. Near the bottom, the eddy viscosity is almost independent of flow mag

nitude at logarithmic scales, ranging between 0.02 - 0.04 m^ s~^, except during the 

turning of the tide and during the weak flows. At mid-depth, the diffusivity of den

sity and heat (deduced from microstructure measurements) agrees with the viscosity 

derived from measurements with the ADCP. Both near the bottom and at mid-depth, 

the measured Prandtl length contains significant time variations, and it is less than 

the Ozmidov length when stratification is weak. With the measured turbulent quan

tities, we tested the Mellor-Yamada turbulent closure model on its parameterization 

of TKE dissipation rate with TKE density and the mixing length. Both near bot

tom and at mid-depth, the closure-based dissipation rate agrees with the measured 

production and dissipation rates by increasing the value of the empirical parameter 

Bi from the original value used in Mellor-Yamada model. At mid-depth, the rate 

of production deduced from the ADCP agrees with the rate of dissipation measured 

with TAMI. The dominant terms in the TKE budget are the rates of production and 

dissipation of TKE, and both rates are one to two decades larger than the other terms 

in the TKE conservation equation.

The scaling of the log-layer height with tided frequency in the channel is com

parable to the scaling with Coriolis parameter for the log-layer in steady planetary 

boundary layer. However, some results are inconsistent with those from boundary 

layers over horizontal homogeneous bottoms. The Reynolds stress is not constant 

within the log-layer, and its magnitude at 3.6 m height is on average 3 times smaller 

than the shear velocity squared (ul) derived from log-layer fitting. The peak of 

the non-dimensional spectrum for the Reynolds stress, when compared to the mea

surements from the atmospheric boundary layer, is shifted to higher wavenumbers 

(non-dimensionalized by k z ) by a factor of 2.5. The measured Prandtl mixing length 

vary with time and are usually smaller than lengths béised only on geometry, for 

example, k z {1  — or k z  as suggested by the scaling arguments that derive
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the log-layer. One possible explanation for these discrepancies is the influence of 

horizontal inhomogeneity caused by bed forms.
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