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Abstract 

Estuaries. t h e  regions where runoff of freshwater, soil. and contaminants first 

encounter the  ocean. a re  also primary fishing and recreation areas. It is therefore 

important t o  understand the  dynamics associated with mixing and currents within 

these bodies of water. Pollutants and freshwater from river runoff flow out  t o  sea in 

t h e  upper layer: while nut rient-carrÿing oceanic water returns beneath. While t here 

have been many studies of the  processes involved in this exchange flow, the  dynamics 

and vertical s tructure of transverse fiows are rnuch less understood. despite t h e  role 

t hese currents play in redistributing water properties and momentum chroughout the  

est uary. 

One such estuary. Juan  de  Fuca Strait. is a n  ideal location in which t o  s tudy  

est uarine exchange and t he  result ing cross-channel flows induced by interna1 friction. 

pri marily because i t s  lengt h and smoot h topograp hy reduce t hc topographic steering 

of currents. Historical current meter da ta  from a number  of deployments in J u a n  d e  

Fuca Strait reveai that. while mean along-chance1 currents a rc  roughly consistent with 

the  thermal wind equat  ion. cross-channel flows are  not. part icrilarly a t  mid-dept hs 

ivhere transverse currents are  largest . 

X momentum balance using historical sea level and current meter d a t a  suggests 
2 -1  t h a t  the vertical eddy viscosity ..1, zz 0.02 m s a t  interfacial depths in l lay .  The 

nican circulation in J u a n  d e  Fuca Strait is highly seasonal in nature, however, and 

larger values may be  more appropriate in summer when t h e  estuarine eschange peaks 

due  to the freshet. Stronger friction is in turn associated with elevated mising rates 

and increased transverse veloci t ies. 

An Acoustic Doppler Current Profiler deployed in Juan d e  Fuca Strai t  in 

t h e  summer of 1996 resoltred the vertical structure of these velocities. Concurrent 

Current-Temperature-Depth da ta  reveal that  neit her the  along- nor the  cross-channel 

currents are in geostrophic balance with  the hydrographie structure. suggesting ttiat 



the  physical processes associated with these currents are more localised than the  five 

kilomet re scales over which the  hydrography was measured. 

Zooplankton within Juan d e  Fuca Strait comprise a significant part of the  

scattering cross-section upon which the ADCP depends. During their dusk migration 

into t h e  euphotic zone t o  feed and dawn descent to  escape predation. the!- do  not 

act as passive backscatter targets for the Acoustic Doppler Current  Profiler. l'ertical 

migration velocities. measured from the backscatter intensitj- record. reached 0.03 
- 1 m s . suggesting that  significant biases in the measured verticai velocity could be 

int roduced. Little effect was actually seen in the velocity fields. hoivever. even t hough 

the  cross-sectional fraction of the zooplankton was an  order of magnitude larger t han 

the  background. 

1Iean currents in Juan d u  Fuca Strait reveal strong tramverse flows at  mid- 

dept hs. suggestive of interiacial Ekman Iayers. The along-channel estiiarine exchange 

is significantly enhanced a t  neap tide. consistent with weaker rnising upstream. The 

cross-channel flows a t  int erfacial dept hs are also su bst ant ially larger during neap t ide. 

irnplling a fortnightly modulation of rnising rates within the  strait .  

The XDCP \vas also used to  measurc the  Re>-nolds stresses directly. These 

were round to he more than an order of magnitude larger a t  neap tide than during 

spring tide and were consistent with changes in the  mean current over the  spring-neap 

CJ-clc. Reynolds stresses were maximal at mid-depth on the  transition from ebb t o  

Hood. a t  which t ime t hc gradient Richardson numbers were smallest. suggest ing t hat  

critical layer absorption of interna1 waves are important dynamically. 
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(east.nort h) .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.27 

7 b r i a t  ion of measured a )  along-channel and  b ) cross-channel current 

(thick) with axes rotation (degrees clockwise from east-north):  10 

(solid). 1.5 (dash) .  and 5 (dot-dash).  Also shou-n arc the  geostrophic 

1-clocit ies f t hin).  T h e  along-channe1 geost rophic 1-eloci t y  is t~ased  on  

the  stratification at CTD stat ions CA and CS. using t h e  cross-strait 

surface slopes shown. ivhile t h e  cross-channel geostrophic \-elocity is 

 ascd cd on t h e  h ~ d r o g r a p h y  a t  t h e  pairs of CTD s ta t ions  sliown. The 
- 

dong-strait  surface d o p e  used. c, = 2 x IO-'. is t h a t  for which t h e  

gcostrophic and  measured currents match a t  t h e  t o p  of the  Ekman 

layer (10.5 m ) .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  128 



Daily means of residual current in a) along-channel. b) cross-channel. 

and c )  vertical direction. Plus signs indicate zero velocity. and the 

f 0.1 rn s-' scale is denoted near the top of each plot. The  first 

profile, centred at  Julian day 200.5. represents the  mean for Julian 

day ZOO. July 18. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

a )  Density at  CTD station ADCP-S on .July 17 (da). 199. thin solid. 

mean of three profiles). Jc ly  1.5 (cial. 207. thin dash. mean of s is  

profiles). August 6 (day 219. thin dot. mean of three profiles). and 

overall mean (thick solid). and b )  buoyancy frequency of rnean profile. 

Spring tide occurs a t  Julian days 199 and 213. . . . . . . . . . . . . .  

Low frequency oscillations in the  cross-channel current. The  overall 

mean a t  each depth is subtracted from the -18-hour running mcan of 

the residual current. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Lariation wit h depth and over the  spring-neap cycle of the  freq~icncy 

(R)  with which the gradient Richardson number. defined over 2 m. 

falls below 0.25. In a), the thick and thin lines indicate the period 

just after neap tide (Julian days 206 to 20s) and spring tide (Julian 

days 213 to  21.5). respectively. The solid lices are three-day averages 

and the dashed lines indicate the mean =t the standard deviation of 

thc nleans for each day. In b). the mean cumulati\-c frcqucncy ('75) 

for the depths between 230 and 90 rn over days 206 t o  20s and 21:3 

to 21.5 are denoted by thick and thin lines. respectively. Thc  dashcd 

lines again indicate t he  mean I the standard deviation O\-er the three 

da)-s and 6 depth bjns. Panel c )  plots the mean daily frequency with 

which Ri < 1/4 over t he  depth range 80 to  90 m (solid) and thc mean 

. . . . .  f the standard deviation of the means a t  each d e ~ t h  (dasti). 
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Shear instability on Julian days a) '207 (neap tide) and b)  214 (spring 

tide). Shaded regions indicate depths and times for whjch the calcu- 

lated Richardson number fell below 0.25- The solid horizontal profile 

is the along-channel tidal velocity a t  80 m depth. with the & 1 rn s-' 

scaIe ptotted on the right. The vertical profiles at  0900. 1200. and 

2-00 in a) and a t  0300. 1100. and 1.500 in b) are the hoiirly average 

total (ive. tidaI and residual) along-channei currents wit h the C 1 m 
- 1  . . . . . . . . . . . . . . . . . . . . . . . . .  s scales plotted above. 

Variation of auto- and cross-correlations of velocity fluctuations wi th 

averaging time. T. over the depth range 50 to 130 m for Jolian day 

. . . . . . . . . . . . . . . . . . . . . . . . .  '207. just after neap tide. 

LTariation of auto- and cross-correlat ions of velocity fluct iiat ions wi t h 

averaging time. T. over the depth range 50 to 1:30 m for .Julian day 

21-1. just after spring tide. . . . . . . . . . . . . . . . . . . . . . . . .  

Magnitudes of the dail?. mean Rejmolds stress after neap tide (.Julian 

ci- 207) and spring tide (Julian day 211). rrith r positive in the 

direction of the orientation of ADCP beam :3. :3:3s0 from true north. 

The dashed Iines represent the 9.7% confidence intervals determincd 

. . . . . . . . . . . . . . . . . . . . . . .  from a bootstrap technique. 

k r i a t  ion of u'w' and u'w' Reynolds stress t hroughout t lie spring-ncap 

cycle. In each case. the solid lincs represent the daily averages over 

the depth ranges shown and the dastied lines indicate the standard 

deviation over the depth range. The (u, r )  axes are rotated such that 

. . . . . . . . . . . . . . . . . . . . . . . . .  u is positive up-channel. 

Reynolds stresses a t  neap (.Julian day 201) and spring (Jiilian day 
2 -2 214) tide. Stresses of magnitude less than 10-" rn s are not sliown. 
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ï . l:3 blean vertical Reynolds stress and vertical derivative over three days 

at neap (Julian day '206 to  208. thick lines) and spring t ide (Jul ian 

d a -  213 to  21.5. thin lines). The  dashed iines indicate the  standard 

deviation over the three days. . . . . . . . . . . . . . . . . . . . . . . 146 

7-14 Slean residual a) along-channel and b )  cross-channel current with c )  

and d )  associated shears. The vertical eddy viscosities. parameterised 

as (2 .6)  are plotted in e) and f ) .  Thick Iines are the t hree da? averages 

a t  neap tide (Julian day 206 t o  20s) a n d  t hin lines during spring t ide 

( Ju l ian  day 213 to 21.5). . . . . . . . . . . . . . . . . . . . . . - - . . 14s 
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Chapter 1 

Introduction and Motivation 

Coastal waters have. since early times. been very important in shaping human 

development and lifestyle. Nearshore upwelling regions are arnong the  rnost biolog- 

ically productive arew. accounting for nearly 50% of the  global marine food catch 

\vit h only 10% of the  oceanic surface area. Commercial sea t ra f ic  is increasing as the 

ivorld economies become further integrated. Recreational use of coastal seas is also 

intensibing as urban populations continue to  grou-. as do the  pressures associated 

wit h \vaste disposa1 and contaminant runoff. 

Estuaries. the  regions urhere runoff of freshwater. soil. and contaminants first 

ericounter the  ocean. frequently experience large fluctuations in en\-ironrnental con- 

dit ions over small t ime scales. Variations in tidal heiglits often create large intert idal 

zones. while tidal currents and wave action result in constant ly changing salinit ies. 

tcrnperatures. nutrient and gas concentrat ions. and sediment loads. In addition to 

t lieçe fluctuations. t 11e organisms which inhabit t hese regions. and upon which ive 

depend for much of our food supply. must increasingly cope ri-i t h the  cffects of pollu- 

tion \\.hich is leached frorn the land or dumped directlx into the  sea. accidcntally or 

ot lierwise. 

Along-channel currents. which ultimately control the salinity. niitrient . and 

contaminant concentrations within coastal channels via exchange \vit h the  open ocean. 

have been studied to  a far greater extent than vertical and transi-erse flows. Vertical 

vclocities hring nutrients upward into the euphotic zone where biological production 

ocîurs and lead to  eschange and cntrainment between the  upper fresher surface laycr 

and lower oceanic water. Cross-channel flows tend to  slow the along-channel eschangc 

\>y transferring mornentum t o  the sidewalls. They also enhancc diffusion ivithin an 

est uary by esposing t racers t o  cross-channel differenccs in the along-channcl veloci ty. 
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Transverse currents can be significant in regions v-here friction is important. such as 

in the bottorn boundary and a t  the interface between infloms and outfiows. 

Friction ic associated wi t h turbulence. the small-scale high- frequency current 

fluctuations by which energy that is continuously supplied to  the oceans by gravita- 

t ional attraction. solar irradiation. and wind stress is removed- TurbuIcnce enhances 

diffusion by increasing the exposed surface area of tracers over which molecular pro- 

cesses can act. Cross-correlations in turbulent velocities. or Reynolds stresses, can 

direct 1'- modify currents at Ionger t imescales. 

A better understanding of turbulence and of dynamics in generaI is important 

not only for local estuaries but also for many different types of global geophysical 

flo~vs over a wide range of Iength and time scales. -AS a semi-encIosecl basin which 

is long. straight. and has relatively smooth topography. Juan de Fuca Strait is an  

idcal laboratory in which to  examine some of these phenomena. in the summer of 

1996. an observational programme in the middle section of Juan de Fuca S t rai t was 

undcrtaken to  study eschange floiv. particularly the friction and dynamics associated 

wi t li the interface between the inflow and out flow Iayers. 

C'hapter 2 provides the  theoretical background for the tiicsis. and includes sec- 

t ions on estuaries. turbulence. and tides. Various estuarine classification schemes and 

non-di~ncnsional parameters are i nt roduced. as are ana1j.t ical. numerical. and Iabo- 

ratory models which at tempt to explain sorne of the dynarnics. Tlic Xavier-Stokes 

cquations are used to  review the concepts of Reynolds stress. non-dimensional insta- 

b i l i  tj. parameters. and log-fayer dynamics. The last section considers the st ruct tire of 

barotropic and interna1 tides in a channel. 

Cliapter 3 focuses on Juan de Fuca S trait ~~~~~~~~~~~~. dctai ling historical work 

and Iiighlighting some of the scientific questions raised. Thc 1996 observational pro- 

gramme is mot ivated by demonstrat ing that an area-averaged along-cliannel momen- 

t iirn balancc of the  upper laver current requires strong interfacial friction and implies 

s t  rong transverse currents and turbulence. The hydrographie and current meter da t a  

collccted to  examine the dynamics of Juan de  Fuca S t  rait are clisctissed in Chapter -1. 
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.A short t reatment of the errors associated \vit h the measured velocities and Reynolds 

stresses is also included. 

Since the vertical L-elocity is significantly smaller t han the horizontal compo- 

nents. possible biases and errors in the measured vertical ve2ocit~- must be esamined 

hefore Reynolds stresses can be calculated. The difficulties in measuring the  \-crtical 

\-elocity are discussed in Chapter 5. and attempts are made to validate these currents. 

This is clone primarily by using the backscattcr intensit .  a nieasure of the  scatter- 

ing cross-section upon rvhich the Xcoustic Doppler Current Profiler relies to  measure 

1-clocity. Contamination of the vertical velocity bj. horizontal components and t h e  

problem of spatial inhomogeneity of the Bon* arc also considered. 

The vertical structure of the tides is analysed in Cliapter 6 .  particularly for 

t h  -112 constituent, where at tempts are made to quanti- the strength of the inter- 

nai along-channel. cross-channel. and vertical components. Bottam boundary rayer 

dynamics are also explored. including log-layer and rotary current analyses. 

In Chapter 7.  non-tidal flows are tsamined. The mean fiow is compared to  

ii~-drography and to  laboratory resuits of a two-lqer rotating flou-. S i~np le  modcls 

aricl current meter data suggest that the along-channel current m+- bc siihject to  

txiroclinic instability. The spring-neap cycle of the shear instability and  in  the  011- 

scn-cd Reynolds stresses are esamineci and the rcsults are related ta changes in t hc 

rneasured mean flow. 
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Chapter 2 

Background 

2.1 Est uaries 

In most estuaries.  freshwater from river runoff mises  \vit h watcr from t h e  ocean. 

C'ameron a n d  Pr i tchard  ( 1963) s ta te  t ha t  a n  es tuary  is -a semi-enclosed coastal body  

of water which has a free connection with t h e  open sea and  within which sea water  is 

measurably diluted wi th  fresh water derived from land drainage.- Se\*ert lieless. t here 

csist  .-negat ive" est  uaries. in which evaporat ion esceeds precipitation a n d  riinoff. 

leading t o  surface salinities larger than  those of t h e  ocean. The dense surface waters 

ivithin these basins s ink and  flow out into t h e  sea a t  depth and are  replacecl with 

oceanic retiirn flow a t  the  surface. This  thesis will. I iowver.  focus on --positit-e-' 

estuaries. where outflow of diiutcd surface urater  is compensated by return flou- of 

dense oceanic water  at depth. 

2.1.1 Classification Schemes 

Categorising t h e  world's estuaries into dis t inct  cIasses is a clifFicult. i f  not im- 

possible. task given t heir widely varying gcomet ries. bat  hymct ries. mising rates. and 

circulations. Furt  hermore. conditions wi t  hin a n  indi vidual est uary can change great  1'- 

ivith location (e.g. relative t o  the  head o r  mout  h). t ime  of '-car (scasonal changes in 

frashwater input ) .  a n d  tidal phase (mis ing  levels). Kcverthcless. a number of differ- 

cnt classi fication schemes exist. based on topography. salinit'. distri but ion. circulation 

type. o r  a combinat ion of these. 

cr) Tht T o p o g m p h ~ ~  of Estuaries 

Pri tcliard ( 19.52) proposes a classification scheme baseci on topography wtiich 

has t hree main  catcgorics: drowncd river ~lallej-S. fjords. and bar-built est  uaries. A 
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Courth group comprises estuaries which do not fa11 into the gcneral categories. and 

i~icludes estuaries forrned by landslides or movement aIong tectonic fault 1- i nes . 

The most common type is t he  drowned river valley. otherwise known as a 

coastal plain estuary. These were formed when sea le\-& rose diie to t lie melt ing of 

glaciers and thus generally have depths less than 30 m. InitiaIlj- carved by rivcrs. tlic 

est uaries are often sinuous and the cross-sections t riangular. Widt h to ciept h ratios 

are typically Iarge. and bot h the width and ciepth increase toward the  rnouth. River 

flo~v (per tidal period) is typically srnail compared to  the tidaI prisrn ( t h  differencc 

i r i  \-oIumc of an estuary between high and low tides). 

qords .  created when glaciers substantially deepened esisting river valleys. of- 

tcn ha\-e shallow sills at the mouth where glaciers deposited moraine. Thcse estuaries 

a r c  iip to NO rn deep. a re  generally straight and long (iip to 100 km). ancl havc a 

small width to depth ratio. River input per tidal cycle is usually large comparecl to 

the tidal prisrn since tidaI ranges are often restricted. but are very small cornparcd 

to t lie water \*olume within the fjord. 

In  a bar-built estuary. sediment is de~os i t ed  a t  the  moiit h. forming a har across 

the estuarj.. Sedimentation rates are large and the estuarics arc gcncrally only a fcw 

mctrcs deep. Occasionally. bars are also formed within the  cst i iar~- which ma!- crcate 

lagoons. strctches of saltwatcr cut off from the main estirary. River input is large. 

ancl varies considerably throughout the year. During periods of unusually large river 

flow. tlic bar may be temporarily moved or destroyed. 

6) The Sal in i t  y S i r u c t  ure I4Titlz in Est u n r i e s  

The hydrography of est uaries ranges from verticatly liomogcneous t hrough con- 

t inuously stratified to esscntiallj- two-layer. As rneritioned. t lie stratification within 

a n  individual estuary can vary over seasonal and tidal cycles. and even d o n g  its 

ltngtii. Pritchard (19.5.5) and Cameron and Pritchard (1963) clistinguish four main 

tj-pes of est uaries based on the observed salinity st riicture: homogeneous ( rvell-mised). 

partially-rnised (partially-stratified). fjords, and salt wedge. where the latter two arc 

xomet irnes coilect ively termed highly-st rati fied. 



For estuaries of small depth.  turbulence associated wit h bot t o m  friction act ing 

on t h e  tides may be  sufficient t o  vertically mix  the entire water column. These verti- 

cally hornogeneous estuaries can  b e  ei ther  Laterally homogeneous. which occurs when 

t h e  widt h is small enough tha t  friction Iaterally mixes t h e  estuary. o r  inhomogeneous. 

in which case the  flow may be horizontally separated. In t h e  former case. fi ow is out -  

ward a t  al1 depths. and t h e  outward advection of salt b ~ -  t h e  rnean flow is balanced 

1)'- t h e  inn-ard turbulent diffusion of salt  due  to  eclciies. in IateralIy inhomogeneoris 

est uaries. horizontal circulation tends t o  transport salt up-estitary along t tic left. side 

of tlie channel ( in  t h e  Yorthern hemisphere) d u e  to rotation. 

T h e  partially-mixed estuary is characterised by limited vertical stratification: 

turbulent  rnixing. while intense. is not sufficient t o  completely homogenisc the  watcr 

column. Salt and  water a re  entraineci into t h e  upper l+-er. increasing both surfacc 

salinity a n d  water transport.  The resulting density s t ructure drives a return flow in 

t h e  lower la!-er t o  balance the  salt loss in  the upper layer. 

T h e  highly-stratified estuary is subdivided into tivo t>-pcs: t h e  s a l t - w d g e  and 

tlic fjord. In salt-wedge flow. river flows a rc  considerably largcr than  t idal fl oivs ( DJ-cr 

1973). and the  sea water intrudes upstream as a wedge betow tlie fresh layer. 'The 

position of this salt wedge depends on the  strength of the ri\-er flots.. and  oscillates 

IiorizontaI1~ with the  tide. Salt" tvater will be  entraincd into t he  uppcr  la'-cr. incrcas- 

ing t h e  discharge ra te  as the  mou th  is reached and requiring a landward flow in t h e  

salt  wcdge to  balance t hc salt loss. T h e  salinit'- inside t h e  salt ~vecIge does not change 

in t h e  along-channel direction since there is no  entrainment into tiic lowcr la'-cr. The 

fjord estuary is similar t o  the  salt-wedge flow. escept t h a t  t h e  lo\ver layer is oftcn 

niucli cleeper. and a si11 usually es i s t s  a t  t he  mouth of t h e  estuary. Occasionally. t h e  

siIl is siiallow enough to  cut  off t h e  ret urn flotv. and t h e  lowcr 1-r in t lie estuary 

s tagnatcs .  Renewal sornetimes occurs only annually. when t h e  river flot\- is at its 

peak. /\t these times. entrainment  is large. and  the  dcnsity difference between t h e  

lower layers of t he  estuary and  t h e  ocean is greatest. 



- 2. Background I 

c )  E d u a r i n e  Pararnetcrs 

Mani- attempts have been made to deveiop a classification scheme hased only 

on cxternal parameters such as the tidal current strengt h, t lie freshwater input. and 

dimensions of the estuary. The goal. essentially. is to identify t he physical processes 

lcading to the observed salinity st ruct tire. 

Perhaps the simplest scheme is that proposed by Simmons (195.5) and based 

on tlic ratio of the river input per tidal cycle to t h e  tidal prism. Thc former is QIT. 

with QI tlic freshwater volurnetric input rate and T the tidal period. The tidsl prism 

for an estuarx of width CI*-  and depth H a t  t h e  mouth is PT = I , I # - H ~ L ~ T .  ivhere <iT 

is the rnean tidal flow. For Si = Q f / ( l , V H u T )  of order unit-. arrested (salt-wedge) 

flow is ustially found. a situation in which a thin la>-er of fresh water overlaxs a 

stationary layer of oceanic water. with little to  no entrainment or niixing between 

the trvo Iayers. Ratios of 10-' and 10-* correspond to  partiallj--stratifieci and wdl- 

rnisccl estuaries. respectively. However. in omit ting gravi ty and the dcnsity difference 

hctn-een fresli and oceanic water. the stabilising influence of huoyancj- tias not becn 

properIy considered. 

Civil engineers have long used the -estuary nurnber'. Es = p T P / ( T Q j )  for 

a tidal cliannel. where F' = uT/Jg77 is the external Froudc numl~cr. - t o  correlate 

mode1 cspcriments and field data- (Turner 1973). IVitb the abo\+e definitions for t h  

Sirnrnons parameter and the  tidal prisrn. Es = F ~ / s ~  = I * I . U ~ / ( ~ C ) ~ ) .  17alues of 0.03 

to 0.3 define t hc transition between stratifiecl and well-mised est uaries. \vit h larger 

Es implying greater vertical homogeneity (Turncr 1973). 

:\ related parameter. based on the "pipe Richardson nurnbcr- (Ellison and 

'T~irner 1960) is the  "estuarine Richardson number- Ri,. T h i s  is the ratio of the 

h~ioyancj- input (due to a river) per unit width (ApgQ 1 .  \vhere Ap is tlic dcnsity 

cIiffercnce between fresh and ocean water) to the 

C-sing the rnean density po to non-dimensionalise. 

rnixing power of tlie tides ( u ; ) .  

(2  1 ) 
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Estuarine observations suggest t hat -transition from a well-mised to  a strongly strat- 

ified estuary occurs in the range 0.08 < Ri, < 0.8" (Fischer e t  al. 1979). 

The estuary number and estuarine Richardson number are closely related: 

Ric = l p lp0  E-'. With the  density ratio &/pD 00.0 in most estuaries (Turner 

1973). the transition regions for the two parameters are. not surprising1~-. alrnost 

idcntica1. On the other hand. the  ratio between the  estuarine Richardson number 

nrid tlic parameter proposed by Simrnons (195.5) is Ri,/Si = g ' ~ / u i  = - L F ~ ' - ~ ?  

whcre ~ r '  is t h e  interna1 Froude number based on tlie tidal speed and the internal 

wavc specd for a trvo-lqer Row with freshwater of depth H l 2  abo\-e oceanic water of 

q u a 1  depth. 

In Iiis analysis of est uarine adjustment to changes in river flow and tidal mising 

1 LacCready ( 1999) considers the  t liree funclament al veloci ty scales in  an est uary: t lie 

river \-elocity Ti = Q j / ( W P H ) .  the root rnean square ( rms)  tidal vclocity u T .  and 

tlir maximum internal wave speed Co = JS)HI-L. just as Harisen and Rattr- (1966) 

iiad done earlier. From these three velocities. two non-dimensional parameters can be 

clefined. b h r e a s  Hansen and Rattray ( 1966) chose the  "densimetric Froide number" 

I;_ = ii/C,. and tlie flow ratio P = Z / u T  .\IacCready found it more coni-enient to  

lise Fm and d = uT/Co. as these jicld independent measures of the river ROW and 

t.idal amplitude. respccti\-cly. 01 course. tlicse clioices are arbit rar>- ancl t lie result ing 

paramcters are clearly related: r = Fm/ P. 

It is also not surprising that these parameter pairs arc  related to t tic carlier set 

( R i e .  ~ r ' ) .  with Fm = ~ i ,  ~ r ' ~ / - l  and r = ~ r ' .  This begs the  question of t lie nurnber 

of separatc non-dimensional parameters needcd to adequatei~.  describc the range of 

cstuary types. The work of Hansen and Rattray ( 1966) and .\lacCready ( 11199) suggest 

tliat tlicre are tivo. unless the- appear in only one combination in tlie go\-erning 

cquat ions. In tliis case' which may occur only for simplified forms of the equations. 

only one pararneter ma!: be needed. 



lgnoring the effects of wind stress. the characteristic external parameters for 

a n  estua- are  Q,. CK H. L.  u T .  g. and A p .  where L is the lcngt h of t lie est uary. Sot-  

ing that  it is the freshwater input per unit width which defines the local buoyancj. 

anomaly. that  A p  needs to be divided by a background density po as it is the onll- 

parameter involving mass. and that  the length of the channel should not affect t h e  

t iclal currents or freshwater input. non-dimensional parameters classifying cst uaries 

slioiild be based on Qr/li: H. t i r  9. and L p / p o .  Furthermore. gravit)- acts iipon the 

clensity difference. so the latter trvo terrns should be combined as g' = g A p / p o .  the 

est uarj- numher Es notrvit hstanding. The four rcmaining parameters in\-olve only two 

di mensions (length and t ime). implying two non-dimensional numbers. 'r'evert helcss. 

--t lie idea of heing able to predict estuarine structure from a few simple csternal 

parameters remains elusive" ( XIacCready 1999). 

Rather than using external paramcters. Hansen and Rattraj- (1966) proposed 

a classification scheme which utilises parameters invol\.ing the measiired hj-drography 

and ciirrent structure within an estuary. Two dimensionless parameters. basccl only 

on salinity and velocity. classify estuaries along a continuum rather than into distinct 

classes. The two-dimensional parameter space is divideci into characteristic regions. 

siinilar to those proposed by Pritchard ( 195.5). based on the ratio of t lie tidal diffusion 

sait fl u s  to the total up-estuary salt flux. The stratification paramctcr is d S / S , .  

~vhere  6S is the surface to bottom difference in salinit; and So is the mean cross- 

sectional salinity. The circulation parameter us/um. witli u, tlie net surface ciirrcnt 

avcraged over a tidal cycle. and um the mean cross-sectional vtlocity (i-e. i1. t hc river 

i n p u t  tfivided by the cross-sectionai area). is a measure of the amount of entrainment 

irito the  iipper Iayer. For partially-mixed estuarics of rectangular cross-section. the 

circulation and stratification paramcters can bc related to the esternal paran~ctcrs 

and P. 
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(1) Est ua rine Jfodeis 

Hansen and Rat  tray ( 1965) analytically modelled two-layer fl ows in part iaIly- 

rnixed estuaries and espressed the circulation as the sum of t hrec modes: river dis- 

charge. the  gravitational-convect ion mode. and wind-stress flow. While only the floiv 

associated if-ith river discharge produces a net transport of rr-ater. each mode affects 

tlic salinity distribution within the estuary. Gravitational convection is a resiilt of 

tltc horizontal salinity gradients caused b -  entrainment as the river clischarge Bows 

tloirnstream: heavier water slumps beneat h lighter upst ream water. providing an up- 

stream salinity flus and  tending to  create vertical salinit'. gradients. As a resrtlt of 

t his intcract ion between salinity and velocity. salinity gradients in an estuary are s t  a- 

bilised against large variations in river input. The large increase in salinity gradients 

espccted from increased outflow is offsct bu increased upstream salt advection in the  

prcsence of vertical variations in salinity, Thus. while estriarine veloci t ies and the  

salinit? field are stronglv coupled. advection of salinit- implies tliat velocitics cannot 

I J ~  reliahlj* determined from the  stratification. The authors suggest that  --clcep estuar- 

ics in part icular r n q -  have wcll-developed gravi tat ional con[-ect ion et-en t hough t iclal 

riiising nearlj. destroxs the vertical salinity gradient*' ( Hansen ancl Rat t  r q -  1965). In 

addition. c\-en for small horizmtal salinitle gradients. deeper estuaries are  more likely 

to have a rnean iipstream fiow a t  dept h. 

The Hansen and Rattray (196.5) analysis involvccl finding similarity solutions 

for t\vo dimensional flow in a laterally homogeneous estuarj* ir-lwre the  rnorncntiim 

I~nlaiicc is p r / p  = ( A r u - ) .  - - and p./p = -g in the along-cliannel and vertical directions. 

respcctively. with the  subscripts r and 2 indicating spatial dcri\.ativcs and tlic 

vcrtical cddy viscosity. The  rnodcl included conservation of irater. (Bu),+( B i r ) .  = 0. 

a n d  salt. B(uSr + = ( Bl ihSz ) I  + ( Blir$),.  as aell as a lincar cqiiation of s ta tc  

p = p j (  1 + LS). wherc B is the channel width. C the  saliriity. p j  thc  clcnsity of 

frcs lirr-atcr. and ivi t h Iih and icc t lie horizontal and vert ical turbulent d i f f u s i v i t ~  

rcspectiidy. A ,  iras not allowed to var?. spatially. tlie bottom streamfunction \vas 

sct to to  zero ( the  no-slip condition). stresses at the free surface werc matched t o  
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t he  wind stress. the  net transport was forced t o  equal the  river inflotv. and t h e  widtti 

B was assumed coxxtant. The  simiiarity solutions were t hen matched wit h observeci 

niean velocity and salinity profiles t o  es t imate  t h e  three exchange coefficients (cl,. 
2 - 1  ri,. and I<L,).  In .Juan de  Fuca Strait. the- find 4. r. 0.0075 m s . based primarily 

on da ta  bx I-Icrlinveaus ( 19.5-1) and 141-aldichuk ( 19.57). alt hoiigh the'- note t hat  therc 

are  no det ailecl dynarnical studies of Juan  d e  Fuca Strait  to support t his o r  t o  siiggest 

tiow .-I L, may vary spatially. 

'r IacCready ( 1999) used analytical and numerical models to  st ucly t inie depen- 

dent two-layer estuarine flow. In particular. he was interesteci in the  rcsponse of estu-  

arics to  changes in fresh watcr discharge. and  noted t hat results clepcnded on channel 

deptli. Holding al1 other parameters (i.e. t he  river discharge. salinity clifference. ticlal 

strcngth. a n d  channel width) constant. he  found tha t  the cliffusii-e fraction of the  

up-cstuary salt  flux decreased as the  dept  h increased. That  is. for deeper estuaries. 

t lie primary balance in the salt budget is betwecn the  mean flow (clown-estuary) ancl 

t tic cschange fiow (up-est uary ). whereas in shallower est uaries the  pri marj-  balance 

is b c t \ ~ c e n  t h e  mean flow and diffusion brought about  hy longitiidinal ticlal niising. 

T h e  diffiisive fraction of the up-estuary salt flux is zero in a pcrfect two-laycr 

cst riarine flo~v. a n d  increascs continuously tlirough the salt wcdge. part ially-st rat ificcl 

and wclI-mixed estuarine regirnes until it is unit'- for the  ~ w t i c a l l x  and horizorital1~- 

liomogcncous case. T h e  traditional estuarine Richardson number aIso spans t h c  range 

of t ticsc cstiiary types. However. superirnposing Iincs of constant Rie on t he  diffusii-c 

fraction vcrsus (r. F m )  phase space diagram of SlacCready ( 1999) rcveals that t h e  

rlifftisi\.c fraction is not constant for a given \value of Ri,. implying tha t  t h e  estuarine 

Richardson number is not sirfficient to  adequately determine t lie esttiary type. 

2.1.2 The Partially-Mixed Estuary 

Along-channel flow is the  dominant mcan (i-e. escltiding t ides) circulation in 

a n  csttiary with appreciablc freshwater input from land drainage. ancl has  been studiccl 

cstcnsively (Ra t t r ay  and Hansen 1962: Fischer e t  ni. 19'79: Labrccque el al.  109-1: 
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1Ier tz  and Grat  ton 1995) in a wide variety of estuaries. Freshsvater input from rivers 

creates a dynamic head which drives a n  upper-layer outflow. \Vit hin the  channel. t his 

water entrains surface seawater. resulting in a n  e spor t  of salt  from t h e  estuary in t h e  

iipper layer. Mising also ensures t hat isopycnals become more shallow in the seaward 

direction. causing a baroclinic pressure gradient which opposes the  surface pressure 

gradient. At dept h. the  net  pressure gradient is reverseci. forcing a return Aotv of 

salty ocean water into t h e  estuary. This flow maintains the  ovcrall salinity content of 

t I i t  estuary. For a ttvo-layer estuarine Bow in t h e  absence of diffusive fluses. volume 

and sa1 t conservation irnply t h e  well- known l inudsen equat  ions 

ivhich express the  volumetric outflow 

Siinctions of the  salinities in  t h e  upper 

the freshwater input.  

and 

and inflow rates (Q, a n d  Q.,. rcspectively) as 

and lower la)-ers (SI and  5,. respectivcly). and 

2.1.3 The Effects of Rotation 

Cross-channel tilts in the  isopycnals are established to geost rophicallj- balance 

t h e  along-channel flotv. Sea  surface slopes set iip 11" t h e  outflon. in t h c  iippcr laycr 

a rc  typicatly \-ery small. owing t o  t h e  large ctensity differencc bctween air  and water. 

Tlic isopycnal slopes, required t o  counter the  sea surface slope and balance the  Ion-cr 

layer inflow. a re  of t h e  opposite sign and are much larger in magnitude. as density 

differcnces within t h e  fluid a re  two t o  three orders of magnitridc smaller. 

Tha t  along-channel currents in the ripper layer a re  rclativcly constant from 

the mouth to the  head of J u a n  d e  Fuca Strait  despi te  t h e  presence of a dynamic 

iicad requircs tha t  frictional forces be significant . Tlic rcsulting breakdown in t h e  

gcost rophic balance irnplies tliat substantial cross-channel flou-s. in addition to t hose 

arising from local bathymetric  stcering and tidaI rectification. should result. Xcv- 

crthelcss. secondary flow has becn studicd t o  a much lesscr e s t en t  than thc  main 
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estuar ine circulation. a n d  al though various rnechanisms ha\-e been proposed. i t  re- 

mains  poorly understood. 

Siders-al1 friction induces mixing a n d  t h e  result  ing wate r  worild be  e spec t ed  

to spread into  t h e  interior d o n g  t h e  appropria te  isopycnals. Interlacial  friction of a 

si~fficient magni tude  would imply  mixing between t h e  uppe r  fresher and lower salt ier 

waters. i ~ h i c h  al ters  t h e  along- a n d  cross-channcl d o p e s  of isopycnals a t  t h e  mi s ing  

dep t  hç. leading t o  t ransi-erse currents.  X t I l i  rd mechanisni  leading t o  cross-chanricI 

currents  is E k m a n  layer dynarnics. both at solid botindaries (Trump 19S:3: .Johnson 

a n d  Sanford 1992) a n d  a t  t h e  interface between infiow a n d  outflon- (Cçanat1~-  1972). 

J u s t  above t h e  interface. reduced along-channel flows lead t o  a n  imbalance betw+een 

t h e  Coriolis force a n d  t h e  cross-channel pressure gradient .  inducing a flow to  t h e  left 

(Sor t l i c rn  l iemisphere) across t h e  strait .  Jiist below t h e  interface. o n e  wotilct cspect 

cross-channel flows in t h e  opposi te  direction in t h e  interfacial  E k m a n  layer. 

AIertz a n d  Ciratton (1995) esamined  cross-channe1 flow in  the  St. Lawrence 

River. and found t h a t  while near  surface cur ren ts  were al1 very close t o  along-channcl 

alignmcnt.  deeper  currents  del-iated considerabl~.. Esaminir ig  t h e  balancc bctween 

pressure. frictional. and  Coriolis forces in along-channel moment  iim. t hcy considered 

t h c  cross-channel flows arising from pressure and  frictional cffects sepra tc l>- .  T h e  

"prcssurc gradient  veloci ty" and  -frictional steering veioci t ~ - "  a r c  gi i-en 

11,-i t hout  knowledge of t h e  along-channe1 sea surface siope. t lie>- nwc only ab le  t o  

dc tc rminc  t h e  i-ertical shea r  in t h e  pressure \-elocity and could not  compare  it t o  t h e  

frictional s teer ing ~ e l o c i t y .  However. through a scale  analysis. t h e  dernonstratcd 

t l iat  110th r n q  b e  impor t an t  in generating lateral  flows. They also perforrncd a 

linear rcgression between t h e  obscrved cross-channel flow and  t h e  second vertical 

dcrivativc of t h e  measured along-channel flow t o  e s t i m a t e  t h e  vertical ecldy t.isçositx. 

Al t hougli t Iicre was n o  significant relationship whcn t h e  second deri  ra t ive  \vas wcak. 
2 - 1  tlicy found A, 0.004 m s . Xevcrtheless. it rnv not  II<: appropr ia tc  to consitlcr 
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i / 
Free Surface 

Fig. 2.1. Laboratory results of rotational exchange Row (Johnson and Ohlsen 199-4). 
Tliick arrows indicate Ekman l q e r  flows while thin arrows indicatc interior flows. 

t liese effects separately. as friction and the  along-channel pressure gradient are  related: 

t Iic prcsence of friction creates interfacial Eliman layers. lcading t o  a change in t h e  

cross-cliannel isopjmml slopes and hence to  along-channel flow . This rcqiii res cross- 

cliannel interior flow which must be in geostrophic balance witli the  along-channel 

pressure gradient. 

.Johnson and Ohlsen ( 1994) found significant secondar\- circulation ( Figure 2.1) 

in lahoratory experiments of frictionally rnodified rotating h>-draulic channel eschangc 

flotv. They determined tliat the  cross-cliannel flows liiiii  ted the niagiiit ude of the 

along-cliannel eschange flow. Ekman laycrs wcre found at  tlic hottoni and side~ralls. 

as cspected in a frictional boundary layer wticre tlic balance l~ctwccn the  pressure 

gradient and Coriolis force is hroken. In addition. interiacial Ekman laycrs were seen 

hot li aboi-e and below the interface between the two lavers of diffcring d c n s i t ~  

They found that. a t  the  deep side of the channel (clefincd as the  side \vherc the 

pycnoclinc is dceper). t h  cross-channel flow of ivater on both sidcs of the  interface is 

into tlic interior. In the Iower inflow layer. bottom friction causes a bottoni Ekman 

la'-cr flow toward the sidewall on the  deep side. which is forcccf into the  intcrior 

just bcloiv the  interface. and in the uppcr outflow layer. interfacial friction directly 

causes the Ekman layer seen. This convergence of \rater results in a tightening oi 

tlic isopycnals at the deep side. In contrast. the interfacial Ekman 1-r of the  upper 

Iaycr and the  bottom Ekman layer of the  louer layer diverge a t  the  shallow sidc of 
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the  ct~anncl. causing a decrease in stratification. This process is aided by the  Ekman 

interfacial Iayers. which induce a cross-channel shear in thc  interface. 

Their analysis did not a t tempt  to  esplain at which point d o n g  the  interfacc 

t lie cross-channel flows just belon- the interface converge. what dj-namics occiirs t hem. 

o r  what implication this has for mixing rates. TIiey did find, howc\-er. that  the  tippcr 

layer interfacial Ekman Layer increased sidewall friction by bringirig the  higher along- 

charinel vclocities of mid-channe1 closer t o  the  wall. They conclirded t hat bot h friction 

and rotation are important in channel dynamics. and that  the  Ekman la>-ers also 

limit the  eschange through the channel by driving strong cross-channcl circulations 

wliich bring water with reduced along-channel \-elocities from the  boundarics into tlie 

interior. 

2.2 Turbulence 

Au-a'- from soiid boundaries and the  interfaces of water masses. molecular fric- 

tional forces are weak compared to Coriolis and pressure forces. TIiat niiich of tlzc 

occan's currcnts are in geostrophic baIance pro\-ides confirmation t hat "t lie clircct 

rffect [of friction] on large-scale mot ion has been slio~rn . . . to  bc  ut terly negligi- 

ble" ( Pcclloskj- 1979). Severt heless. the  fact t hat bot h oceanic currents and cstcrnal 

forcing (such as solar radiation and wind stress) are steady in tirnc. when averaged 

appropriatel-. indicates that  friction is vital in remoring energj- from large scalc fiows. 

Altliough global currents are too large in scale for rnolecular friction to  work 

agairist clirectly. the length scales in any geopliysical flow cover t he  spcctrum from 

tliat of tlic main ffow to the scalcs smalI enoiigh that molccular diffusion is important. 

In an  a\.erage sense. energy is continuouslÿ rernoved froni sIicar in large-scalc flows. 

cascadcd t hrough turbulent cddies of ever decreasing sizc. and c\-eritiiallj- clissipatecl 

int O heat cnergy at molecular scales. 

Recognising hoth that  frictional effects need to bc  considered in ttie dynamics 

of occanic flows and that  the  range of length scalcs involvcd is too largc t o  allow for 

rcsoliition of the srnall-scale turbulent eddies thernselves. tlicrc is clcarlu a need to 
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parameterise these viscous ef€ects. That  is. the  dissipation of cnergy ( a t  small scales) 

taken from the  large-scale Row must be rclated to properties of the  main flow and of 

t lic boundar~.  only. 

.A similar problem exists for gradients of temperature. salinitu. and scalar prop- 

crties of t h e  flow such as nutrient and dissolved gas concentrations. The gradients 

rvhich esist in the  large-scale flow are initially increased throrigli the action of turbri- 

Icnt. cddics which stretch regions of hi& concentrat ions into thin filaments. enahling 

molecular diffusion to act  over a very large surface area. The flux of a scaIar due 

t o  random molecular motions is from regions of high t o  low concentration. and is 

mocleled as - K ~ P S  (Batchelor 1967). where as is the diffusion coeficient and VS 

the  scalar gradient of t h e  scalar quantity S. This parameterisation is used as a mode1 

for t h a t  of cddy "diffusion- due to turbulence. 

2.2.1 Reynolds Stress 

The mornentum, o r  Xavier-Stokes. equations relate the  tota1 change in \*elocitj- 

(rvith time and by advection) to  the pressure gradient. gravity. tiic Coriolis force. ancl 

horizorital and \-ertical diffusion. Miith u= ( u.  2:. w )  the  t hree-climcnsional \-eloci ty. 

f t h e  Coriolis parameter. p pressure. p the density. po an average c1ensit~-. subscripts 

.r. y. z .  and t dcnoting partial differentiation. v t lie kinematic molcciiIar viscosity. and 

g gravi ty. t hc  momentiirn cquations can he  wri t ten 

rvhere the  depth-dependent density is kept (i.e. instead of tiie reference clensitu) in 

the tliird equation t o  allow for the effects of gravity. The  iast term in each of the  
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mornentum equations is the  gradient of molecular diffusion of monienturn. with t hc 

clynarnic molecular viscosity p = pu lield constant. 

To examine the effect of turbulent flow on the  rnean. a Reynolds clecomposition 

of tlic current. density. and pressure is used. in which each variable is scparatcd into a 

nican and a tirne-\-arying component. The pressure. for esample. becomes p = F + 
wiiere =< p >. a n d  < >r O. with o denoting an  average over a suitable 

t ime period. Substituting into the u-momentum 

resirlt ing equat ion 

equation ( 2 . 5 )  and avcraging- the  

sliows that the material derivative of ü changes not onlj- in response to rncan forces. 

ilut also due to  the gradient of velocity ff uctuation correlations. The correlations 

tlicrnselrcs. when multiplied by density ( c . g .  p u r u ' ) .  are callecl Reynolds stresses: 

t herc are sirnilar terms in the  r and tc momentum eqiiations. Escept ncar solic! 

boundaries where turbulent fluctuations are small. t h e  effect of thesc stresses is much 

largcr t han tliat of the  viscous term. whicti is consequeiit1~- omit tcd. 

The nine Re>-nolds stress terrns need to  he related to  niean f ow \.alues in orclcr 

t o close the system. and  the  simplest paramcterisation is analogoiis to  that for the  

rriolccular diffusion of momentum. That  is. t tic turbulent diffiision of nionlent iirn is 

rclated to the mean shear 

wlicre thc ctldy viscosities (Ar. :Iy. AL,)  are the proportionality constants. .-lssiiming 

tliat .4 A .Ait ( A "  is smaller owing to  stratification and tlic fact tliat the  
r Y 

\-ert ical Icngt h scale is mucli smaller t han t h e  horizonta1 scale) the if-niomcnt ~ i n i  

trquat ion hccomes 
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wtiere T h  = (a/ax. B/Br / )  is t h e  horizontal gradient operator.  (-4,. .-Ir) are the  (liori- 

zont al.\-ert ical) eddy \-iscosi t ies. and the overbars indicat ing average quarit it ies have 

becn dropped. 

-4 similar procedure is followed for the  equations of consen-ation of heat. salin- 

itj-. and other scalars. Reynolds fluxes. the mean morement  of properties b-- corre- 

Iations in velocitj- and property fluctuations. a re  related t o  background gradients of 

t liose propert ies. For example. 

\vlicre T' are temperature fluctuations. and ( I<,. I< ) are  t h e  (horizontal.vertica1) eddy 

diffusivities of heat. The equation for heat. neglecting interna1 sources such as t h e  

ahsorpt ion or  solar radiation. 

ivliere K~ is the  molecular diffusivity of lieat. becomes. upon use of the R e p o l d s  

clccomposi t ion and  the  aboi-e parameterisation for Reynolds fuses .  

Cnfortunately. while rnolecular viscositics and diffusi\-itics are  propcrtics of t h e  

fluid. thcir turbulent coiinterparts arc properties of t h e  floiv. In addition. tlic param- 

eterisation itself -does not produce \-ery esact results escept  in spccial cases" (Pond 

and Pickard 1983). such as the  bottom boundary layer u-here .JP has  bcen shown t o  

1-arj- linearli- wi t h heiglit. Severtheless. the parameterisation can oftcn be uscd to 

shoiv t hat. in certain cases. Re>-ndds stresses arc small compared t o  ot hcr tcrms in 

the  momentiirn equation and can he omitted. 
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2.2.2 The Reynolds Number 

The  non-linear terms in the  Xavier-Stokes equations of motion can causc small 

perturbations in the  flow t o  grow into Iarge fluctuations. while molecular friction acts 

to  remove them. T h e  scaled ratio of the  along-flow ad\-ective (i-e. non-Iinear) term 

t O t h e  terrn rcpresenting mo1ecttlar viscosity is the Reynolds numbcr 

with 1' a typical current speed in the  flow and L a typical Icngth scale. is a non- 

dimensional meascre of the  instability to  turbulence of flows in tiomogencous Buids. 

Transition from laminar to  turbulent flow does not occur at t h e  same Reynolds 

number for al1 flows hoivever. That  is. the  transition depends on fl ow conclitions. such 

as the  intensity of the  initial perturbations. as well as on boundary conditions s i ~ l i  

as roughness and geometry (e.g. wall-bouncled flow versiis jet floiv). In addition. the 

transition is not instantaneous. but occurs in stages of increasing cornplesit-. In thc 

case of tvalI-bounded parallel shear flow. for esample. instability first manifests it- 

sclf as  two-dimensional Tollmien-Schiichtin tvaves -wtiich grow and evcntually rcacti 

cicpilihrium a t  some finite amplitude" (I ïundu 1990). Indeed. for Iiornogeneoits niiids. 

Scfuirc ( 19:3:3) proved t hat -for each unstable t hree-diniensional \va\-c t tiere is alu-q-s 

a niore unstable two-dimensiona1 one travelling paraIlel to  tlie fiow--. aricl I Ï h  (195.5) 

cst cndccl the t heorem to  non- liomogeneous f uids. Tlicse t ivo-di mensional wavcs arc. 

in tiirn. unstable t o  three-dimensional wa\les of short wavelengtli. 

Severt heless. Reynolds numbers for oceanic conditions arc well abovc t hose 

foiind t o  correspond to  t h e  transition to  turbulence in the  lat)oratorj+ (e-g. 10 for 
3 

frec-shear layers o r  10 for wall-boiinded fiow ( Iiiindu 1990). For csamplc. in Juan clc 
2 

Fuca Strait. ivhere Li -- 0.1 rn s-l is a typical mean along-cliannel flow. L -- 10 rn is 
2 - 1  

the  rleptli scalc of the  fIow, and v 1.4 x m s . Rc = IO'. Onc rnight tfirreforc 

cspect t liat al1 oceanic floïvs are turbulent. Stratification. hon-evcr. acts tm stabilise 

flows. Iowering the  rate of transfer of niomcntum, temperatlire. and conccntrations 



of scalars within the  flow. After a brief discussion of the effect of turbulence in 

t hc n-ell-mised bottom-boundary layer. the effect of stratification on stability will be 

considered. 

2.2.3 The Bottom-Boundary Layer 

Frictional contact between currents and the  bottorn bottnclary impiies that  

water in direct contact with the boundary has zero velocity. and tlius that a sliear 

laq-er csists near the  bottom. Gcophysical flows are generally turbulent ancl thc  

cddies bring faster-moving water closes t o  the bounda- and slowcr-nioving [rater 

fartlier away. The resulting increase in t hc  local vclocity gradients cnhances the rols 

of viscosity as compared to its role in lanlinar flo~vs: eddy viscosities are generally 

orders of magnitude larger tlian moleciilar viscosit ies. greatly aogmenting momentum 

t ransfer bet ween t he  flow and solid boundary. 

The  momentum is dissipated against the  bottom boundary in a tliin s i ih lqer  

ivlicre viscosity and bottom roughness are important. Just  above the -1-iscous sub- 

layer" is a layer tlirough which the rnomenturn of thc free-strearn \-clocity I *  is 
1C 

t ransfcrred to the boundary. (In fully developed turbulent fiow. t lierc is a constant 

cascacle of encrgy from large to srnaIl scalcs.) The \.elocity gradient in this regiorL 

should t liercfore not depend on the viscosity. hiit rat lier only on the height abovc t Iic 

hot tom z .  the density p. and the momentum flux. Tlic flux is clearlj. rclatccf t.o t hc 

dissipation a t  the boundary ivhich gives rise to  tlic bottom stress r0. Dimensionally. 

t his implics a ~ e l o c i t y  profile of t he  fornl 

ivliere r l -  is the -friction velocity-. K is von Ikrman 's  constant. z', is tlie bottom 

roughness. and ivhere C i ( - )  reaches zero a t  z = z . a heiglit ahovc the hottom equal 

to tlie length scale of bottom roughness. The stress across the -log-lajw- is constant 

ivi  th dcpt h because "there is little production or dissipation: t here is siniply an inert ial 



transfer . . . " (Kundu 1990). T h a t  is. the log-layer lies above t h e  viscous siiblayer. 

rvlicrc momentum is dissipated against the wall. and below t h e  main turbulent Bon-. 

wticre turbulent cnergy is drawn from the  mean current.  

The  log-laver lies beneat h a laxer in ivhich t h e  shear  w-eakens to t hc point where 

the  effects of the  Earth's rotation become important.  T h e  Iog-layer heiglit should 

tliereforc clearly depend on t h e  strength of the flow. C For steadj- honiogeneous 

flou-. one measure of the  boundary-layer thickness (i-e. of the  entire layer. ancl not  

nicrely tlic log- tqer  region) is s, = u / f (Gill 1982). SouIsl>y (1983) found tha t  tl ic 

log- lqer  height ivas a srnall fraction of tliis (i-e. zh = 0.04~ / f) in the  Celtic Sca. 

and Tennekes (1973) found similar resuits (sh = 0 . 0 3 ~  //) in the atmosptiere. 

Givcn t h e  turbulent nature of the flow in this  Iayer. t h e  transfer of niomentum 

is not regular. and the  log profile will not accurately describc the ins;antaneous hor- 

izontal ciirrent. To obt.ain t h e  constant rate of momenturn transfer nceded t o  make  

the  log-laver argument valid requires averaging the horizontal ciirrents in timc. In t h e  

atniosphcre. .-aver-îging tirnes required are of the orcler of minlites for points a few 

niet crs abovc t h e  ground." ( G i l I  19S2). Longer avcraging times arc needcd t o  sample 

tfic same niimber of eddies in tlie ocean because mean florvs a re  sn~aller .  

Esperimentally. cali brations of the log fit \vit h direct measiircments of t h e  

stress at the bottom boiindary yieid a value for L-on Karrnan's constant of ti % 0.41. 

The log fit can ttien be used t o  est imate the bottom stress in gcophysical flows. whcrc 

clircct mcasiirements are  less practical. The bottom stress can bc relatcd to the flow 

spced a t  a given lieight above the  bottoni. C-re , .  through t h c  use of a dimensionless 

drag cocfficient CD. Dimensionally. 

wtiere CD is found experimentally to  depend on bot tom rougliness. and t h e  

stratification. Drag coefficients are  then tised in numerical rnodeis to paramcterise 

t lie friction on currents arising from solid boundaries. al t hough t lie propcr magni ti lde 

of the  coefficient, as tvell as i ts  spatiaI kariation. is not readil?. agrced upori. 
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In addition t o  transferring energy from large t o  small ~ca les .  turbiilence acts 

to  m i s  water. redistributing rvater properties such as temperature. salinity. dissoIved 

gas. and nutrients in such a way as t o  reducc their gradients. Hydrograptiic profiles 

tj-pically reveal hottom layers in which temperature and  salinit'.. for esample. arc 

nearly constant with depth. T h e  thickness of these Iayers varies with the strengt h of 

the turbulence. which is in turn  dependent on the  magnitude of the  shear and the 

i~o t t om roiighness. as well as on the stratification itself. The  thickness of tlie wcll- 

niiscd Iaycr should be greater on  average than t h e  thickness of t h e  *namic log-layer 

lxcause turhulence esists  outside the  log-layer. In addition. in regimes where t icial 

fiows are important. the  well-mixed layer in  densitj- is more persistent than the log- 

la'-er for velocity. While the  log-layer disappears and  rc-establishcs itself as tlie tidc 

t urns. rcstratification is unIi keIy to  occur over much of t h t  thickness. 

2.3 Stability in the Presence of Stratification 

Stable systerns are  those in which wavelike perturbations do not grow bj- re- 

rriol-ing energ'- from the  background state. \[an'- geophysical flows. on t hc ot her 

tiand. are unstable. and ini t ially small disturbanccs increasc in niagnitucle. lcading 

to fluctuations in t h e  mean currents and hydrograpiiy whicti are not in phase tvith 

tlic scasonal and diurnal cycIe of forcings of the Sun. nzoon. ancl \vincl. Thcsc fliic- 

tiiatioris also affect the  mean flow. so that the ohsera-ed flow is not the one wfiich 

sliould be properly used in a stability analysis. Tliat is. "the tinie-averaged state . . . 

is frccjuentlj- founcl to  be more stable than the relevant initial state" (Pcdlosky 19'79). 

altliougti. in practice. the  mean d a t e  is often that which is uscd. 

Tliere are many mechanisms which can Icad t o  instability in geoplij-sicaI flows. 

l ~ i i t  in niost cases. wi t h wave-wave interactions being one exception. the i nstabili ty 

gron-s hj. estracting energ'. frorn tlic background statc.  In convective instabilitj. thc  

I~ackgrouncl density field is statically stable. but unstable t o  vertical clispiaccments of 

tvatcr parcels. Tliat is. the potential density is unstable: the  in-situ density decrcases 

lcss witli height than a displaced water parccl \vould due  to  prcssure effects. Salt 
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fingers grow as a result of the different molecular diffusion rates of salt and heat. 

Barotropic instabilities rernove energ? from llorizontal variations in the  main Aow. 

Shear instabilitj: in which energy is removed from shear in the background flow. and 

haroclinic instability. for which the energ>- source is available potential energ'- are 

considered in more detail. 

2.3.1 Shear Instability 

In a homogeneous fluid. the ratio of the non-linear to  viscous terms in the 

Xavier-Stokes equation is a measure of instability. In a non-homogcneous Aiiid. lion-- 

cver. gravit- suppresses turbulence by increasing the amount of energj- needec! to raise 
7 

Iicavier water. The  square root of the ratio of the scaled non-linear tcrms ( p o l e - / L )  

to  t h e  buoj-ancy term ( g l p  in a two-layer system. wliere l p  is the density differencc 

Ixtween the upper and loiver l q e r s )  is ~ r '  = .!-/ Js>H. with H the vertical lengt h 

scale of the Aow. For a continuously stratified Buid. the internal Froude number 

is ckfined as the buoyancj- frequencj-. It is morc cornmon. however. to use  t h e  in\-ersc 

square of the internal Froude number. a non-dimensional parameter known as t h e  
2 2 

bulk Richardson nurnber ( R i  = .\- II /[-*). The gradient Richardson nurnber 

is the local value of the bulk parameter. i.e. using .\-(=) and I T ( z ) .  

Another form of Richardson number arises from consideration of ternls in the 

cqiiation of turbulent kinetic energy. Summing t h e  scalar product of the three- 

dimensional perturbation momentum equation and the  perturbation velocit~. u= 

( i l l .  u,. il,) and defining the  fluctuating strain rate e G ( c ) u . / a x  + c)u . / B r 1 ) / 2 .  the 
13 J j 

t iirbitlcnt kinctic cnergy cquation is 



~vhere  sumrnation over t h e  subscripts i and j is understoocl. U is t h e  mcan fiow. a n d  
'2 2 2 2 

4 i a u i  = u + u + ii is twice the turbulent kinetic energj-. T h e  first two t e rms  
1 2 3 

are recognised as t h e  mater ial  derivative. the tliird ancl fourth a r c  thc transport of 

cncrgy by turbulent  pressure gradients and turbuIent convection. respect ively. a n d  

the lhst t e rm on  t h e  left side is \-iscous transport. T h e  first t e rm o n  the right side is 

t lie sliear production of turbulent  kinetic energy. i.c. t h e  effect of t h e  interaction of 

the Reynolds stress with the  mean shear. This  t e rm is usually positive. implying a 

transfer of kinetic energ>- from the  mean t o  turbulent flou-. T h e  second tcrm is t h e  

l>iio~-ant production of turbulent  kinetic energy. which can  be of ei tlicr sign. a n d  t h e  

last term is t h e  viscous dissipation. E. 

T h e  flus Richardson number 

is tlir ratio of t h e  buoyant destruction to  shear production (of turbulence) tc rms  in 

t lie tiirbulent kinetic energy equation. A stable density profile (for ~ rh i ch  R, > 0)  

acts to supprcss turbulence. while unstable stratification (R, < 0)  rrsiilts in con- 

vcctiori. \\'ben R > 1. buoyancy clearly removes turbulence a t  a greatcr ra te  than 
f 

i t is prod iiced 1 q -  t lie shear.  Howver .  dissipation aIso remol-cs t urhulence: ol>scrva- 

tions (Panofsky and Du t ton  1984) show that  turbulence decays when R 2 11-1. 
f 

T h e  flus Richardson number is. hoir-ever. difficult t o  rncasure. Csing t h e  ecldy 

coefficient assumption for momentum (2.6) and a similar assiimptiori for density. i.e. 
- 

- î r p  = IC di j /dz ( compare  t o  2.S). the flux and gradient Richarclson nunibers a r e  

rclatcd as  Ri = At./liv Rf. where AL,/l ir is t he  turbulent  Prandt l  nilml~cr.  Th i s  rat io  
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Fig. 2.2. Wedge of instability (shaded region) bctween sloping isopycnals (solid lines) 
and horizontal (dwhcd line). Displacements from one region t o  anothcr relense po- 
t ential energy. allowing for the  growth of barodinic instabilities. 

is unit!- in neutrally stable environrnents. but can bc larger but for stable stratification. 

sincc moment um can also L e  transferred t hrough interna1 ivaves. The moment um 

flux is not reduccd as much as the buoyancy flux. impll-ing ttiat turhulcnce can 

pcrsist for gradient Richardson numbers larger then 1/-1. This can I>e true ei-en for 

Ri > 1 (Turner 1981: Bradsliaw and \Voods 1915). Indeed. -bccarise of non-uniform 

flow tlie transition [from laminar to tiirbulent flow] ivill occur a t  a Iiiglicr Ri [tlian 

1 /-!]'* ( Dyer l97:3). 

2.3.2 Baroclinic Instability 

\Vhereas t he  kinctic encrgy of the mcan Bow is t h e  source of energy in shear 

iristal~ility. in baroclinic instability srnall disturbanccs grow a t  t h e  espense of po- 

tcntial cnergy storecl in sloping isopycnals. In this \va)-. it is a forrri of convectivc 

instabiiity. although isopycnal slopes do riot imply t he  presence of avaiiablc potcn- 

tial ciicrgy. Only vertical displace~nents falling u-ithin the  wcrlge forrned Iwtwecn the 

tiorizontal and lines of potential density (Figure 2.2) do  not feel a restoring force. but 

arc ratlier accelerated further. Horizontal boiindaries limit the  liorizontal scaIes of 

motion. which. in turn. limit the  ability of disturbances to  lie wittiin the wedge. 



Pedlosky ( 1979) used dimensional arguments t o  show t hat t hc requi renient t hat 

displaccment falls within the  wedge (i.e. O < tan(o) < ( 8 ~ l B y ) ~ .  where the iipper 

I~oiind is the isopycnal slope) is equivalent t o  L 2 LH. where L is t h e  horizontal 

scale of motion and L H  = :VH/  fo is the Rossb- radius of deformation based on the  

huoyancy frecluency and water depth. For the  basic s ta te  of along-ciiannel flow. t h e  

isopycnals slant in t h e  cross-strait direction. i m p l ~ i n g  that  t lie widt h is the relevant 

Itngt li scale in  lirni ting horizontal displacemcnt. 

a )  Two-Lnyer Flou: 

In modelling ma thema t i ca l l~  t he two-layer baroclinic instabil i t~.  seen in a small 

gap annulus. Stern ( 197.5) espanded t h e  one-layer quasi-geostrophic potcnt ial vort icit?. 

cquation in potvers of the  Rossby numher. Ro = C r /  f Cl.'. t o  obtain 

t o  first order. where < is the  relative vorticity in tlic j t h  layer. h is the  la>-cr thickness. 
J J 

ancl I I  is t h e  rnean layer thickness. That is. fractiona1 errors in ncglecting higiier 
3 

order tcrrns are of order Ro. 

Ivsing t hc hydrostat ic relations for pressure. and t lie geost rophic alorig-channcl 

ciirrcnt a5 the mean. the  solution t o  the linearised perturbation forrri of the  potcntial 

vorticity cquation in each Iayer is iound to Le proportional t o  

~ v l i c r c  k is t hc wavenumher. c l :  the  phase spced. and y / 14,- t hc non-diniensional cross- 

cfianncl distance. The  parameter c satisfies the  qiladratic relation 
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2 
rrherc A = k2 + n 2 n z / ~ ~ 2  and  a = f /(g' H ~ ) .  and has irnaginary roots if  4 0  a2 3 A". 

J 

Tlic smallest value of A occurs when n = 1 and k = 0. The instability criterion then 

2 
and mit11 IfI - H, FZ HI2 and :V g l p / p a / ( H / 2 ) .  the  rcqi~ircrnent bccomes 

* 

II- ( / )  identical to  that of the geornetric argument. aside from the  

factor T / & .  

6) Corrtinuous Stratifiealion 

Eady (1919) considered the  stability of a quasi-geostrophic florv to  baroclinic 

instability for a continuously stratified Ruid. T h e  conservation oi quasi-geostrophic 

vort ici ty eqiiation can be wri t ten as 

\viiere U = ((o. 0.0) is the  background geostrophic fiow. cv is the perturbation stream 

function. and f = fo + ;3y is the  ,3-plane approximation to  the Coriolis force. The 

l~oiiriciary condition for no vertical flow a t  tlie houndaries is 

at 2 = O and z = H .  while tliat for no transverse flow a t  the  sidewalls is c = ~ L * / B s  = 
i ( k r - u t )  

O a t  = O and y = IV. Considering disturbanccs of the  form (1. = @(y)O(z)c  

tlic lattcr condition requires tha t  @(y) = s in (n ry / lV) .  Setting tlie potcritial i-orticity 

t O zero. ignoring the  i3 effect. 

.-l cash(-,z) + B sinh(y2). wherc 

z = O and for constant BCïo/Bz 

at t hc top and bottorn reqiiires 

and using a constant stratificatiori implics O(- )  = 

7 = Jw :V 0 / f 0 . Finally. r\*itli I' = O at 

= Ci-, the boundary condition of no vertical current 

t hat 
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The frequency must have an  imaginary component for iristability t o  occiir and  for 

r2 = 1 and k = O this reqiiires 

wliicli. aside frorn a factor &/.2.4. is identical t o  t h e  result for t h e  two 1-r 

F l o w  in a channel of a given width are therefore more  susceptible to  baroclinic 

instabili t y  [rit h dccreased stratification. sliallower depths.  and  a t  highcr latitudes. 

2.4 Tides 

Tides a re  caused by t h e  difference between t h e  gravitational forces of t he  moon- 

srin-Earth q-s tem a n d  t h e  centrifuga1 forces resulting from tlic rotation of these bodies 

arourid t heir comnion centre  of mass. \VhiIe t h e  vertical component of the tidal force 

is negligi ble relatii-e t o  t h e  Eart h's gravity. t lie horizontal component is comparablc 

in niagnitude to  otlier horizontal forces acting o n  t h e  occan. siich as wind stress. Tlic 

rcsult ing distiirbances travel as surface longwaves (i-e. ivit h iravelengt l i  rnucli largcr 

t h a n  the water dcpth) .  
t ( k r - ~ t )  . 

Surface gravit? waves of t h c  forrn e in a rotat ing homogeneous fiuici 
2 

of constant deptli H must  satisfy t h e  dispersion relation s = y7 t anh(7  lf ). where 
2 

ci is thc n-ave frequency a n d  7 is related t o  t h e  horizontal wavenumber X. hy k = 
2 

-; - R - ~ ~  If cotli(-, H)  (Gill 1982). The Rossby radius of dcîorrnation. R m/j. 

is the horizontal length scale a t  which rotation effects Ixconic important.  T h a t  is. 

for k-' = h1-r < R. k y. a n d  the  dispersion relation reduces t o  tha t  of t h e  non- 
2 

rotating case J = g t  t a n h ( k f f ) .  O n  the other hnnd. when k-'$ R. k-' » H (since 
2 2 

I l  < R in t h c  ocean).  a n d  with 7 zz k + R - ~ .  t h e  dispersion relation simplifies t o  
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2 
i. = f + k2c2. with c = JJlH t h e  wave speed in the absence of rotation effects. 

These waves. known as Poincaré waves. take the  form 

where rl is the  surface elevation. The horizontal velocity vector rotates  anticj-cloni- 

cally. tracing an  ellipse of relative axes lengt hs of c ~ :  anci f parallel a n d  perpendicular 

to  t h e  direct ion of propagation. respecti\-ely. 

2.4.1 Tides in Channels 

- 1  
Away from t h e  coast. tidal currents a re  generallx Iess than  0.1 rn s and t icfal 

clci-ations a r t  also srnaII. However. boundaries impose restrictions o n  t h e  flows: near 

t lie coast. tidal currents easily reach speeds of scveral metrcs pcr second. and  tidal 

aniplitucles of several metres  a re  common. T h e  relative nihgnitudes a n d  pliascs of t lic 

tidal constitiicnts de termine  these IocaI flow fields and elevations and. wliile thcy are 

constant in t ime. they i-ary with location. dcpcnding on t h e  local topography. 

Ticles within semi-endoscd basins are  made up of t h e  inclcpcndent tide. t hc 

rcsiilt of tidai forcing on the  ivater within the  basin itself. in addition t o  thc  SJ-mpa- 

tlictic tide. tiiat imposcd o n  t h e  basin by the  oceanic tide. !n rnost small  Insiris. t h e  

iridcpcnderit t ide is negligible relative to t h e  oceanic forcing. 

Alt hoiigh individual Poincaré w-aves cannot satisfy t lie hounclary condition of 

zero  normal flou- at a coast. cornhinations c m .  In particular. for a uniform clianncl 

of width \V. t h e  superposition of two Poincaré ira\-es of wavevector k, = (k. 1 )  a n d  

h ,  = (k .  -1) a n d  of equal ampl i tude  satisfy t h e  boundary condition L. = O a t  y = O. bV 

pro\-icled t hat the  cross-channel wavcnumher Z = rnnll4.' for non-zero intcger m. T h e  
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2 2 2 
dispersion relation is w = + k g H .  where k is t h e  along-channel ira\-enumber. 

C 

is t lie minimum frequency allowed. For narrow cliannels (i-e.  LI,- < R)  d- becomes 

large. and  Poincaré waves at tidal frequencies cannot esis t .  Barotropic ticlal [raves 

containing cross-channel velocity components which may exist in t h e  open ocean are  

t Iiercfore evanescent within t h e  channel. 

Iielvin waves. mi th  I* O everywhere. also satisfy t h e  boiinc1ar~- conditions. 

and  Iia\*e the  form (Gill 19SI) 

lrliere R is again the  Ross by radius of deformat ion. These edge  11-aves t rave1 [ri t li the 

coast on the  right (in the  Xorthern hemisphere) and  have ampli tudes wliicli dccay 

esponentially \vit h distance from the  coast. 

Tidal  amplitudes can  grow t o  be  i m y  large when t idal  pcriods closel>* match 

tlic resonant period of t h e  basin. For a rectangular chnnnel of length L wliich is open 

t o  tlie ocean a t  one end. t h e  resonant period is given bu T 4 L I  m. where g is t lie 

gravitational acceleration. a n d  H is t h e  water depth. Resonances can also occur in 

tlic cross-channel direction: t h e  resonant period for a channel of width 1.1-. where botti 

c n d s  a rc  closcd. is T = 2 I V / ~ .  In a simple channel of length. width. and  cIcpth on 

t tic ordcr  of t hose of .Juan d e  Fuca Strait .  tliese resonant periods a re  appros i rna tc l~ .  

four hours and  15 minutes. respecti\*ely. 

For channels of finite e s t e n t  where one  end is closed ( represent a t  i\.e of a siniplc 

cstuary) .  Kelvin wa\-es of tidal frequency enter  from the  ocean and  a re  refiectccl at 

t h e  opposite end. following t h e  boundaries of the cliannel in  a cyclonic sense. .At 
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the  closed end. Poincaré ivaves a r e  generated to  sat isfy t lie boundary condit ion of no 

normal flou-. Oceanic Poincaré wattes also enter the channel from the  open end. In 

narrow channels. the  magnitudes of t hese Poincaré waves decaj- quickly wit h distance 

from the source regions. Hoivever. transverse currents of significant magnitude are not 

precludcd at  tidal frequencies in -realn (i-e. stratified) channels d u e  to thc  presencc 

of l~aroclinic tides. 

2.4.2 Internal Tides 

.Just as surface waves esist  o n  the boundary between ocean and atmosphere. 

\va\-es on the boundary between water masses can be found within the  fluid. l[uch 

sinaller interior density differences support wavcs of significantly larger arnplitudc. 

Intcrnal n-aves also have greater wavelengths and smaller phase spceds than tiiosc or1 

t lie surfacc. 

Ait hough the processes which cause t hem are not fully undcrstood. a variety 

of mechanisrns throughout the  tvater column have been esamirieci. .At the  surfarc. 

t hcse include travelling atmospheric pressure fields. space-time \-ariations in the wintl 

stress field (leading to  pumping). moving btioyanc~- fluxes duc to  prccipitation and 

solar hcat ing. and resonant interaction of surface gravit'. wa\.cs. Pcnct ratii-r cori- 

\-cct ion ( StuIl 1976) and geostrophic adjustment (Rossby 1938: Blumcn 1972) arc 

known to gcncrate internal waves in the atmosphere and may also hc important in 

t hc ocean interior. Tlie large amplitudes of interna1 t ides over t h e  continental shelf 

ancl slope ha1.c i n s p i r d  a grcat deal of study of flow O\-er topographl-. in particular of 

t h  barotropic tidal current over the  continental shelf and slope. Estiiarics. especially 

~ l i o s e  with strong tides and sills. a re  also strong generation regions owing to  irrcgiilar 

and shoaling bathymetry. Passing O\-cr a step-like shelf. for esaniplc. a barotropic 

tidc gcncratcs internal tides (i.e. of the same f requenc~)  wIiich are 110th rcflectcd 

h c k  into the ocean and transmitted landward. 

Internal waves in a two-layer si-stem are restricted to  propagate horizontally 

d o n g  t hc interface. with ïelocitics and amplitudes decaying wit h distance from t hc 
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interface t o  zero a t  t h e  b o t t o m  a n d  t o  nearly zero a t  t h e  surface.  In a cont inuous l~-  

s t  ra t  ified medium.  internal waves whose wavelengt hs a r e  srnall c o m p a r e d  t o  t h c  \ ra te r  

dep t  h a r e  ab l e  t o  propagate  in directions o the r  t h a n  t h e  horizontal. t ransferr ing energy 

t l iroughout t h e  \vater column.  However. in ternal  icaves of long wavelength.  such as 

baroclinic tides. feel t h e  boundaries.  a n d  vertical velocities a t  t h e  free surface a n d  

ho t tom must again vanish. Furt hermore.  t h e  boundary condi t ions  res t r ic t  t h e  vertical 

wavcnumber  t o  discrete values for fixed frequency and  stratificat.ion. For cach of these 

vertical wavenurnbers there  is a corresponding vertical profile. o r  mode.  of t h e  ivave 

anipl i tude.  

In a n  infinitely long channel  of constant  r e c t a n g d a r  cross-section witli width 

siifficient 1)- narrow t ha t  t ransverse  cur ren ts  a r e  everj-where zero. solut  ions t o  t h e  in- 
l ~ t  

\-iscid l inear momentum equat ions  for waves of t h e  form tz a r e  known as internal 

Kelvin wavcs a n d  are given by ( Defant 1961 ) 

- y l R ,  
q = i j ( z )  e cos(&! - k . ~  ) 

( )  -y/&, 
u = -- e C O S ( ~  - ks) 

k a= 

wit h rl t hc  displaccment.  a n d  î(r) t h e  \vertical dcpendencc. I Iere  R en/ f is t h e  
t h  

in tcrnal  Rossby radius of deformat ion for t h e  n vcrtical mode .  ivhere cn is t h e  

corrcsponding phase speed. 

Defarit ( 1% L ) also showed t h a t  combina t  ions of intcrnal Po incaré  modes  wIiich 

satisfy t l ic boundary condition zl = O a t  y = 0. I,lr t ake  t tic form 

2 2 

1: = j2k2 f U  CE aij(:) 
s i n ( o y )  - s i n ( 4 t  - kx) 

/k(k2 + a*) a z  
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witli o = r n ~ / l V  for non-zero integer m. Fjeldstad (1935) showed t h a t  q ( = )  in bot h 

types of waves satisfies 

subject t o  t h e  b o u n d a -  conditions ~ ( 0 )  = q (H)  = 0. a n d  t h a t  t h e  wavenumbers a r e  

g i rcn  by kn = d / c n  for interna1 Kelvin waves and  

for internal Poincaré waves. where t h e  la t te r  a r e  possible on1)- for > f and  for 

a k m  For the  barotropic mode (i.e. n = O). irliere cL = g H .  real kOm implics 
O 

t tiat t h e  minimum frequency is given by (7.27). At a lat i tude of 4 9 O .  for esample.  

representative of both .Juan d e  Fuca Strai t  and  the St .  Laivrcnce River. internal 

Poincaré mocles are not possible a t  diurnal frequencies (4  < f ) .  a n d  tliese tides niust 

l x  comprised only of barotropic a n d  baroclinic Kelvin [vares. Althou& t h e  > j 
critcrion is satisfied for semidiurnal frequencies. not al1 combinations of vertical and  

lateral modes are  permitted (i-e. knm is not real). 

C'sing h~rdrography d a t a  from t h e  St .  Lawrence River. Forrester (1974) found 

tliat no internal Poincaré modes for n = 1 (i-e. t he  first intcrnal m o d e )  were aIlowcd 

and tha t  only the  first lateral mode  (rn = 1)  was possible for 11 = 2. Hc used a 

str ing of along- and cross-channel current  metcrs to mcasiirc t h e  ticlal magnituclcs. 

clctermined t h e  lxs t  fit wavenumber t o  t h e  data .  and cornparcd tliesc t o  t h c  previous 

t heoret ical results. For bot h the  along- and  cross-channel rnagni t ucks and phases. t hc 

lmroclinic 2\12 tide is very well represented by a seaivard propagating Poincaré type  

Lvavc of second vertical and  first lateral mode. Although t h e  results for t h e  measiircd 

diiirnal constituents were not as conclusive. he found a peak in t h e  wavenumber ncar 

tliat predicted for a Kelvin wave of t h e  first \-ertical mocle. 

Forrester ( 1974) noted tha t  t h e  short ivavelength of internal modcs rneans 110th 

tliat o b s e r ~ w l  tidal currcnts can change r ap id l~ .  over short distances in the  horizontal 
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and  vertical directions and tha t  t he r e  "must be relatively s t  rong  convergence and  di- 

\*ergence between t h e  crests  a n d  t r0ughs.l He fur t  her  remarked  t ha t  seasonal changes 

in t h e  tides rnight be significant owing t o  t h e  sensi t ivi ty  to .v2 in (2.31 ). 

EIowever. Forrester (1974) d id  not consider t h e  effect t h a t  background cur- 

rcrits have on bo th  t h e  s h a p e  a n d  propagation of interna1 waves. For a nlean flo~v 
I I I  

of U =  ( 1 . ( z ) .  0 . 0 )  a n d  per tu rba t ion  velocity uf = ( u  . r . zc ). t h e  --non-linearn te rms  

ini-oIving the mean flow and per turbat ion quant i t ies  in t h e  inviscici per turbat ion mo- 

nicntum equa t  ions 

a n d  in t h  conservation of mass  a n d  continuity equat ions  

I I  I I I  

are retained. Thcsc  fivc cquat ions  in five rinknon-ns ( u . r* . w . p . 11 ) a r c  solved for 

a r l ~ i t  r a q -  I * ( z )  and po (z ) .  

Cysing t h e  non-rotat ing (f = O). tivo-dimensional ( r f  O .  i)/a!/ z 0) .  non- 

11)-drostatic (i.e. re ta ining al1 t e rms  in the  tc -momcntum eqi ia t ion)  form of t hcse 

cqiiations. and  again ernplo~-ing t h e  separation of variables tecliniqiic. t h e  z clcpen- 
i k ( r - e t )  

clciice of [CI = tu( z )  c is found to satisfy t h e  relation 

n-hich is known as t h e  non-Boussinesq forrn of t h e  Taylor-Goldstein ecluation. C:sing 

t lie chain riilc t his can  be writ  ten as 
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ivhcre differentiation with respect to  z is denoted by a subscript. Thc Boussinesq 

form is obtained by ignoring vertical differences in the reference demit)-. po.  escept 

wticrc the? are multi~l ied by gravit): g. Using the Boussinesq approximation. and for 

mcan flow C -  z O. (2 .36)  retluces to ( Z 3 I ) .  The vertical structure of t h e  tidcs given 

1,'- t lie Taxlor-Coldstein equat ion wit h and \rit hout background flotr is compared in 

C'haptcr 6.  where t h e  theoretical modes are fit t o  the  measured ticial amplitiidcs. 
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Chapter 3 

Juan de Fuca Strait 

.Juan de Fuca St ra i t  (Figure 3 . 1 )  is a LGO k m  long estuarine cliannel. approsi-  

iiiately 22 km \vide a n d  'LOO m deep in the  central srction. increasing t o  40 km wide 

a n d  about 2.50 rn deep a t  t h e  western enci. It is oriented in a i\-Si\:-ESE direct ion. is 

lairi>- straight. and  has  relatively smooth bathymetrj-.  e scep t  for a sharp  northwarcl 

tiirn a t  the  eastern e n d -  There  is also a sill. south of \;ictoria. which e s t e n d s  across 

most of the s trai t  a t  a depth  of iess than  100 m. Off t h e  western end. a submar inc  

canxon oriented t o  the southwest drops to  over :300 n~ deptl i  within 130 km of t h e  

coast. allowing deeper Pacific Ocean water into t h e  Iower depths  of t h e  s trai t .  

3.1 Background 

duan  d e  Fuca Strai t  is the  principal outlet for t h e  Strai  t of Georgia a n d  Puget  

Soiincl. and thus for most  of the  precipitation falling o r e r  mucli of soiitliern British 

C'olunibia and northern \\;ashington State.  T h e  river runoff into tliis thrce-basin sys- 
3 -1  

tcrii  is higtily seasonal in nature. varying [rom about  5.000 ni s in wintcr to 25.000 
3 - 1  

iri s tliiringthesummerfreshet ( f romsnowmel t  in themoi in ta ins) .  which usual1~- 

rcaches a maximum in June. ai t  hough t here is considerable intcr-annual 1-ariation in 

bot l i  t lic magnitude a n d  t iming of this peak. Fraser River discharge (Figure  13.2) is 

t hc major contributor t o  t his buoyancy input. cspecial1~- diiring the  freshet. whcn i t 

accounts for about  .jOR of t h e  total freshivater forcing (Gr i f in  and LeBlond 1990). 

Tlicre is also river runoff directly into Juan  de Fuca Strait .  mostly from western \'an- 
3 -1  

cou\-cr Island during t h e  heavy rvinter rains: averages of 500 m s a re  cs t imated  

(1,cBlond cf (LI. 1983). .Jordan Rivcr is one of the  larger sources in tlic middlc scct ion 

of t  lie st rait under considerat ion. 
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Mooring Locations - rideûauges 
+ Cument Meter Sites (1 973) - 
m Meleorological Stations 
O Hydrographie Stations 

(Crean and Ages. 1968) 

Vancouver Ishnd 

Jordan River 

Fig. :3.1. Ceography of .Jiian de Fuca Strait and  t h e  Strait  of Georgia n-ith hydre- 
graph ic. rneteorological. sea Ievel gauge. and current meter  si tes. 

Tidal currents in Juan  de Fuca Strait a rc  particuIarly strong in the  shallow 

constrictions around the Gulf Islands and the  San J u a n  Islands. wtiere vigorous mising 

of s a l ~  Paci fic Ocean s a t e r  and brackish Fraser River out  flow occiir. Downst rcam. in 

central Juan d e  Fuca Strait .  fl ows are not as vigorous. alt hoiigh ma'timiim horizontal 

currents still reach 1.8 rn s-l during spring tides. with rms tidal speeds of about 0.5 
- 1 

rn s typical n-ithin t h e  strait. The tides are comprised mainly of strorig diurnal 

and semi-diurnal components: Holbrook et al. (19SO) found that 65% to 88% of the  

\variance in the  along-channel flow could be accoiinted for b ~ .  just these constituents. 

Biioyancy input  into Juan de Fuca Strait itself is largest during neap tides. 

whcn  vertical mising in the  islands is reduced. Griffin and  LeBlond ( 1090) s t a t e  tliat 

t liis nlising region a c t s  as a pcriodic barrier separating .Juan de Fuca Strai t  from 

t lie St rait of Georgia, *.because the vertical eschange of momentum (during spring 
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Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Fig. 3.2. The  seasonal cycle in the volumetric flow of t h e  Fraser River. as measured 
at Hope. T h e  thick solid linc is the  mean and the thick dashed line is the  mean plus 
standard deviation over the  years 191'2 to  1996. The freshwater input into the Strait  
of Ckorgia is about 30% larger than the amount measured at Hope. 

tidcs) inhibits the  sheared flow that  would commence if mising were t o  cease." Ttic 

spring-neap cycle is reduced in strength in autumn and spring due t o  tlie smaller 

solar declinational t ide. and  Fraser River runoff is largest in summer. so the grcatest 

fluctuations of buoyancy input into Juan de Fuca Strait  should occur in early summer. 

part icularly when nort hwesterly winds occur in the  Strait  of Ckorgia. L:sing surface 

salinity records hetween 1967 and L9S5. Griffin and LeBlond (1990) show that  salinity 

fluctuations a t  Race Rocks are indeed grcatest in the surnmer. and that more than 4'7% 

of the variance can be accounted for by the :\ (period 27..55 d q s ) .  and .\ISj ( 14.76 

clays) cornponents. T h e  M TIL and MS frequencies a re  shallow-water components. 
f 

rcsulting from non-linear interactions between the Al2  and .Y?. and A12 and 5 2  

coniponents. respectively. 

hIean winds in Juan de Fuca Strait are along the charincl about 30% of t h e  

t imc t liroiighout tlie year (Thomson 1% 1 ), const rained by t hc mountain ranges riear 

the coast on both sides of the strait. Thcse blow toward the  ocean during the  faIl 
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and winter. and landward during t h e  summer. This  seasonal difference is related t o  

t lte atnlospheric pressure systems t hat dominate t h e  Xort h Pacific Ocean: t h e  Xort h 

Pacific High during t h e  summer.  a n d  t h e  Aleutian Low in winter. U:inds a re  generally 

st ronger in winter and  in t h e  western part of Juan  d e  Fuca St  rait. .At Tatoosh Island 
- 1  

( Figure 3.1 ). winds exceed S.5 m s about  -10% of the  t ime  from Sovember  t hrough 

.Januarj-. and  less than  10% from hlay through August. while at Port  Angeles. ivinds 
- 1 

cscccd 8.5 rn s about  5% in t h e  winter and nearly 10% in J u n e  a n d  .Julj-. Thc 

C'O.-IDS (DaSilva et al. 199.5) up- and cross-channel (positive toward \fancouver 
-2 

Island) surface wind stresses Vary from -0.02.5 and +0.05 3' m . respectively. in 

winter. to  f0.03 a n d  -0.015 N m-2 in .Jiiljr. 

Offshore winds a n d  pressure systems also affect t h e  circulation within Juan d e  

Fuca S trait. Hoibrook et al. ( 1980) found t.hat subtidai mot ions were liighly correlated 

with t h e  forcing of large scale coastal winds. and not with \vin& within J u a n  de  Fuca 

Strait .  Northward coastal winds d u e  to occasional passing s to rms  drive a n  onsliore 

Ekrnan transport,  leading to surface intrusions of Pacific n-ater in to  t h e  strait .  In 

ivintcr. coaçtal winds are generally northward: this can reverse t h e  sea surface d o p e  

and lead to  a reversa1 in t h e  estuarine circulation (IIolbrook and HaIpern 198'2). In 

summer.  coastal winds a re  from t h e  northwest and drive coastal iip\wlIing. hringirg 

colder. saltier water from t h e  continental shelf into .Ji;an cle Fuca Strai t  a t  depth. 

Crcan and Xges (19'71). for esample.  found tliat the  mean salinity helow dO ni clept h 

T h e  fresh water input  is also greater in summer  due  to tlie freshet (Q = 
f 

3 -1  3 - 1  
1 .S x 10'' rn s compared t o  0.3 x 10-' rn s in winter). Iiowever. t h e  mean salinity 

in the  upper layer (i.e. above 80 m )  is similar (Crcan and  Xges (1971) found a 

mcan salinity of approsirnately 3 1 psu in both January and Jul j-) ,  implying greatcr 

entrainment into t h e  upper layer. T h e  net result is ttiat eschange ratcs  a re  much larger 

in sunimer. \YhiIe strictly valid only for two-layer flow. t h e  Knudscn relations (2.2) 
6 3 - 1  

stiggest tha t  for the  Ju ly  conditions. Q, zz 0.3 Sv. where 1 Sv (Sverdrup) E 10 m s . 



3. Juan de Fuca Strait 40 

L-sing data from a string of current meters across Juan  de Fuca Strait from May 16 

to .July 1.5. 1975. Labrecque et  al. (1994) found a volume flux of 0.27 Sv. In winter. 

on the other hand. QI 0.06 Sv. While the amount of deep n-ater entrained into the  

upper layer (QI -QI) "as about five times larger in d u l .  the surface 1%-as fresher (30.5 

psu compared to  :3l in January). Greater buoyancy forcing in the summer inhibits 

niising near the surface. resulting in Iarger stratification in the upper Iayer. 

Partty due to these seasonal differences. there has historicallj- bcen some debate 

as to  which type of estuary Juan de Fuca Strait is. Although generally t hoiight t o  

bc a partiallu-mised cstuary. Dyer (1973) considers it a straight. deep fjord. while 

Stommel (19.52) states tha t  it does not îall into any of the  main categories. In the  

summer. the estuarine Richardson number (2.1) is Ri 2. well abo~ve the transition 

region from well-mixed to  strongly stratified. In winter. on the other hand. Rie z 

0..5. which classifies J u a n  de  Fuca Strait as a partially miscd cstuary. Csing the  

two non-dimensional parameters (Section 3.1.1 ) proposed by MacC'readj- ( 1999). t hc 

densirnetric Froude nurnber Fm 1 0 - ~  in summer and about one-fiîth t hat in winter. 

tvliile the Froude number ï z 0.1 during 110th seasons. This places .Juan cle Fuca 

Strait  in t iic parameter spacc for which the up-estuary salt A i i s  is dominatcd bu t lie 

cscharige Row. That is. the  diffusive fraction of the up-estuarj- salt f o w  is slightlj- 

grcatcr than 0.1 in winter. and less than 0.1 in summer. irnplying t hat Juan de Fuca 

S trait is a partial1j.-stratified to well-stratified estuary. 

Indecd. rather than being an area of significant vertical mising. .Juan de Fuca 

Strait  may be a region in ivhich restratification occurs. Tidal currents arc much 

strongcr and water depths are smaller around the islands in the eastcrn portion of 

tlic strait. and one woiild espect a well-rnised condition to  exist there.  XIising in 

t lie nliddlc of .Juan de Fuca Strait is not as effective and  the  density of the l~rack is l~  

water esported from t h e  Strait of Georgia remains faid_\. constant t hroiighoiit J ~ i a n  

de Fuca Strait (Figure 3.3). .Any increase in stratification ~ o u l d  act to further retfuce 

iristability mising a t  the inflow/outflow interface, reinforcing stratification. Density 
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Fig. :3.:3. Alid channel  
.\Iay. and  .JuIy ( C r e a n  

65 62 75 72 69 65 62 75 72 69 65 62 
Hydrographic Station 

dens i ty  (5.  in  kg rn-3) d o n g  J u a n  de Fuca Stra i t  in Januar>*. 
a n d  Ages 1971). 

profiles (F igure  :3.:3) seem t o  suggest a slight t ightening of t h e  pl-cnoclirie from mid- 

s t ra i t  to t h e  rnouth. 

The Ju ly  p ro f l e  suggests  t h a t  there is also significant en t ra inment  into t h e  

lo\ver iayer. cont rarl-  t o  t h e  pict u re  of one-way en t  ra inment  for highlj--st rat ified es- 

tuaries (Dyer  1973). \&re en t ra inment  into  t h e  lower la!-er to csceecl t ha t  into t h e  

iipper layer. t he  volume t r anspo r t  would decrease toward t h e  m o u t  h. Currcnt  metc r  

d a t a  (Labrecqiie et  al. L994) at t h e  middIc and  m o u t h  of t h e  s t ra i t  from 1975 a n d  

198-1. respectively. ind ica te  t h a t  t h e  volume flus decreased f rom 0.27 Sv to 0.16 S\- 

a t  t tic niouth.  However. t h e  1984 currents a r e  means  over the pcriod from .June 20 

t O SOL-ember  2.5. while t hose  of 197.5 a re  means over t h e  period from )la). 26 t o  . Ju l~-  

1.5. Alt hough t h e  volumetr ic  Fraser River discharge is very s imilar  for 197.5 and 19S4 

I~e twecn  car ly  J u n e  a n d  l a t e  November. t h e  freshwatcr i npu t  d rops  a b o u t  70% over 

t h a t  time. wliich should result  in a much weaker es tuar ine  circulation. Concurrent 

rneasiirements a t  mid-s t ra i t  and  at t h e  mouth of .Juan d e  Fuca  S t ra i t  a r c  ncedcd t o  

dc te rmine  whether  recirculation is indeed occuring witliin t h e  s t ra i t .  
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Labrecque et al. (1994) also found tilts in the interface, which they defined as 

the  level of zero mean along-channel motion. between the  upper and loiver Iqe r s .  In 

the  along-channel direction. t h e  interface on the  centra1 as is  of the  channel was found 

a t  a depth of 75 m in the  middleof the  channel and 6.5 m a t  the  mouth. The  interface 

slanted in the cross-channel direction. from TO m dept h a t  t h e  sout hcrn side to  ocer 

90 ni at  the northern side. consistent [vit h the Coriolis force. 

Fisse! (1976) esarnined the  feasibility of usinç bottom pressure mcasuremcnts 

t o  determine currents flowing through J u a n  de  Fuca Strait .  both for the  dominant 

tidal currents and for the  smaller low frequency residual currents. For the total cur- 

rcnt. hc foiind t hat cross-strait pressure differences and a\-erage along-st rai t currents 

wcrc well correlated and that  the  .-gain" agreed \vit h the t heorctical [ d u e  p f ll* ( witli 

I I -  the  channel width). within esperimental accuracy (t2CCTc of along-st rait speed). 

.At t ~ o t h  20 and 120 rn dept h. 80% of the  variance in average along-st rait speeds coiild 

IIC cictermined from the pressure records. For the  residual currents (ion--pass fiItered 

witti a cut-off frequency of 0.8 cycles per da).). correlation between currcnts and pres- 

sure differences at  120 m depth was found to be poor: Fissel (1976) attributed this 

to tlie inaccuracy of the pressure gauges and inadequate spatial sampling of the  cur-  

rcrits. r i t  20 m depth. correlation coefficients ranged from 0.75 to 0.93. alt hough the  

nicasurecl -*gainw was 18% t o  -12% loiver t han the t heoretical value. This reduction 

rnaj- hc the result of reduced currents due to sidewall friction. He also noted that  the 

rcsid~ial currents a t  each dept  h were poorl>* correlatcd [vit h one anothcr ( the  current 

meter scparation \vas typically -4 km). 

Sumerical models may bc of benefit in answering some of the  questions sur- 

rounding cross-channe1 flow by providing some ideas about t hc along-channel evolu- 

tion. Xlasson and Cummins (1999) used the Princeton Ocean l lodel  ( P O l I )  without 

t idal forcing to esamine the  role of buoyancy forcing in t h e  drnamics  of the summer 

coastal countercurrent found off the  west coast of i'ancouver Island. Thcy found 

t liat t lie coastal current is driven by a barotropic pressure gradient at the  mout h of 

.Jiian dc  Fuca Strait due to  the  outflow of brackish water from the  channel. Bottoni 
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friction and a baroclinic pressure gradient act to transform the coastal ciirrent into a 

surface-intensifieci flow. 

llasson and Cummins (1999) esamined the possible effects of enhanced vertical 

nîising due to tidal effects by increasing t h e  vertical coefficients of i-iscosity and 

diffusion over the si11 south of Victoria above the background valucs found elsewhere 

in the Strait of Georgia - Juan de Fuca Strait basin. The? note tliat although the 

coastai current away from the mout h of the strait is largcly unaffected. b-drography 

within .Juan cle Fuca Strait is changed considerably. C:nfortunately, no details of the 

interior flow within the  strait for either the nominal or enhanccd mising cases were 

rcported. aithough a t  the  mouth both the spatial striicture of the estuarine flow as 

i w I 1  as the volume flux of brackish water compare well witli observations. 

lIoti\*ated by da t a  which reveal the presence of fort ni& ly frcshwater pulses 

hot h \vit hin Juan de Fuca Strait (Griffin and LeBlond 1990) and in the  coastal current 

itself (Hickey ef al. 1991). a later study (l~lasson and Cummins 2000) csamined thc 

cffects of a spring-neap cycle in tidal mising over the  Victoria si11 and in Haro Strait. 

Thel- n-ere able to reproduce both the  magnitude of the spring-neap cycle in tlic 

surfacc salinit'. at Race Rocks. about 1 psu. and its pliase relative to the ticle. witti 

lo~vcst salinities occuring 2 days after neap tide. Slasson and Ciimmins (2000) showed 

tliat t h e  volume transport across the central section of Juan dc Fuca St rait is largest 

approxiniatel- two days after neap tide and smallest after springs. witli a fortnightll- 

riiodiilation of nearlj* 20% of the  mean. 

The mode1 rcsults also suggest that mising within .Juan tic Fuca Strait itself 

is larger during neap tide (Patrick Cummins. persona1 communication. 2000). Iikely 

diic to tlic largcr shears associated with the increase in estuarine excliarigc. In t h e  

following section. a mornentum balance based in historical data siiggcsts t iiat friction 

is indeed large at the interface. rnotivating t h e  further examination of mising ovcr a 

spring-ncap cycle. 
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3.2 A Preliminary Analysis 

The estuarine flou- in Juan  d e  Fuca Strai t  is highly seasoriaI in nature. a s  evi- 

dcnced both by current  metcr d a t a  and  hydrographie surveys. In t h e  siimrner. when 

t h e  eschange is largest. friction betw-een t h e  layers and  along t lie Lottom should b e  sig- 

nificant. leading t o  large values of the  vertical e d d y  viscosity and s t  rong cross-channcl 

flows. Xfter esamining liistorical current and  sea  surface pressuré data. t h e  vertical 

ecldj- t-iscosity is determined bu t-erticatly integratinq t h e  along-ciiannel rnomentum 

balance over t h e  top  layer. 

3.2.1 Reanalysis of Historical Data 

In 1968. Crean and :lges (1971) made 12 monthlj- surveys of t h e  h y d r o g r a p h ~  

of t h e  waters surrounding Vancouver Island. Each Surrey lastcd three  d q s  and 

measured salinity and  temperature a t  79 stat ions within Juan d e  Fuca St ra i t  a n d  tlic 

St  rait of Georgia. Oxygen profiles were also rccorded a t  X3 of t liese s tat ions.  There  

werc 1:3 stations west of the Victoria sill. with parallcl transccts running dotvn tlic 

central asis  (F igure  :3.1) and nort.hern and sout hern sides of Juan de Fuca Strai t .  T h e  

central transect is taken as representative of t h e  mean hj-drographic conditions in the  

strait .  Strong seasonality can be seen in t h e  stratification (Figure X I ) .  

a) Sen Lecel  Data 

. \ Iont l i l~  average sea lcveI da ta  between 198'2 and 199-1 from Port  .+\ngeles and 

S e a h  Ba!-. 110th o n  t h e  southern side of J u a n  d e  Fuca Strait .  wcre i ~ s e d  t o  dctcrminc 

t h e  seasonal variation in sea surface height along t h e  s trai t  (Figure 3.4). Concurrent 

sca Icvel records on the  northcrn side of t h e  s trai t  were not of sufficicnt length. 

Almut one quar ter  of the along-channel pressure difference due to  sea surface height 

(6psca  = gpo6hsea x 500 Pa. for a sea level differencc of 6hsca 0.05 m) is offset by 

a differcncc in s e a  level atmospheric pressure. T h e  atmosphcric pressirrc diffcrencc 

%tm 
is from hourly measurcments from Tatoosh Island and a buoy nor th  of Port 

Ançcles (Figure :3.1) over a two year period. T h e  total surface pressure gradient 
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-100 - Tatoosh Island - buoy WJ39 

-200 ' I x I t 

Fig. 3.4 .  Annual cycle of dong-channel difference in rnean tidal height. at mospheric 
prcssure. and total surface pressure. The diffcrcnce in t tic month15 average sea IeveI 
lieight between Port Angeles and Neah Bay contains betivecn 8 to 11 ycars of data  
from 1984 to 1992 for each month: the dotteci line indicates t h e  standard dm-iation. 
The atmosphcric pressure difference uses houriy surfacc pressure values over a two 
jecar period. The net along-channel surface pressure gradient is assumed to bc zero 
in Sovcmber. 

O -  , I 

Ils = bp / D l  + Sp,,_/D2. ivith Dl  z 90 km as tlie distance he twen  tlic tidal 
sea 

gariges and D2 zz 100 km as the distance between the meteorological stations. rcaclics 
-3 - 1  . 

a rnasimiim in magnitude of p -.i x 10 Pa m In .August i f  tlie total surface 
9, 

prcssure gradient in the Novembcr is equal to zero (an assumption discussed later). 

Thc AIay surface gradient is about half that in Xugust. This pressure gradient must 

lx Ixilanced by eithcr lateral or interna1 friction. 
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6 )  I1>locity Data 

Current d a t a  were collected in two deployments: from ,\larch 6 to Xpril 16 

and from -4pril 17 t o  J u n e  14. 1973. The da ta  for deployment 1 (hercinafter rcierred 

to  as 713,) and deployment 2 (73b) were analysed separatcly. \vit h niean dates (usecf 

in the cornparison of hydrographie da ta )  of 1Iarch -1 and 'clau 16. rcspectivcly. Each 

dcploj-ment consisted of s i s  moorings across Juan  de  Fuca Strai t  (clenoted by crosses 

in Figure 3.1). Iocated halfway along the  strait. roiighiy bctween Jordan River. British 

Columbia. and Pillar Point. LVashington. The currcnt meters were of two basic types. 

Anderaa recording current meters (RCi1I-C) and Neyrpic current meter  and clircction 

recorclers (LMDR). and were placed at depths of 15. 50. 100. and 130 m a t  each 

station. while some stations had additional current meters at 170 and 180 m clepths. 

At ccrtai n dept hs, several of the  stations recorded temperat ure. condiict ivi ty. and/or  

pressure as well. 

Thcre was some question regarding the  reiiability of the  compass rneasure- 

rncnts. partly because. while the current speeds are ten minute avcrages of mca- 

siircrnents taken every :30 S .  the  meters are non vector-averaging: thc  clirection is 

nleasiired only once every ten minutes. .A tidal analysis of t h e  horizontal current was 

pcrformed a t  each depth independently and the  magnitudes and relative pliascs of 

tlic along- and cross-channel tidal velocities were cornbinecl to  form tidal ellipses for 

cach t iclal constituent. The major axes of t hese tidal ellipses werc found to align well 

( within 2') with the orientation of J u a n  de Fuca Strait. suggesting tliat tlic cornpass 

measurcmcnts arc  accurate. 

In addition to  occasions in which ciirrent meters ceased ivorking or difficulties 

witli sa\*ing data to t ape  occurred. the  rnooring arrays were known t o  cspericnce a 

largc amount of porpoising in strong currcnts due  to the  size anci shape of the floats. 

This  lcads t o  significant tilts and large depth escursions. implying tha t  the actual 

clcpths for strong currents a re  grcater than the  nominal depths  of the  instruments: 

iirifortunatel~'. pressure sensors wcre only attached to  the  bottom of t h c  arrays. \i;ith 

along-cliannel Aows g e n e r a l l ~  decreasing witli depth in thc  uppcr layer and increasing 
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with depth in the Ioiver Iayer. the  sensors a t  nominal depths of 50 m probably under- 

cs t i mated aiong-channel veloci t ies. whi le currents a t  100 m are  l i  kely 01-crest irnated. 

Thc effect on measured cross-channei floivs is much harder t o  predict as not much is 

known about t heir vertical structure. 

Ore  rail and  Tidal Currcnts 

C'urrent records for periods of longer than five days were iised to calculate 

dong-channel ( u .  positive seaward) and cross-channel ( r * .  positive towarcl Myashington 

State)  velocity cornponents. Tha t  is. the (r. y )  axes are rotated 168' ant iclockwise 

from ( c a s ! .  nor th)  t o  align with .Juan de  Fuca Strait.  The  ,112 and ICI tidal con- 

s t i t u e n t ~  (with periods 12.4 and 23.9 hours. respectively) were found t o  bc tlic largest 

compsnents of the overall tidal current (with l\rl about 60% as large as -112). T h e  

arnplit udes generally decreased wit h dept h. 

1Iasimum overall speeds in the along-channel direct ion of between 1 .O ancl 1.5 
- 1  

ni s were found throiighout the  top 100 m a t  a11 locations. whiie deeper speeds 
- 1 

never esceecicd 0.8 rn s-'. Rms speeds were tj-pically in the  0.5 t o  0.6 rn s range 
- 1 

in  t.hr iipper 100 m. and between 0.2 and 0.4 m s below that .  In the cross-channe1 
- 1 

direction. niaximumspeeds weregeneraIlynear0.6 m s  o n c i t h e r s i d e a f t h e i n t c r -  
- 1  

face. and 0.:3 to 0.4 m s closer to  the surface and bottom. Cross-channel rms spceds 
- 1  

wcse relativclj- constant ec-erywhere. about 0.1 m s . 

Residual velocities (Figure :3..5) were detcrmined bu averaging tlic cIetidcd cur- 

rcrits. There is good agreement Letiveen the two deployments (73a and 3 b )  in the  

o\.eralI pattern and magnitudes of the flows in bot h the  along- and cross-channel di- 

rections. Lahrecque e t  al. (1994) used data  from a similar strrdy in 197.5 betwecn 

AIay 16 and July 1.5 (hereinafter referred to  as 7.5. with a mcan da tc  of .lune 16). 

Tlic line of five moorings in that  survcy was a little to the  cast of thc 197:3 line. Ilut 

current rneasurcments were made only a t  '20 and 1'30 m depths. Tfiey do not discuss 

cross-channel flows. but  along-channel flows were similar to  thosc of 19T3. 
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Along-Channel Flow: l 
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F i  3 Average. de-tided along- and cross-channel velocities in Juan de  Fuca Strait 
bascd on 1973 deployments betiveen Pillar Point and Jordan River (deployment 1: 
hlarch 6 to April 16; deploymexit 2: April 17 to  June 1-1). Standard deviations arc 
indicatcd by the shaded regions for along-channel currents and tliin lines for cross- 
channel flows. The bottom panel also shows 32-day temperature average (degrees 
Celsius). at locations marked with small squares. from records starting on 1.5 May. 
1913. 
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Table 3.1. Seasonal Variability of the h k a n  Estuarine FIow in .Juan d e  Fuca Strait 

6 - i l  1 April 17 - J u n e  14 May 16 - July 15 
1973 (73a) 1973 (73b) 194.5' 

- -- 

l fuirnurn currents. m s-' O. 1.5 

L.-pper laycr transport. Sv O .  12 

Interfacial depth.t rn 2.5-9.5 

kieasured lp.' kg m-3 

Geostropliic Au. rn s-' 

lfeasured Au. m s-' 

Laùrecque el al. ( 1994) 

cross-channel variation 

' Crean and Ages (1968) 

Reçidual along-channel velocities (Figure 3.5) g e n e r a l l  increased ironi the 

sides to  the  middle of t h e  strait .  with maxima for bot h the  upper  a n d  Iowcr lai-ers oc- 

ciirring just sout h of t i ~ e  center. in agreement with the  1975 data.  Thc interface (zero 

a\-cragc along-channel flow) increased in depth from about  15 m on the ivashington 

sidr  t o  80 m mid-strait a n d  roughly 9.5 m on the north side for t h e  T 3 a  data:  for t he  

731) data.  the  corresponding dept  hs were roughly 35. 70. a n d  95 m. Tlie cross-cliannel 

interfacial slope (for zero velocity) \vas steeper than tha t  for t h e  75 data. whcre in- 

terfacial depths (based o n  Iinear interpolation between the  trvo current mcters t o  

detcrrnine the  level of zero along-channel flow) were 70 and  90 m on tlic south and 

north shores. respectively: earlier studies (Holbrook e t  ai. 19S0) had similar results. 

Flatter cross-channel isopycnals a re  geoçtrophically consistent wit h slower along- 

clianriel fions. However. fiows in J u n e  1975 (with an  overall oiitflow in the top  Iayer 

of 0.27 Sv) were qui te  a bit larger than  in the spring of  1973 (which had outflows 
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of O. IO Sv. within about  :30%. for both ï3a  and ï3b) .  T h e  differenccs between these 

d a t a  (summarised in Table 3.1) are  due  to  the  large increase in stratification from 

spring to summer as t h e  Fraser River discharge increases. Integration of t h e  thermal  

wind balance yields Margule's equation 

assuming that  cross-channel isopycnal slopes equal tlie cross-channel interfacial sIope 

/i . with CL, and u, t he  average velocities in the  upper and lower Iaycrs. respecti\-el-. 
Y 

and = g(p2  - p , ) / p  t he  reduced gravity. W i t h  p2 - pl taken from along-channel 
-3 -3 

density profiles (Crean and Xges 1971 j as 1.0 kg m (hiarch). 1.5 kg m [Alay). 
-3 

and 3.0 kg rn (June) .  predicted velocity differences between the  upper and lower 
- 1 

layers are -0.28. -0.:3€i1 and -0.131 m s for the  Z3a. ï3b. and 7.5 data.  rcspectively. 

This agrees well with observed values (Table 13.1). given the  poor resolution of t h e  7.5 

data.  In addition. the  Crean and Ages (19'71) stratification data do not allotv for an  

evaluation of inter-annual variability. Tliough it has not been possible to obtain cross- 

ctianncl sea surface slopes. it appears that the  along-channel flow is in geostrophic 

I~alarice. 

C'r,o.l;s-Chnnnd Residual Currenfs  

The 197.3 current meter da ta  indicate tha t  cross-charinel flotvs in the  northern 

half of t he  upper layer are  generally sout hward. although thc  magnitucle of t hc cur-  

rents dcpends on the choice of along-channel direction. This  direction is opposite t o  

t hat  of the expected geostrophic cross-channel velocity a t  t hc surface r = psr / / p o .  
9 

wi t h p t he  total along-channel surface pressure gradient ( Figure 3.4) .  Assurni ng 
ss 

- 1  

P S I  
O in winter. L> g -0.02 m s ( i . ~ .  t h e  geostrophic velocity is nor th~vard)  at 

tlic surface in May (73h) and about  half tiiat in J larch  (73a). Fiirtiierniorc. obserx-ed 

uppcr l q e r  along-channel isopycnal slopes (Figure 3.3) imply tliat tlie cross-cliannel 

gcost ropliic vciocity should decrease as the  interface is reached. while observations 

show ttliat the  largest cross-channel flows occur near t h e  interface. reaciiing speecls of 
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O\-er 0.06 m s-l. This large southward flow is qualitatively consistent with an  internal 

Ekman layer. 

Beloiv the interface. the  cross-channel flow is also strong and t o  the  south. 

although flows should be northward in an Ekman layer. One possible esplanation 

for soiithward flowing water on both sides of the interface at the  northern boundary 

is con\-ergence of water in the  sidewall Ekman layers. as disciissed bl- .Johnson and 

Ohlsen (1994). However. their results show that t h e  water beneath thc interface 

fl ows sout h for only a short distance (Figure 2.1 ) before meeting north-flowing [rater 

in the interfacial Eknlan layer. where it is drawn down into the  interior. As the  

closest current meters t o  the  interface are at  least 20 ni belon-. it may bc that  the  

interna1 Ekrnan layer is missed. although this does not seem likely givcn the strong 

vclocities seen. X more l i  kely explanation is that  rriixing a t  t h e  nort iiern side raises 

t h e  isopycnals in the upper layer. causing a cross-channel pressure gradient which. in 

t h e  prcscnce of internal viscosity. forces the n e d y  formed water mass into t h e  interior 

along the interface. 

In t 11e nort hcrn half of t lie .Juan de Fuca Strait t ransect. t here appears t o  Le an  
3 -1 

01-erall cross-channel transport t o  the south. of about 3 nl s per nictre of coastline 

a t  Station 112. for esample.  This may be  due to insufficicnt vertical resolution. or  

an  ovcraI1 movement of t he  \vater mass due to a b u m p  in the  side boiindary. Tlie 

.Jordan River outflow. abou t  2 km downstream of this transect. is too snlall t o  have 

a significant effect. 

3.2.2 Mornentum Balance 

Iiaving seen tha t  a simple geostrophic balance for the cross-channel fiow does 

not sccm t o  esist even in the  interior of the iipper layer away from sidcwall and inter- 

facial boundary layers. o ther  terms in the along-channel momcntum ecliiation miist be  

rct aincd to  balance t h e  sea surface pressure gradient. T h e  along- and cross-chan ne 

:iiomentiim equations a r e  obtained by rotating the standard (east-north) ases for the  

Xavier-Stokes relations ( 2 . 5 )  by ~ G S O  (i.e. clockrrise) t o  align wi th  the orientation of 
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.Juan de Fuca Strait. so that  (ZL. L'. Z U )  are positive in the out-channel. cross-channel 

( toward Washington State) and upward directions. respectively. The  relative impor- 

tancc of the terms can then be determined hy integrating the rr-rnomentum equation 

O\-er the basin width ( I V  = 2'3- km) and upper layer depth (from the average interfacial 

depth of hl = 7.5 m to the sea surface) to obtain an area average. 

The pressure term becomes - h ,  M;P,~/~. with KI the average pressure gradient 

in  t tic upper layer. A two-layer mode1 would irnplx = psr ( t he  surface pressure 

gradient). but the stratification in lïay (Figure 13.3) is approsimately linear in the 

tipper layer. irnplying an average pressure gradient of half the surface \value since the 

pressure gradient reverses a t  the  interface. The pressure term in the  integrated ir 

3 - 2  
niomentum equation then becornes -h l  CYp /2p0 1.9 m s for II-. The other 

s z 

tcrms in the integrated equation are examined next. 

The first term. IL,. disappears n-hen using tidallg ai-eraged fields. The  largest 
2 

component of the second term is the  Bernoulli-like ( h ,  Cl r /? )  air / i ) x .  I:sing an along- 
- 1 

channel flow u = 0.1 m s for the area average and assuming that  tlic change in CL 

ovcr the lcngth of the straight section of the strait ( L  = 100 km) equals the currcnt 
3 - 2  

itsclf (which overestimates t his terrn). the second term is at most 0.0s m s . more 

t han  an ordcr of magnitude srnaller than the  pressure term. The  thirci tcrni is of 

the w o n g  sign: balancing the pressure term would requirc area at-erage cross-charinel 

spccds of -0.01 rn s-l (i.e. northward). wliile Figure 3.5 shows that upper Iaycr 

cross-channel currerits for depIoyment 2 (7:3b) are generally southward. 

The first part of the fiftli term. l ~ ~ i ~ C ' ( r l , u ~ ) ~ .  is dropped since along-channcl 

\-ariations in u are small: for a reasonable value of the horizontal eddj- viscosity (.+th 
2 - 1  3 -2 

102 rn s ). this terrn is < 1 0 - ~  rn s . On intcgration across the  strait. the second 

part of tlic fifth term becomes the sidewall friction and can be parameterised by 

CD WU ,ms 9 h  /S. with CD 0.0025 as the drag ccelficient and h ,/s as the  siclewall 

lcngth (s is the sidewall dope).  Using u = 0.05 m s-' for the avcragc speed a t  current 
- 1 

mcters closest to the sidewalls. tidal um5 = 0.5 m s . and s FZ O.OS. CD urrmS 2fi1/s zz 
3 -2 

0.1 m s . about 5% of the pressure term. 
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The last term in the integrated u-momentum equation is I V ( r w / p 0  - A u ). c Z i r i t  

rcpresenting the wind interfacial stresses. COXDS (DaSilva e t  al. 1995) surface wind 

stress data  for Juan de Fuca Strait suggest t hat the along-channel wind stress \-aria 
-2  

from -0.035 N rn in Jul? to +O.OZ5 N rn-2 in December. In blay T e -0.025 X 
U' 

-2 3 -2 
m and the wind stress term is =z -0.5 rn s . about 25% of the  surface pressure 

term. Balancing the interfacial stress term with the pressure and wind stress terms 

a n d  using an interfacial shear of +O. 17 rn s-l over 50 ni implics a vcrtical eddy 

t-iscosi ty 

which is quite large and suggests significant friction between t hc outwwcl bound 

surface layer and the deep return flow. Empirical formulae of the  type 

lead to comparable. but slightly smaller values for the vertical eddy viscosity. Ac- 

cording to Csanady (1976). in estuaries of sufficient depth (i.e. where the vertical 

lengtli scale of eddies is less than the n-ater depth. wit h bottoni trrrbulence confined 

to a height 0.121 / f from the bottorn) 

- 1  . 2 - 1  
wliicli. ivith CD = 0.0019 and u z 0.5 m s . implies A. 0.03 m s . Bowdcn 

rms 
-5 2 

and 1-lamilton's ( 197.5) formula A0 = I..i x 10 21 / f lcads to roughly t h e  same 
rms 

rcsult. Bowden and Hamilton (197.5) also propose a Richarclson nuniber dependence 

- 1 
\vit h A p  =u 1.5 kg m as the density difference between the upper and lower layers 

and H 200 rn as the total water depth. This gives E I I  a n d  suggests tha t ,  in 
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2 - 1  
.Jiian de  Fuca Strai t?  Au z 0.01 m s . i n  cornparison, Hansen and  Rattray (1965) 

fit similarity solutions t o  obserwd mean velocity and salinity profiles and found Au % 

2 - 1  
0.0075 m s for J u a n  d e  Fuca Strait-  

T h e  mean isopycnal slopes in the upper and lower layers can be  determincd 

froni the surface pressure gradient and stratification. In a uniforrnIy stratified iipper 

laver of deptli h l  = 7.5 m with surface density ps(x) .  t h e  horizontal pressure gradient 

at an? depth -2 is pl ( z )  = 
L Psr 

- p l rgz .  where the  surface pressure gradient p = 
s, 

-3 -3 -" 
-2.:3 x 10 .V m . Set t ing  the  horizontal pressure gradient a t  z =u -r.3 m ( t h  

mid-channel depth of zero mean along-channel c i m e n t )  equal t o  zero irnplies p s 
1, 

- 4 
3 . 1  x 1 0 - ~  kg rn-'l. With vertical stratification of p z -0.023 kg rn a t  station 72 

Ir 

in Slay (Figure 3.9). isopycnal slopes are - 1 0 - ~ .  

earlier. 

In a linearly stratified lower layer of dept  

, as  forinci in t h e  d a t a  and discussed 

h Ir, = 125 (wi th  stratification not 

nccessarily equal t o  t h a t  of t h e  upper layer) the  pressure gradient is p ( z ,  ) = -p2,gz2. 
2,  2 

wtiere -,- is t h e  distance below t h e  interface. Integrating t h e  along-channel momen- 
2 

tuni  equation in the  lower layer in t he  same manncr as the upper layer a n d  using 

t lie average pressure gradient in the l o w x  laycr. one  fin& t hat  thc  pressure tc rm 

( 1  1 * h 2 / p , ) p b  = $(CC*l i , /po)p2 g h 2 .  The  c i l  term is dropped for timc-avcraged cur- 
x r 

3 -2 
rcnts. and an  upper bound for the Bernoulli-like (/t211~-/2)8ir/i).r z 0.1 ni s term 

is also srnall. As in t h e  upper layer. h211,'(.4huz)z is srnall. \rliile tlic s idewdl strcss 
3 -2 3 - 2  - 1  

t e rm z 0.2 m s . T h e  bot tom stress -CDIVu<i % I m s . for LL % -0.06 m s 
rms 

- 1 
and  rr % 0.3 m s a t  a depth  of 180 m mid-channel (Figure :3.5. depioj-ment 2) .  

m s  

Ncgiccting the  Coriolis t e rm because cross-channel f l o w  a re  poorlx rcsolvcd in 

t h e  lowcr layer. a balance between the prcssure. bot tom stress. and  interfacial strcss 
2 - 1  

t r rms.  iising Au 0.02 m s as found previously. implies ari along-clianncl density 

gradient in t h e  lower layer of 

i l L , U  : int -cDUUW -6 
- - 4 - z 1.5 x 10 kg m 
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u-hich corresponds to a density difference of about O. 1 kg rn-' over the  70 km between 

stations 69 and 7.5. This is about one yüarter the difference seen by Crean and 

Ages ( 1971) in May (Figure :3.:3). although along-channel stratification in tlie lower 

laj-er was rnuch weaker in each of the other 11 months. For esample. typicaI lowcr 

layer horizontal densitv differences betmeen stations 69 and 7.3 were about 0.1 kg m-3 

in hoth April and June. 

In summary. a momentum balance, where the surface pressure gradient is as- 

srrmed to  be constant in the dong-channel direction. inciicates t hat the  interfacial 

eddj- viscositj- may be larger than values obtained from comrnonly used cmpirical 

formulac. Tlie strong friction between the upper brackish and lotver occanic \va- 

ter. consistent with observed along-channel isopycnal slopes. should leacl to elevated 

nlising rates and strong cross-channel flows. Large transverse currents are seen in 

liistorical data. although the verticaI resolution is too loiv to properly examine the 

cl)-narn ics. 

3.2.3 Stability to Interna1 Mixing 

2 
The gradicnt Richardson nurnber ( R i  G .Y /li-') in 1973. hascd on rms \-elocity 

clifferences between 50 and 100 m. ranged from two to sis across t h e  strait. n-ith l o w r  

\ d u e s  found mid-channel and latcr in tlie season (ZZh vcrsus 7 3 . 3 ) .  \ialiics basecl on 

tlie instantaneous shear dropped to 0.4. with  Ri < 1 up to 5% of the  time (again. at 

rnicl-chanrici for ï3b). suggesting t hat vertical mising is likeb*. 

Temperature records collected a t  several Iocations during the  19713 study (Fig- 

ure 3 . 5 )  appear to support the laboratory picturc of the circulation (Figiire 2.1 ) foitnd 

l ~ y  .Johnson and Ohlsen ( l9W). Temperat ures a t  nominal dcpt tis of 50 and 100 nwtres 

arc 7.5 O C  and 6.3 OC. respectively. at Station 112. and 7.2 O C  and 6.6 O C .  respec- 

tivcIj-. at  Station 11.5. That the isotherrns are more tightly packed in t h e  nortli side is 

consistent witli a lack of mixing and of a squeezing IF t h e  convcrging floiv in tlic tir0 

laycrs. This picture is supportcd by the average flow fields (Figure :3..5). which show 

a bottom Iayer. wtiich may be the Ekman Iayer. bringing water up to thc  intcrfacc. 
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and water travelling along both sides of the interface into the  interior. Jlt the south 

side. the spreading of isopycnals is as espected. given the divergent nature of the flow 

and the fact that warrner water from above maj- be rnixing tvith colder ocean water 

from below. \Vater above the  interface returns in t h e  surface l v e r .  \VhiIe there are 

insufficient data  below t he interface on the south side. the picture is not inconsistcnt 

with water being drawn down at  the  solid wall boundaq  into an Ekman type floiv. 

On  the other hand. a uniform mixing rate along the  entire interface. wi th  the prod- 

ucts being swept along by the  esisting cross-channel flow field to  the south wall. is 

also consistent with the present data. 

3.2.4 Summary 

IiistoricaI data suggest that  the  interfacial vertical eddy viscosity cocfficicnt 
2 - 1  . 

-4 . O . O h  s in Slay. although much lower values may be more appropriate awaj- 

from the interface. Later in summer. stronger Fraser River discharge and stratification 

in Juan de Fuca Strait m a -  lead to higher mising rates. IIowever. given the limited 

\-crtical resolution of the data. neither the magnitude nor the spatial i-ariancc of 

\-ertical mising can be established with any certaintu. 

I-Iigher vertical resolution in both ciirrent and hl-drography rncasurenicnts are 

nccded. particularly in the solid and i nterfaciai boundary laycrs. Acoiis t ic Dopplcr 

C'urrent Profilers (ADCP's). deployed on the bottom. which can nieasure horizontal 

t-clocit ies with a range of 1.50 metres in the vertical would sol\-e man'- of t he  prob- 

Icms witli the ciirrent data: including that of Iarge mooring dcpth esctirsions. Itigh 

fr.ccliiencj- ( 12 Hz)  conduct i\-i tj+-temperature dept h (CTD) profilers. wi t h vertical res- 

olut ions of tens of centimctres- can do the sanzc for IV-clrography. 
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Chapter 4 

Observations from 1996 

The 1996 observational programme in .Juan de Fuca Strait i v a s  carried out 

aboard the SISV Strickland. the C-ni\-ersity of \ïctoria's 16 metre research \-essel. 

and consisted of three stages: .Jdy 16 to 19 (deployment). .Jiily 24 to  26. and August 

.5 to 7 (recorer~.) .  Surnmer tvas  chosen to  coincide with the large runoff of the  Fraser 

River and seasonal masimum surface currents in Juan de Fuca Strait. \vlien cross- 

channel currents are also espected to  be largest . Orer  the entire period. n-inds wcre 

i-ery light. sir-el1 entering Juan de Fuca St rait from the  Pacific Ocean \vas Iou-. and 

t hc s k ~ -  \vas nearly cloudless. 

4.1 Hydrography 

An Applied Slicrosystems STD- 12 PLVS was used to obtairi 1-17 conduct i l - i t -  

temperature depth (CTD) profiles in order to  determine the spatial and temporal 

lariation of tiydrography within Juan de Fuca Strait over a spring-neap tidal cj-cle. 

The temperature probe. a thermistor bead in a Be-Cu capillar!- tube. had a response 

tinie of 100 ms. an accuracj- of 0.05 O C .  and a resolution of 0.001 OC. Corresponding 
- 1 

specifications for the conducti\.ity probe were 2.5 ms. 0.01 S rn . and 0.000:3 S ni-'. 

\r.liicli rcsulted in an  accuracy for the calculated salinit- of 0.1 practical salinit?- iinits 

(psu). Tlic pressure \vas measured with a serniconductor strain gauge which liad a 

response t ime of 10 ms. an accuracy of 0.15% full scale (for the 200 cibar scale used. 

this translates to 0.3 dbar). and a resolution of 0.005% (0.01 dhar). Tlie profiler had 

a maximum sampling rate of about 2 1-12. i rn~ly ing  that each recorded measurement 

is statist ically independent. 

Unfortunately. the low frequencj- sampling liniited vcrt ical resolut ion to  be- 

tn-cen 0.:3 and O..5 m for the dcsccnt rates used. ,\licrostructure data reveal that 
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1 1 * ADCP moonng 
PO= Renf- V ~ ~ K O U W  I 8 h d  4 Hydqraphic A line 

(Al  to A8) 
Jordan ïüver Hydrographic C line - 

(Cl Io CIO) 
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A 
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. 
1 1 1 

124.5 124 123.5 
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Fig. -1.1. 1996 CTD and ADCP mooring locations in .Juan de Fuca Strait and 
detailed section near the ADCP mooring showing the bathymetry in metres. 
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overturns are typically less than 0.5 m in vertical estent. implj-ing that these CTD 

profiles are not suited to  studying energy dissipation within .Juan de Fuca Strait. Sev- 

ert heless. the hydrography can be used to  determine the gradient of the geostrophic 

\-eioci t?; t hrough the  thermal wind equation. !'ariations in t lie ageost ropliic compo- 

rient, wit h dept h can then be compared to the various forcing terrns. such as Reynolds 

stress. in the momentum balance. In addition. liydrographj- is needed to classify the 

est uary as per Hansen and Rattray ( 1966). to calciilate the \vertical str~icture of inter- 

nai modes (of tides. for example). and to esamine the eKect of the spring-neap tidal 

cycle on mising within t h e  strait. 

On each of the three cruise legs. one along-channel ( A  line) and at least one 

cross-channel (C line) transect were obtained (Figure 4.1). During the second leg. an 

additional C line was conducted. as well as a t ime series a t  the sout h ADCP mooring. 

\rith 60 profiles over a nine hour interval. The .A line consisted of eight stations along 

t lie central aris of the channel. beginning south of Victoria and cnding iiort li of Cape 

Flattcry. while the C' line consisted of ten stations be twcn  Jordan River. BritisIi 

C'olumbia and PiIiar Point. \Vashington. 

4.1.1 Density Profiles in Juan de Fuca Strait 

For temperatures and salinities typical of Juan dc Fuca Strait. the thermal 

expansion coefficient of water ( a  x 1.4 x 10-" kg rn-3 OC-') is considerably srnallcr 
-3 

t han t h e  density coefficient of salinitj. ( 3  7.7 x 1 0 - ~ k ~  m psu-l).  .\Ican hydro- 

graphie profiles from Juan de Fuca Strait (Figure 4.2) reveal that  horizontal density 

ci i ffercnces and the result ing pressure gradients are IargeIy cont roIled hy variations in 

salinity. 

Along- and cross-channel transects [rom the deploymcnt and recoverj. legs 

of t lie observat ional programme are qualitatively similar. The  A-linc from .J uly 24 

revcals isopycnal shallowing in the seaward direction. as requircd to  drive the lowtr 

rciturn fiow (Figure 1.3). The cross-channel geostropliic tilt of the isopj-cnals is seen 
-3 

in the C-Iine transect of July 26. Isopycnal slopes. of the 26.0 kg m isopj-cnal for 
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Temperature (c) Salinity (psu) 

23 
\ \ 

24 25 

l 
30 3 1 32 33 34 

Salinity (psu) 

Fig. 4.2. Mean h-drographic profiles at CTD stations .Al (tliick solid). A S  (tliick 
dasli). C-1 (tliin solid)' and CS (thin dash): a )  ternpcrature ( O C ) .  b )  salinity (psii). 

c )  dcnsity (5 .  kg ni-3). and ci) TS diagram. \vit11 plus signs and circlcs indicating 
depths of 20 and LOO m. respectively. and constant a, shown as dotted lincs. with 

-3 
lalues gi~een in kg m . 
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A8  A7 A6 A5 A4 MA2 A l  
Along-Channel Station 

Cl C2 C4 CS C6 C7 C8 C9 C l 0  
CrossChannel Station 

Fig. 4.3. Contours of 5 for a )  an along-channel transect. b) a cross-cliannel transect. 
a n d  c )  t h e  t ime series taken nt the ADCP station. The contour i n t e rn l  is 0.5 kg  

- 3 
m . rvith t h e  numbers t o  the  right of each plot corresponding to the solid lines. The 
hottom is indicated by the  thick line. Plus marks in c )  indicatc individual profiles in 
tlic time series and  the  tide (positive to the east)  a t  Y0 m dep th  is shown in c i ) .  
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I 
Jan Feb Mar Apr May Jun Jul Aug Sep Oa Nov Dec 

29 1 1 1 
185 192 ii9 ~6 213 220 227 

~uiian Day 

Fig. -L.-l. DaiIy surface salinity recorded at Race Rocks for 1996. \vit h cletailed section 
duri ng t hc current mooring deployment. 

-3 
csample. tvhcre E zz 2 x 10 . are cornparablc t o  ttiat of the level of a\-erage zero 

Y 

dong-channel flow found hy Ot t  and Garrett (1998) using 1973 currcnt meter data. 

Although the strong tides witllin .Juan de Fuca Strait undoubtedly affect the  

t irnc-mean hydrography. the  time series taken near the ADCP mooring site on .Jul~- 

2.5. one day after neap tide. suggests that tliere is littlc ~mariation in mid-channcl 

hi-ctrography orer much of the  tidal cycle. un for tu na tel^:. the time series does not 

include the transition from peak ebb a t  0.500. when along-channel spceds (positive 

now iindicating up-channel) reached about -0.6 rn s-' t hroughout the watcr coliimn. 

cornpareci witli 1.0 rn s-' a t  spring tide. During the  weak ebb at 1700. near-surface 
- 1  

vclocitics reached -0.1 rn s . while a t  depth t h e  flow dici not reverse. 
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4.1.2 Surface Salinity 

Daily surface salinit ies recorded a t  Race Rocks (Fidiire 4.1 ) reveal t ha t  t h e  sur- 

face water  was anoma1ousl~- fresh during t h e  deployment of t h e  Acoustic Doppler Cur- 

rcnt Profiler (Figure 4.4). These  freshwater pulses occur on average once a year  ()las- 

son a n d  Cummins '2000) a n d  a re  generally whcn winds in the  Strai t  of Georgia a re  

from t h e  northwest during weaker neap tides in summer (Griffin and  LeBlond 1990). 

During these events. the  estuarine eschange is enhanced beyond t h e  increasc norrnallj- 

associated wi t h t he  neap-spring cycle. 

4.2 Acoustic Doppler Current Profiler 

For the present stud>-. a bottom-mounted ADCP if-as depIo_\-ed a t  1:30 m deptli 

on a submarine hi11 approximately 1 km off Jordan  River (F igure  4.1) on .July 17 and 

was recovered on Xugust 7 .  T h e  XDCP \vas gimbalkd in a n  a luminum hoirsing whicti 

allowed independent rotations along t h e  axes between transducers 1 and  2 (rccorded 

as  roll. where for a n  upward-facing XDCP unit. a positive angle indicates transducer 

face 2 is higher tlian face 1 ) a n d  be t~veen transducers 3 and -L ( recorded as pit ch. whcrc 

a positive angle indicates face 3 is higher than  face -4). while siiielding the  ADCP t o  

prm-ent pitch and roll from varying with tidaI currents. Fifty-four t wo-metre hins of 

a\.craged velocity (3.5 pings over ten  seconds) werc collected every 130 seconds for 21 

rlays: pitch. roll. and  heading were also recorded e ~ - e r y  30 seconds. 

The returned d a t a  Lvere good throughout most of the 106 mc t re  range (i.e. 

from 127 t o  '21 m depth) .  a l though t h e  top  four of 54 hins liad -bacl- d a t a  about  half 

t lie tinie. (RD1 Aags d a t a  as bad if  t h e  reflected signal intcnsity is lcss t l ian tlic cutoff 

thresliold. ivhich t h e  suggest should b e  set t o  60  coiints). This  range attentiation 

niay bc due  mcreIy t o  beam spreading a n d  sound absorption. altliougli t he  range 

nt tcnuat  ion generally occurred during the  day. This is consistent wi t l i  t h e  ditirnal 

migration of zooplankton. which descend from the euphotic zone a t  dawn t o  escape 

prcdation. The hackscatter intensity will h e  iised to show tha t  t h e  restricted range 
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in the  daylight hours is due to  a lack of scatterers in the  iipper water column and not 

to blocking of the acoustic signal by the large numbers of zooptankton in the  lower 

[vater column (Section 5.32) .  

4.2.1 ADCP Theory 

.An Acoustic Doppler Current Profiler (.ADCP) measrires currcnts by cmitt  ing 

a sotind puise and rneasuring the Doppler shift of the returnecl signai. The original 

puIse is scattered at each vertical level by plankton and particiilates. and possibly 

turbulence, in the water column w-hich are. in theor'; passively cârried bj- background 

currents. .A single pulse can be used to measure current over a range of depttis by 

esarnining liow the returned signal 1:aries over time: the speed of sound in  water is used 

to convert the delay into a distance above the  ADLP unit. In addition t o  ciirrents. 

the ADCP records the strength of the  reflected pulse. or "backscatter intensie".  a 

rneasiire of the arnount of particulate matter in the water. 

Only the cornponent of water ~ d o c i t y  parallel to  t hc sonar bcam acts to  corn- 

press or raref'y the returned signalt requiring multiple beanis. eacfi orientcd in a 

clifferent direct ion. to calculate the  t hree-dimensional water t-eloci ty. The fou r-bcam 

R D  Instruments (RDI)  3307 kHz broadband workhorse ADCP iisetl in t his study lias 

its four benrns oriented 20' below the  vertical and a t  noniinal aziniuttial angles of 

2 7 0 ~ .  90'. 0'. and LSOO (for beams 1. 2. 3 '  and 1. respectivelj.). whcre bearn 3 is 

aligned witti the XDCP's magnetic c o m p a s  (i-c. the heading rccordcd by the  ADCI' 

is tlic angIe bctween magnetic north and the azimiith of hcam 3 ) .  The actual az- 

irnut.Iis are slightly different than the  nominal angles for each ADC'P unit .  owing to 

t lie manufact uring process. 

a )  Ins t rument  Coordinates 

The actual ADCP unit iised had azimuths of 271.44'. 91.43O. :35~.67'. and 

1 78..?6'. Tlic azirnuths of bearn pair 1 and 2. which rneasure il, and t c ,  where the 

siil~script indicatn the ciirrents are in instrument coorclinates. are  within 0 . 0 1 ~  of 
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k i n g  in t h e  s a m e  -verticaln plane. which implies t h a t  contamina t ion  from tlie r I  

cur ren t  is minimal. T h e  vertical direction in instrument  coordinates  is perpendicii lar 

t o  t h e  ADCP face. which coïncides with t h e  t ruc  vertical onlj-  for zero  pi tch a n d  

roll angles. Transducers 3 a n d  4 a r e  likewise within 0.01' of being in t h e  s a m e  

vertical plane. a l though this  plane is not qu i t e  perpendicular to t h e  first (be ing  offset 

1,). 87-13'). indicating tha t  t h e  horizontal ïelocity measured. i rhich should b c  vI. is 

partIl. 'contarninatcd' mith ur .  

T h a t  is. for a downward facing ADCP. t h e  four %eam velocit ies" a r e  

sin a, sin 7 sin a ,  cos -il cos a, 
1 

i n  ct2 sin 7 s i  a o s  
j C s  ) c M I U ,  

sin a, sin -1, sin û3 COS -,3 COS a3 

sin a sin 7, sin a, cos cos a, 
4 

whcre a a n d  7 are t h e  actuaI  elevations and  azimiiths for each bcam.  The three 

i nst rumen t  \-elocit ies are  t hen easily recovered from t h e  heam reloci t ies bu  invert ing 

t h e  M I  matr i s .  Ra ther  t han  discard t h e  additional information conta ined  in t h e  four 

l ~ c a m  \-elocities. however. a b i l r t h  co lumn is added t o  t h e  rna t r i s  beforc in\.ersion t o  

dcfinc a fourth - instrument  velocity-. t h e  -errer velocitya-. ivliich is a mcasure  of 

t lle inhomogeneity of t h e  flow across t h e  beam separation. In t h e  RD1 software. t h e  

vcctor represented by t h e  fourth column in M I  is chosen t o  bc or thogonal  t o  cacii 

of t lie o t  her  t hree. a n d  t o  have a n  r m s  magni tude  equal  t o  t lie average  of t ha t  of t  lie 

first two columns. 

For nominal az imuths  a n d  elevations 

which implies tha t  t h e  rneasured veloci ties. in instrument  coorclinates, a r c  
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irliere ur,  and  w13. for example. arc tlic u and zc velocities (in instrument coordinates) 

at  the location of the ensonified L-olume of beams 1 and  :3. respectively. For flows t hat 

are Iiomogeneous across horizontal levels (e-g. the ur i  are identical). U,' = U , .  and 

tlic error velocity r ,  G O. as espected. 

\Vhen t here are current inhomogeneities in t h e  horizontal direct ion. t h c  er- 

ror vclocity will not. in general. qua1  zero. The vertical angle of 20' implies tliat 

oppositc bearn pairs measure currents at a horizontal separation cclual to 7.7% of 

t h e  vertical height above the ADCP unit. The assumption of spatial Iiomogencit~- 

t lierefore hecomes more unrealistic witti Iicipht. and stiould result in increasing error 

\-cloci tics. For individual ensembles. the error velocity is often as large as the 1-rrtical 

1-clocitj-. but the  rms values of tlic coefficients for e r  are arbitrarily set. and it is no t  

irnmccliatcly clear what the error velocitj- act ually measures. 

The size of the  error velocity relative to the measured vertical velocit~- can bc 

rlcterrnined 13'- considering opposing beam pairs indi\-iduallx. Sincc beams 1 ancl 2 lie 

in a \-ert ical plane. the? can bc iised to estimate u r  and w I u .  irliere tlic lattcr is a n  

estimate of the  vertical veIocity based on the beam pair mcasuring i l .  For nominal 

azimut h s  and elevations 
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where ul and wru are similarly estimated from beams 3 and -L. .-Issuming tliat ZL 

is unctianged between beams 1 and 2. and c is unchanged between bearns :l and 

4 .  the two estimates of the vertical velocity are zrru = 0..5(wrl + w12)  and wrL. = 

0..5(wr3 + The vertical velocity catculated from al1 four beams is the averaje 

of ttiese ttvo estimates. while the error velocity is seen to be e r  = 1 . 9 4 ( ~ , ~  - 

roughll- twicc the estimated difference. N ï t h  l t c  the magnitude of the difference 

I x t  wcen either of the two estimates and the mean estirnate. cl = 3 . S P l w .  

c )  Enrth Cioor-dinates 

Once in instrument coordinates. the velocities must be rotatecl to account for 

the heading. pitch, and roll angles. The conversion process is simply 

cos H sin H O O cos R 0 s in  R 

u -  ( ) = c;H i )  ( i  ;;: ( O 1 0 ) ( i )  -sin R O cos R 

wliere H.  P. R are the corrected heading. pitch. and roll angles. respect iveIl.. and 

U is t hc t hree-dimensional veIocity in earth coordinates (i-e. Ir positi\-c tosi-arcls 

the east. L* toward thc north. and r u  upward). The heacling is correcterl by adding 

tlic magnetic declination. The pitch sensor is fised inside the roll sensor and does 

1. = 4 1  - (sin(p) * s in ( r ) )2 .  and p and r zre the pitch and roll recorded hy t.lie :\DCP. 

rcspectively. Finally. for an upward oriented r\DCP unit. the roll rniist hc corrected 

as R = r + 1 ~ 0 ~ .  

d )  Bin ;\.lnpping 

A further complication introduccd bj. non-zero pitch and roll angles is the fact 

t Iiat at the samz instant each beam ensonifies water a t  different deptlis. and thus t h e  

\-crtical .*bins." determined by the time d e l e  of the returned signal. arc no longcr 

i r i  tlic samc horizontal plane. RDl's correction. termed -bin-mapping." is to iiiap 

the  nominal depth of each bin (as if  therc were no tilts) to  the ncarcst actual dcpth. 

for cach bcam independently. This procedurc can. for hcams oriented closer to the 
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Homonta Dlsmncx from ADCP (m) 

Fig. -1.5. The effect of non-zero tilt angle on bin height. Sominal bin centres (plus 
signs) are moved (crosses) higher and lower for smallcr and larger declinations. re- 
spcctively. Sumbers inciicate the height of the bin centre abo\-e the ADCP unit. in 
met rcs. 

\,crtical. lead to two consecutii-e actual (i.e. corrected) bins using t h e  same recorded 

Ixarn i-clocity. For a pitch of .iO and two rnetre bins. for esaniple. 110th bins 30: and 

13s m above the t ransducer head (Figure 4.5) use the beam 1-eloci ty mcasurecl37.0 1 ni 

a11oi.c the ADCP unit. Conversel-. for the opposite k a m .  whicli woiild bc orientcd 

closcr to the horizontal. one recorded bin would be skipped over. That is (Figure -1.5). 

t Iir \,in at 26 rn height uses tlie data  recordcd for 25.08 m. ivhile the biii a t  2s m uses 

tlic heam v e i o c i ~  at 2S.9:3 m: the data at 27.01 rn is not iised. Therc is almost a four 

rnct rc (vcrt ical) distance between bin centres at  t his point. 

In addition to  omitting or duplicating data. t his procediire comhines bcani 

vclocitics averagcd over different depth ranges for each beam. As an altcrnati\-c to 

t liis rnct hoci. the bin heights were corrected 11). linearly interpolai ing. For esamplc. 

for a barn oriented 1.5' belou- the vertical. the beam velocity for a bin ccntred at 

13s ni is the interpolation between the data recorded a t  37.01 and 39.06 m. InIicrent 

iri  t his metliod is t h e  assumption that the beam 1-elocities. and thcrcforc the acttiaI 

citrrents. mry  smoot hly between bin levels. \\+re this not truc. the huilt-in -ncarest 

ricighboiir" scheme n-ould also prove incorrect. Howevcr. the fwam velocit ics mcasured 
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are actually weighted averages over a depth range equal to  1:30% of the  bin size. 

irnplying an overlap of 0.6 m between adjacent two-metre bins. Therefore. significant 

smoothing of t h c  actual currents is already present in the beam velocities. 

The  difference between the  velocity calculated using RDI's nearest neiglibour 

Ilin rnapping and that  using linear interpolation should h e  largest a t  depths where 

st rong vertical shear exists and a t  depths where the difference betn-een tiic actual 

ctcpt h and the  nearest neighbour arc  greatcst. To estimate the magnitude of t hc 

di fference. the beam veloci ties for the  calculated mean t hree-din-iensionaI \-eloci tj- 

(Figure 4.6) were determined. The  given velocity. the mean residual (i-e. non-tidal) 

rrieasured by the ADCP? kvas rotated back into instrument coordinates. using the 

rnean ADCP angles: 1 -0' (pi tch) '  4.6O (roll) and 33.5' (heading). The hearn \-elocities 

corresponding to the bin centres were determined at  the  appropriate height for eacli 

beam. and earth velocities were recalculated using each of thc bin mapping routines. 

Finally. the  original given velocity was siibtracted to  determine thc  hias. 
- 1  

MThereas biases for the  Iinear interpolation scheme arc less t han 0.00 1 rn s 

(i-c. the precision with which the  ADCP records velocities) in magnitude at al1 depths. 
- 1 

t h c  RD1 routine produccs biases approaching 0.01 m s in t he  horizontal rclocity 

(Figurc 4.6). Peaks in the biases occur ncar 30 and 40 m c!eptIi because tlie cliffercnccs 

l~etween the  nominal and actual depth of the  bin centres are  maxima1 therc: t lie roll 

iised ( 4 . ~ ~ )  is slightly less than the  JO in Figure 4.5. 

:\ccording to  the  manufacturer. RDI. thc single ping standard dcviation for 

eacli benrn vclocity is 0.02 m s-'. Lu (1997) calculated it to  be hetween 0.02 and 0.03 
- 1  

m s . using measurements in -almost slack water" after subtracting second-orcler 

polj-nomiais from each bcam velocity to account for t!ie ship's drift. In  addition. 

altliough the  recorded ADCP angles (pitch. roll. and heading) have a precision of 

0.1'. thc accuracies of these rncasurerncnts are only 1°. \Viti1 tlie vertical t-elocitj: W .  

an ordcr of magnitude smaller than horizontal velocities. small biases in pitch and roll 

maq- contaminate to sufficiently t o  render da ta  prodiicts sucii as the  Reynolds stress 



Fig. -1.6. The effect of the bin mapping algorithm on calculated relocities. For the 
tlirce-dimensionai velocity shown in a): 13). and c) ,  the corresponding biascs arc sliown 
in d ) .  c )  . and  f ) .  witli dashed lines for the RD1 nearest neighhoiir bin mapping and 

- 1 
solid iincs for linear interpolation. Al1 currents are  in units of 1 0 - ~  r n  s . 
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clf cc' useless. Finally. in rotating the horizontal plane into suitable along-channel (x. 

with veloci ty u. positive up-estuary) and cross-channel (y. wit h velocity r .  positive 

northward) directions, the  overall channel orientation and local bathymetry must be 

accounted for. Bottorn slopes cause the local -verticalo* asis (in inatching measured 

bot tom boundary layer Reynolds stresses to t heoret ical espcctations based on t idal 

speed. for esample) t o  Lary from the dope angle at the  bottom to t rue vertical a t  the  

/) Reynofds Stress Measurements 

For nominal beam azimutlis and elevations. it can be sliown (e-g. Lu and 

Lueck 1999) that  the  average Repolds  stress can be  calculated as 

- b1 - b1 * 
1 f 

U W  = l 
2 

2 sin ?a 

~vhcrc bl is the  \variance associatec! with the i th beam. Initially. it was assumed that  
1 

t l ~ c  velocit~. field must be uniform across the heam spread. but Plueddcmann (1c)S'T) 

shon-cd that  the  result is also valid wlien only t h e  statistics of the turbulence are 
- - 

' 1 -  1 1 assumcd to be uniform (e-g. u u - il u ). \.an Haren et ni. ( 199-1) t hcn showed 
I l  I I  12  12 

that ( 4 . 1 )  is equivaient to  

irlicrc tc,,, is the estimate of the vertical velocity obtained from t h e  bcam pair asso- 

ciatcd \vit h the vclocity u .  wIL, is that  from t h e  beam pair associatcd witli r.  tc is the  

mean of these estimates. and t = (uIU - tcIC)/.L is hall the  differcncc. 

Lohrmann et  al. ( 1990) measurcd currcnts with an  ADCP wittiin 2 m of t he  

11ot.tom in a houndary layer. dcmonstrating that  the  variance of the bcam velocitics 

can bc used to dircctlÿ calculate the Reynolds stress. Stacey et al.  (1999a) used 

a vessel-rnounted ADCP to measure Reynolds stresses in an  unstratifieci flow and 
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Juiiin Day 

Fig. 4.7. Temperature record from the ADCP. in degrees Celsius: a) the 34 hour 
running mean. b) t he  residual (i.e. actual temperature - running mean). 

s howed t hat the errors and biases associated wit h the  measurements were sufficicnt ly 

small to enable significant estimates of turbulence profiles to  be made and tha t  these 

crrors and biases were "consistent with those predicted by the application of s ta t  istical 

crror ana1ysis.- Lu and Lueck (1999) used measurements from an ADCP mounted a t  

t h e  hottom of a tidal channel to demonstrate that  significant covariance of turbulent 

edcly velocities could be calculated over a range of 2.5 m above the bottom. It is only 

recentiy. however, t ha t  direct measurements of Reynolds stresses have heen made  in 

stratified flows (Lu and Lueck 1999, Stacey e t  al. 1999b). 

4.2.2 ADCP Temperature Measurements 

The temperature record h m  the ADCP (Figure 4.7) contains both diuriiaI 

and scmi-diurnal signais: spectral analysis shows the  energy to peak a t  frequencies 

corrcsponding to  23.8 f 3 hour and 11.9 * 1 hour pcriods. These variations are  likely 

the  result of the tidal excursion in Juan de Fuca Strait. which can be as large as .5 km 
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dong  the channel. a l t  hough the  magnitude of temperature fluctuations wit hin an- 24- 

hour period. which ranges from 0 . 0 5 ' ~  to  O . Z ~ C .  does not appenr t o  be rclatcd t o  t he  

spring-neap cycle. An observed linear trend of +O. 1 3 ' ~  in the  bottorn temperature 

over 30 days ma>- be a resuIt of solar heûting. both inside and outside the strait: during 

.Jiily and Xugust. skies were nearly clouclless. air  temperatures srere rery [varm. and 

~vintls were light. The running mean also shows a decrease in hottorn temperature 

o\-er the s is  days centred on neap tide (dulian da? 206) of nearly 0 . 2 5 " ~  and a sirnilar 

rise over the  six days around spring tide (Juiian day 213). This is consistent \vit h 

ail increase in bottom mising at  spring tide, and the  temperature equation can bc 

iised to  estimate t h e  vertical eddy diffusivity of temperature. Yeglecting horizontal 

mising and cross-channel advect ion and assuming t hat t he  \-ert ical eddy diffusivi ty 

of tcrnperatiire is independent of depth. (2.10) reduces t o  

n-hcrrr TT is the rnean velocity a t  the bottom. Bctween .Julian da-.s 206 and 'LOS (neap 

t ide) .  the nican ADCP current in the lowest bin is E 5 0.16 ni s-l. ivliilc iT 0.13 ni 
- 1 

s betn-een days '213 and 21.5 (spring tide). The trend in temperatiire (Figure 4.7) is 
-1 -1 

Tt zz -O..? x 1 0 - O  O C  s alter neap tide and Tt % + l  x 1 0 - ~  O C  s aftcr spring. The 

nwan  hdrograpl iy  (Figure 4.2) is used to cstimate the  vertical temperature c1erivati~-e. 
- 1  

Betwcen S0 and 130 m. T ;- 8 x 1 0 - ~  O C  rn . while tliat bctween 50 and SO rn is 
-3 O - 1  . -2 

z 17 x 10 C rn . irnplying T-- 2 x 1 0 ~ "  O C  rn . Tlie horizontal derivative - - 
in tcmperat ure. however, is di fficult to  est imate from ei t her t h e  mean temperat ure 

profiles or  t lie along-channel t ransects (Figure -1 .:3). 

\Vit11 tliree unknowns ( the  eddy diffusi\:ity a t  spring tide. K . is assumed t o  be  

clifferent from tha t  at neap tide. K ~ )  and two equations. a relationship between as and 

K~ is nceded. Assuming that K is proportional to tlic mean of the  current magnitude. 
- 1 

wliicli is 0.35 rn s a t  neap and 0.16 rn s-' a t  spring, K~ 1.3~~. Elirninating Tf. 
3 -1 3 -1 

h- z 0.011 m s and  h-s 0.01s m s . The calculated horizontal temperaturc 
- 1 

gradient is T 2 x 10-' O C  rn . eqtiivnlent to  a change of 2 OC O\-er the lcngth of 
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Fig. 4.8. Cornpass heading of the ADCP. in degrees clockwise from true nortti: a )  
the 2-1 liour running rnean. b)  the residual (i.e. actual heading - running mean). 

.Juan de  Fuca Strait. Bot h the  Julj- 1968 temperature transect (Crean and Ages 1971 ) 

and the  mean CTD temperature profiles 4.2 suggest tliat t lie along-st rait difference 

in hottom temperature is closer to 0.5 O C .  There are large uncertaintics both in the 

rncasured temperatures and in the dependence of the eddy diffusi\-itj- on the current 

lio\wvcr. For esample. for K proportional to the square of t lie ciirrent. t lie calculated 

along-cliannel temperature gradient is reduced by half.  

4.2.3 ADCP Compass and Tilt Angle Measurements 

The compass heading (Figure -1.8) record also contains diurnal and semi- 

di urnal signals (spectral analysis revealed t h c  same frequencies as for the temperat lire 

record). wit h the amplitude of tidal fluctuations over a ci- increasing from about 0.3' 

during neap tide t o  nearly 0.5' during spring tide. The  trend of approsimately -1' 

is likely the result of battery depletion over the deployment; as the  voltage decreases. 

less current is drawn ta power the transducers. decreasing the  local magnetic field. 
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Fig. 4.9. Tilt  angle records from the  ADCP, in degrees a) pitch. b )  roll. 

Tlie slight rise in bottom temperature over the  deployment is not l ikel~- t o  have a no- 

ticcahle effect on the  compass. as t h e  mean temperature decrcased during neap tide 

and increased during spring t ide. while the mean c o m p a s  heading decreased over 

110th time periods. Indeed. t h e  variations in heading a t  t idal frequencies were also 

inconsistent with t hose of temperature. both in magnitude (e-g. heading variations 

were relatively small between .Julian days 20.5 and 208) and in phase. Unli ke tempera- 

turc. hoivever. changes in the  local magnetic field can arise from outsidc .Juan de Fuca 

Strait .  Variations in the Earth's magnetic field due to daily lunar variations in the  

ionosphere coiild be erpected to  account for at rnost 0 . 0 2 ~  fluctuations. and motional 

induction due to the  tides passing above the  ADCP would be of the  same order (Rob 

TJ-ler. persona1 communication, 2000). At any rate. the ptiase difference between the  

compass hcading and tide did not remain constant over the  deploymcnt. However. 

variations of 0 . 2 ~  could be caused by non-local fields gcnerated bj. decp water tides 

in t hc Pacific (Rob Tyler. personal communication. 2000). 

T h e  average pitch and roll measured bu the ADCP over t h e  21-day depIoyrnent 

were 1.0~ and 4.6'. respectively. Neither a n  overall drift nor a diuriial o r  serni-diurnal 

signal is found in eithcr the pitch o r  roll record (Figure 4.9). Lnstead, siidden jumps 
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in tilt angles occur on several occasions throughout the  deployment and are unrelated 

to the tidal phase. There are srnaller jurnps. of about 0.5'. during peak flood and ebb. 

but the two largest events. a t  Jiilian days 210 and 212. occur a t  slack tide. On day 

2 10. for example. there are small variations in pitch of about 0.2' starting at 0950. 

follo~ved a t  1030 by a large increase of 3' over 1 minute and a subsequent reduction of 

1' 01-er the next minute: the  net jurnp in pitch is 2 . 1 ~ .  Over that same two minutes. 

net jiirnps in roll and heading of OS* and 0.2'. respectively. were measurcd. with 

activity similar t o  that  seen in the pitch record during the preceding 40 minut-es. 

Thcse sudden upward shiïts in the measured angles are likely due to  set t ling of the 

.+IDC'P housing into the  bottom (mud \vas found trapped within the  housing upon 

rccovcry). foIlowed by a slight decrease as the ADCP unit rightecl itself wit hin the  

gi mbals somew hat  . 

4.2.4 Calculated Earth Velocities 

The calculated east. north. and vertical velocities at maximum spring tide 

(.Jrilj- 31. Julian daj. 213) show large tidal flows and strong vertical shear (Figure 4.10). 

The incquality in subsequent ebbs or flows is indicative of t h e  mised diurnal - semid- 

iurnal nature of the tides in Juan de Fuca Strait. Current magnitudes reach 1.5 m 
- 1  

s on bot h flood and  ebb. The largest outflows (inflows) occiir in the  upper  (lowcr) 

laycr as espccted for the combineci tidai and estuarine circulation. Inflows (outffoivs) 
-1 

in the upper (lower) layer reach only + O S  rn s-' (-0.9 m s ) Over the 2L-dq 

deployment. maximum daily currents varied considerably. Duri ng neap t ide (Jrilian 
- 1  

da). ZOG) inflows never cxceeded +0.65 rn s-'. while outflows reached -0.85 rn s . 

Tu-enty-four hour running means of the  current (Figure -1.11) reveal positive 

(~iegativc) up-channel velocities in the lower (upper) layer. as espectcd for est iiarine 

cschange flow. Along-channel flows increase a t  neap tide (.Julian day -06). as pre- 

dicted bj- the mode1 of Griffin and LeBlond (1990) following the periodic removal of 

tlic mising barrier. At the  same tirne. rnid-depth cross-channel and vertical currents 

intensif'. considerably. Generally, thesc low-frequency currents are smallest a t  spring 
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Time (hwr) on July 31. 1996 

Fig. 4.10. Twenty minute means of east. north? and vertical velocities on Julian day 
2 1 3 .  maximum spring tidc. 
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Time (Julian Day) 

Fig. -1.1 1. Twenty-four hour running mean of two-hour averaged east. nortli. and 
\-crt ical currents. 
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Fig. 4.12. Square of bottom current: a )  the  48 hour running mean. b)  the  residual 
(i-e. actual - running mean).  

ticfe (Julian day 2113). after which flows above 106 m strengthen in the out-ciiannel 

direction. As the interface. the  depth  of zero mean along-channel currcnt. is lowered. 

less oceanic water enters  Juan de Fuca Strait and reaches t h e  Strai t  of Georgia. 

The spring-neap tidal inequalitj- can be seen bk. esamining t h e  kinetic energ'. 

associated with the  horizontal current of the  lowest dep th  bin (Figure 4-12). T h e  

l ~ t v - ~ a s s e d  energy. obtained hy calculating the -LS-hour running mcan of the  along- 

channel current magnitude closest to the bottom, is about  three times Iarger during 

spring tide than neap tide. Variations within 34-hour periods are  also about three 

times larger a t  spring tide. The inequa l i t~  in subsequent ehb  and  floods is cspeciallj- 

noticeahly a t  spring tide. where the  largest peaks eaçh day a r e  associatcd with one 

of tlic daily floods. 
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Chapter 5 

The Vertical Velocity 

In the  past. t radit ional current meters have generally onlj- measiirecl the  hor- 

izontal component of the  flan-. The vertical velocity is rnucli smallcr and requires 

more accurate measurements. Although Acoustic Doppler Current Profilers arc able 

to measure t h e  three-dimensional velocity field. the  vertical veloci ty component may 

he susceptible t o  errors in herent in t hc measurement process. 

As the .ADCP beams spread with height. thex sample different rvater parccls. 

and spatial inhomogcneity of the ff 015- can introduce errors in t h e  mcasured ciirrent. 

Small errors in t he  measurcd pitch and roll can also lead t o  significant contamination 

o l  the  \-erticai velocity. The tilt sensors on the  ADCP are accurate to \rithin 1'. 

which ma_\- not be  sufficient i f  Reynolds stress estimates are  to b e  made. .\loreover. 

the vertical velocity may be affected by differential zooplankton mol-ement . At clawn. 

the zooplanliton in Juan de  Fuca St rait descend from the euphotic zone ahove 50 ni to  

clept hs of about 100 rn to  escape predation. At dusk. the. migrate upwarcls again in 

ordcr to feed on phytoplankton. These rno\?ernents siioiv i ip clearly in the backscatter 

iritcnsity record of the  ADCP. travelling nt a ra te  of about 0.01 rn s - ' .  .-lltliough there 

is iiigh correlation between the  vertical motion of individual zooplankton at diisk and 

clawn. there is no correlation in differential zooplankton movemcnt in t h e  horizontal 

di rcct ion. and horizont al current measurements are unaffected. 

5.1  Spatial Inhomogeneity 

The error velocity is a measure of the spatial inhomogcneitj- of the flow over 

the ADCP bcam separation. If the current changes significantly over this distance. 

the estimates of veIocity. particularly the vertical component. are not rcprcsentative 

of the  t rue flow. T h e  magnitude of the error velocity is less than the  vertical vclocity 



5. The Vertical Velocity 8 1 

1 4 i 
0.1 0.3 0.5 0.7 0.9 

cumulative fraction 

Fig. 5.1. Cumulative fraction for the value of the error velocit~. e to vertical velocity 
rc ratio: a) contours for entire record. with contour labels a t  the bottom. b )  mean 
curnirlatii-e fraction belon- unit'- and 4 for three d q s  after neap tide (.JuIian days 206 
to ?OS. thick Iincs) and three days after spring tide (Julian days 21:3 t o  21.7. thin 
liries). The three-day means are indicated by solid lines. wliile dottecI lines clenote 
t lie nlean plus standard deviation. 

cstirnatc approsimatel- 3 5 %  of the time a t  al1 dcpths (Figure 5.1 ). However. the 

cli ffercnces in i-ert ical 1-elocity est imates between each pair of orthogonal hearns and 

t h e  mcan velocity was shown to  be approsimately one quarter the error vclocity. 

:ll)out 7.5% of the recorded w estimates are above this i-alue. Escluding the interfacial 

r-rgion (i.c. 80 to 90 m dcpth)  where the error velocities are relatively larger. the error 

ta vertical velocity ratio does not increase significantly wi t h heiglit. 

Thc error to iwertical velocity ratio does change throughoiit the spring-neap 

cycle however (Figure 5.1 ). being larger a t  neaps. During ncap tidcs when fres'iiwater 

piilses escape the mising rcgion in the Gulf Islands. one would espect currents. and 

tlicreforc shear. to  be larger inside Juan de Fuca Strait. Incrcased shear leads to more 

t urbiilcnce. and t herefore a decrease in the horizontal lengt 11 scalc over whicli currents 
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3 -2 -1 O 1 2 
correction to tilt angle (degrees) 

Fig. 5.2,  Slinimisation of the  root-mean-square vertical velocity to determinc the  
ADCP tilt angle biases: a)  the  depth variation in roll (solid line) and pitch (dashed 
line) angle .-corrections7 which minimise the rrns vertical veIocitj-. b )  t lie result ing rms 
W. witii tliick line indicating t h e  rms vertical velocity using the  recorded tilt arigles- 
Tlie clotted Iines in a )  are t h e  best linear fit to the calculated angles over the  deptli 
ranges 50 to  60 m a n d  110 to 1'20 m. 

arc correlatecl. Horizontai currents are also slightly larger at spring tide. which tcnds 

to Iiirther reducc t he  error vclocity by decrcasing t h e  t ime over ~ I i i c h  cddies travel 

betn-cen the ADCP beams. 

5 .2  Horizontal Contamination of Vertical Velocities 

Biases in  the measured pitch and roll angles also lead to crrors in t lle mcasiired 

rcloci t ics. The effect on the horizontal cornponents is \-ery srnail. bcca~isc t h c  vertical 

velocity is an order of magnitude less tlian ( r r .  c ) .  The vertical velocity. on tlic other 

hand. can be greatly affected. Estimates of t h e  biases can be made by esarnining 

t tic depth variation in the  angles with wliich the ( i l .  UT) and ( P .  w )  currents deviate 

froni the horizontal. A constant variation with hcight is indicative of a hias in the  
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mcasiired tilt angles. whereas a linear variation which tends t o  zero a t  the  surface 

suggests that bottom topography is important in directing the current. 

Rotating the  rneasured ( u .  E )  currents by the negative corrcctcd heading re- 

turns the  horizontal currents to the  frarne of reference relative to  the  ADCP- T h a t  

is. u and r. are directly computed from beam pairs (1.2) and (i3.4). and each use only 

the roll and pitch. respectively. Possible contaminations of thc vertical velocit~- hy 

t h c  horizontal components are investigated by esamining the effcct of altering t h e  

tilt angles from those measured by the ADCP. The pitch ancl roll -correctionsq- a t  

eacli dept h which minimise the root-rnean-square i-eriical \-elocity var?. from -?..fi0 to  

+ l . a O  (Figure 5.2). Both tlie roll and pitcli tend t o  zero as  the surface is approached. 

rcvcaling no bias constant witli height. 

Between 60 and 100 m depth. the rms value of the measured vertical i d o c i t y  

fluctuates considerably with height. and over much of the  range t hcre is almost no 

rcduction in the  rms 21.. This suggests that  interfacial processes arc clominating the  

riynarnics of the  vertical kdocity. making it difficult to determine the  effccts of either 

a hottoni slope or  a bias in the angle measurements. Aboi-e 60 m. the  rnis tc fails to  

\.alties comparable \vit h those in the  loivest 20 m. suggesting t hat intcrfacial effects 

arc no Iongcr felt. In the bottom 20 rn the  large reduction in rms LL' clearl~.  rcveals the  

prcsencc of a bottom dope  and the  variation in the pitch -correction'. inclicates tliat 

therc may bc two scparate rcgirnes. Below 120 m. the fall-off in pitch is rnuch greatcr. 

siiggcst ing the effects of small-scale topography. This should not affect currents in 

tlic iippcr water colunin to  the extent that large scale topography wil1. 

The best linear fits betwcen 110 and 120 rn and above 60 rn t o  the  calciilated 

roll and pitch corrections (Figure 5 . 2 )  ha, surface intcrccpts of - 0 . 0 3 ~  and f0.02' 

for tlic roll and pitch. respectively. For n horizontal current of 1 i n  s-' .  a tilt crror 
-1 

of 0.0:3O corresponds to  a bias of less tlian L O - ~  rn s . wliicti is thc prccision of tlic 

rccorded velocity estimates. Ciiven the  uncertainties in the measurcnicnts then. t hcrc 

is no cvidencc t o  suggest that a bias in either tilt  angle csists and no corrections a re  

riiade t o  the  rneasrired pitch and roll. The bottom slope a t  the  ADCP site is estimatecl 
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corrected backscaner intensity dB 

Fig. .j.:3. Backscatter intensity on Julian day 213. masirnurnspring tide. The solid line 
indicates t h e  depth above which the uncorrected hackscatter is less than 60 counts). 

to he approximately 2' (i.e. a 30 m rise over nearly 1000 m). not inconsistent with the  

roll and pitch corrections of -2." and 1 .Y'. respectively. at the  hottom (Figure 5 . 2 ) .  

5.3 Backscatter Intensity and Target Strength 

The ilse of the ADCP t o  rneasure water movement requires t hat sound-reflect ing 

particles be passively advected by the background current: active movement by zoo- 

plankton, for esample, may lead to erroneous current measurements. This problem 

stiould be  most significant during the dawn and dusk vertical migrations of zooplank- 

ton in Juan de  Fuca Strait,  clearly seen in the backscatter strength of beam I on July 

3 1 (Figure 5.3). Zooplankton migrate upwards a t  dusk t o  feed on  phytoplankton 
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and downwards a t  dawn t o  escape predation in the euphotic zone. In the  horizontal. 

tiowever. active motion between individual zooplankton is uncorrelated. so possible 

biases are  esamined only in the  measured vertical velocity. Sustainable swimrning 

speeds are typically 1 to 2 body lengths per second (Dave Mackas. persona1 commu- 

nication. 1999). with body lengths varying from 0.001 to 0.62 m. although the  srnaller 

zooplankton do  not migrate as much. T h e  maximum espected migration speeds are  

tlicrefore npproxirnately 0.02 to 0.04 rn s-l . 

5.3.1 Correction of Backscatter Intensity Measurements 

Obtaining target (i-e. zooplankton) concentrations from mcasured backscatter 

st rengt h requires bot h that  the  relative backscatter a t  each level be corrected t o  allow 

for com parisons between vert icaI levels and t hat t he  resulting absolu t e  backscat ter 

s trength be  calibrated to target concentrations through plankton tows. Xo plankton 

tows were done in Juan  d e  Fuca Strait  in 1996. and the ADCP does not store the 

cmi t ted signal strengt h, so neither the  transmission losses due t o  partictilate absorp- 

t ion o r  scat tering nor an absolute measure of target strengt h can be deterrnincd. One 

can analyse relative target concent rations t hrougliout the water column t o  deterrni ne 

fio~v zooplan kton niovement affects the  measured current. al t hough t his still rcquircs 

t h a t  t h e  relati1.e backscatter a t  each depth  be corrected for beam spreading and the  

absorption of sound in sea water. 

Seglecting additional divcrgence (or  convergencc) of the  sonic heam due to 

t lie differential speed of sound across the  beam face. t lie area ensonificd hy t tic t rans- 

rni t tcd pulse is a section of spherical shell with constant solid angle 9. This area 
2 

is proportional to  r . whcre r is the distance from the transducer t o  each of t h c  

dept  h bins. Iiolcling t h e  total power passing through each successive bin constant 

(transmission loss is accounted for below), the power per unit area decreascs as r - 2 .  

\\lit h the rcference intensity defincd as the  intensity 1 m above the  transducer. the 

loss in intensity (in dB)  with distance, relative to the  intensity Io at ro = L m. is 

10 logl ,( l r / lo)  = 20 loglo(r/ro).  



5.  The Vertical Velocitv 86 

Loss of intensity as a sound pulse travels through a medium is caused hy ther- 

mal conductivi ty and viscosity of the medium. as kvell as by scattering and absorption 

11'- particulates in the  water. The effect of thermal conduct ivi t~  is negligible for \va- 

ter. and. escluding scattering and absorption by particulates. "the significant losses 

in water are caused by shear viscosity and buIk viscosity.- (Clay ancl AIedwin 1977) 

The latter. due to molecular rearrangements over a sound wave pcriod. are more im- 

portant, in  water than the former. which arc duc to friction caused bj- sliear in the 

medium. The loss per cycIe is maximum when the relaxation timc. the  amount of 

timc rnolecular re-ordering takes in response to  varying pressure. cc~iials the sound 

wave period and gets smaller as the difference increases. In the ocean. sound absorp- 

tion is rnostly due t o  the relaxation tirnes of ireshwater (10-" s).  rnagnesiurn sulfate 

( 10-" s). and boric acid (10-1 s) .  At 307 kHz tlie latter is negligible. whilc rnngnesiiirn 

suifate dominates. 

The combined effect is that the loss in pressure ( intensit~.  is proportional to  

pressure squareci) with distance is found to  be proportional to the  original prcssurc 
-Qe f 

po. J-ielding p = poe . where oc is the esponent ial pressure atteniiat ion rate. The 
1 

intcnsity loss (in dB) is then 2010glo(p/p ) = ar.  ~ v l ~ e r e  O = ne 2010glo(e ) is the  

al~sorpt ion. or attenuation. coefficient. The rate of absorption in seawatcr is a funct ion 

of pressure. temperature. salinity. pH. and sound frecjuency. L-sing the empirical 

eqiiation dcrived bu Francois and Garrisori ( 1982) for a deptti of 100 ni. T = 7 O C .  S 

= 3 9  psu. and pH = 8.0. a 0.070 rn-' for tlie ADCP freciuency of 307 kHz. Tlic 

correctcd intensity. Ic.  is then simply 

wlierc 110th Ic and the measured backscatter intensity Im are in decihels. relative to  

t h e  intensity of the transmitted pulse. and the extra factor 2 accounts for the rcturn 

trip the sound pulse must make. As mentioncd. the  original intcnsity is not recordecl 

t ~ y  the ADCP unit. so relative intensities cannot be convertcd to  absolutc intensities. 

Indcccl, without knowing whether the strcngt ki of the transmitted pulse varieci ovcr 
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t h e  dcploj-ment, as it might as t h e  ba t te ry  is drained. cornparisons between diffcrent 

tirncs might not be meaningful. Finally. it should be noted t h a t  t h e  RD1 software 

records -countsS, a volumet ric measurement of the  echoes returned from scat terers 

in t h e  water. T h e  scale factor to  convert t o  intensity is 0.4.5 dB/coiint. so tha t  

I m  = 0.4.5<7 mhere Ir is t h e  backscatter strength recorded by t lie ADCP. 

5.3.2 The Diurnal Zooplankton Migration 

Using the corrected intensity (Figure 5.3) as a relative measure of target 

s t rength.  t h e  vertical migrations of zooplankton a t  dawn (downwartl) and  dusk (up-  

ward)  can be clearly seen. Between 0900 and 1000, t h e  mean  correctcd backscatter 

intcnsity from the  bottom t o  60 m (above mhich the d a t a  a re  bac1 dur ing  d q l i g t i t  

lioiirs) is .5 d B  larger than  between 1500 and  1600 in each  of t h e  four beams. Althoiigh 

t h e  at tenuat ion rate  is srnaller between 1500 and 1600. t h e  ADCP range is decreascd 

Ily 4 m. suggesting tha t  t h e  lack of scatterers above 60 rn is the main reason for t h e  

bac1 d a t a  during daylight hoiirs. 
- 1  

The vertical speeds of t h e  zooplankton reach peaks of about  O.G2 m s a t  -IO ni 

tlcpt 11 betwcen the  hours of 0500 and  0600 and 2000 and 2100 ( Figure 5.:3).  This  agrecs 

\vcll [vit h t h e  values previously ment  ioned as  typical of sustainable swiniming spceds 

for zooplankton within J u a n  d e  Fuca Strait .  The twentx-minute mean of t h e  i-crtical 

vclocity (Figure 4-10) shows no noticeable diurnal signal indicative of zooplan kton 

migration. suggesting t hat  t h e  measured vertical veloci t ies a r c  not biased bj. t tic 

act  i ve migration of zoopIankton. 

c l )  Est imat ed Bias 

To cstimate the  effect t hat  zooplankton are  e spec tcd  t o  liai-e on  t hc vertical 

\-clocitj-. t h e  measured velocity can be modelled as a weightcd s u m  of t h e  t ruc  water 

\-clocity and  the zooplankton velocity. ~vi t l i  ivcights proportional to the  scat ter ing 

cross-sectiona1 area. .At 50 m depth ,  t h e  corrected intensities during dawn a n d  dusk 

migrations are  approxirnately 10 dB (i.c. a factor of 10) greater  tlian a t  midnight 
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Fig. 5.4. The slopes of total vertical velocity versus corrected backscatter intensity 
scat terplots with time: a) in 20 minute sections over al1 depths for al1 20 days coni- 
bincd. and depth average with I 1 standard deviation from b) BO to 70 m and c )  70 
to 90 m. 
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( Figure -5.3). The  measured vertical velocit- u7-,*. may then be espected to  be  waIf z 

0. i wT + 0 . 9 ~ ~  . where wT is the t rue vertical velocity and u1 is the  zooplankton 
ZOO ZOO 

-1 
velocity. For u: Y^ 0.02 m s . a reasonable (i-e. non-averaged) migration velocity. 

zoo 

active migration of zooplankton would lead to a bias in the recorded vertical velocitr- 

of about 0.02' 0.01. and -0.03 rn s-' for truc vertical spceds t.rT of 0. 0.01. and 0.05 m 
- 1 - 1 

s . respective15 In comparison. a bias of approsirnately 0.01 m s would result from 
- 1  

a pitcli or  roll error of 1'. given a horizontal velocity of 0.5 rn s . The  migration 

of zooplankton is theoretically therefore just as important in causing biases in the  

measured vertical velocity as possible errors in the recorded tilt angles. alt hough only 

at dept hs and tirnes associated wit h the  diurnal migration. 

b )  Bnckscatter cersus I,'elocity Scat t~rplo ts  

The  possible effects of differential zooplankton motion can be furt her esamined 

bj- comparing the slopes of vertical velocity against backscatter intensity scatterplots 

t hroiighout the day. If zooplankton migration does affect the measured vertical ve- 

locity. these slopes should be most negative a t  daim and most positive at du&. 

The corrected backscatter intensity for Jul? 31. 1996 (Figure .5.:3) reveats that the  

strongest migrations at depth 30 m occur between the hours of 0600 and OS00 and 

1 S00 to 2000. when zooplankton movement is dotvnward and iip~sard. respect ivelj-. 

This is true throughout the deployment. as shown by images froni ot hcr days. as weIl 

as in  avcraged images of backscatter intensity. 

.An iipper bound on the expected backscatter intensity versus vertical 1-eloci tl- 

slopes can be made by assuming that  the  true water velocity. wT. is measured in the 

al~sencc of the migrating zooplankton. i.e. for intensities of 100 dB  ( Figure 5 . 3 ) .  and 

t lie zooplanliton velocit ies. wzo0. are measured for intensities of 130 dB. Using the  
- 1  -1 

maximum measured vertical velocity. i.e. u7. = 0.0.5 m s . and cc = -0.02 m s . 
330 

t lie magnitude of the dope is at rnost 2 x 1 0 - ~  rn s-l d ~ - ' .  
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The backscatter intensity and vertical velocity d a t a  for the entire depioyment 

are  binned into 20-minute segments t o  create 72 scatterplots per depth bin. T h e  \-ari- 

at  ion in slope \vit h dept h and throughout the  day reveals tha t  slopes are most positit-e 

at 70 rn depth around 0800 and negative a t  90 m depth throughout a large portion 

of the da. (Figure 3.4) .  Depth averages over 50 to  70 rn (Fidiire 3.4. middle panel) 

and 70 to 90 m (lolr-er panel) show that  the slopes are most negative between 0300 

and 0700. whereas the  da im  migration begins after 0500. Likcwisc. ivhiie t h e  sIopes 

hetween 1800 and 2000 are  positive. they are  not significantly more so than betn-een 

OS00 and 1000. Thus. scatterplot slopes also suggest that  the  effect of zooplankton 

migration on \-ertical veloci ties is small. 

c )  C'orrzposite .A nomalies 

Plileddemann and Pinkel ( 1989) esamined verticallj- migrat ing Iaxers of zoo- 

pIankton in the open ocean using a ship-mounted 67 kHz ADC'P. -rhej- found thrce 

distinct Iayers. situated a t  depths of 1300. 360. and 1000 m during the day. Each scat- 

tcring la>-er [vas found to migrate upwards a different distance over different times. 

Diurnal migration velocities for each Iayer were estimated from t lie hackscatter d a t a  

and matchcd weli \vit h the  measured 1-erticai velocities in regions of significant vertical 

mot ion in layers of elevated backscatter intensity (i.e whcn the  -ratio of the intensitj* 

of migrating scatterers t o  t hat of non-migrating scatterers" ( Plueddeniann and Pinkcl 

1989) tvas large). Tliat is. the  vertical velocities nleasured the  zoopIankton motion. 

The technique they used was to  esamine the standard dcviation and anomaly 

(i.c. the  difference from the time mcan) of the backscatter intensity and \-ertical 

\-clocitj- fields at each deptli. The  advantage of rernoving the tinie mean a t  each dcpt  h 

is that there is no need to  correct for sound absorption and beam spreading. The 

standard deviation fields are  computed at  each dept h and t ime of da). and mcasiire t he  

amount of variance throughout the  length of the  deployment. The  standard deviation 

of the intensity. for example. is the  square root of the log intensity variance 
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wtiere the Lackscatter intensity anomaly for the nth  day. 1' ( z .  1 ) .  is t lie intcnsity a t  
n 

time t and depth r minus the  mean value at that deptli over al1 times and al1 .Y d q s .  

The compmite intensity anomaly. I I ( _ .  t ). measures the  ciifference a t  one t irne of day 

and deptti from the overall mean a t  that depth. I ( z ) .  That  is. 

e numb er of measurements per day. and ' r t  the  t irne bctween rn siirements. 

Ttie standard deviation and anornaly fields for the  vertical velocity are calculated in 

a simiIar manner. 

For the Juan de Fuca data. where ensembles are recorded c\.ery 30 scconds. t lie 

resliIts are averaged over 'O-minute intervals. The standard de\-iation in I~ackscatter 

intcnsity O\-er the 20 days of the deployment reveaIs that  t h e  \-ariations in Lackscat ter 

lxlotv 50 m are larger during the d a -  tlian a t  night (Figure 5.5). The relatively small 

cicviations bctween 2200 to  0:300 coïncide \rit h the periods whcn the  zooplankton arc 

liigher in the water column. The standard deviation in rc at depth. on the  othcr tiand. 

is low at al1 times compared to  the major deviations between 70 and 90 nl and OS00 

to 1200. Tlic standard deviation of the intensity a t  this time and depth is rc1ativcl~- 

srnaIl. howe\.er. and t here appears to he no clcar relation hctween t hc  de\-iations. 

Tlic dailj- migration is clearlq- represented in the intensity anonialy for .Jiily :3i 

(Figure 5 . 6 ) .  The vertical velocity anomaly is very small during t h e  cl-ening migra- 

t ion and is upward during the mornirig downward migration, evcn t hough masimum 
- 1  

zooplankton speeds are 0.03 m s (from ?O to 110 m dcpth from OS00 to  0000). The  

tcnlporal variation in the concentration of zooplankton throughout the water coliirnn 

is best scen in the composite intensity anomaly (Figure 5 . 6 ) -  T1ie zooplankton resicle 

ahorc -30 m during the  cvening and below 90 m during da~.liglit Liours. .At 60 m dcpt h. 
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I-ig. 5.3. Standard  deviation in backscatter intensitj- and vertical velocity fields over 
t h e  cntire 20-day deployment.  

t lie niean migration spced is about  0.01 rn s-l: t h e  averaging inlierent in tlic calcula- 

t ion of the  composite anomaly fields reduces t h e  zooplankton velocit ies. whicIi were. 
- 1  

for esample. calculated to be  closer to 0.02 m s on Jul ian da?. 213 (Figure 5.3). 

The downward dawn migration centred at 0600 is again coincident t r i th  upward ver- 

tical anomaiies. While the upward migration at 2100 between -50 and 70 m depth  is 

nlirrored in t h e  vertical velocity, t h e  peak in w is smaller in magnitudc than peaks 

a t  0.500 and 0900 a t  90 m depth for wIlich no downward migration of zooplankton is 

cspected. Uniike the findings of Plueddemann and  Pinkel(19S9) tl~crefore. in J u a n  d e  

Fuca Strait  t h e  bias in t h e  rneasured vertical velocity due t o  migrating zooplankton 

is small. a n d  is not impor tant  over much of the water column throughout most of the  

cl ay. 
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Fig. 5.6. Backscatter intensitr and vertical velocity anomal. fields for July 31.  1996 
and composite anornaly fields over the 20-day deployment . 



5.4 Internai Waves 

Layers of backscatter intensity can also be tollowed O\-er much shorter  t ime 

scales. when zooplankton motion is assumed t o  be passive and n-here internal waves 

can  be  iised as a test of the  measured vertical velocity. During late  afternoon on  .lui'- 

1 ';. 1997 (Figure 5 . 7 ) .  one such large internal wave passed abo\-e the  moored ADCP. 

appearing as  a regular undulation in a layer of anomalousl_\- large backscatter intensity. 

Here. it is assumed tha t  t h e  zooplankton do not move en  masse relatix-e to t h e  water 

over vertical amplitudes of 10 rn with periods of 10 minutes. These internal n-a\-e 

motions were observed a t  various depths a n d  times of t h e  day during which t h e  die1 

migration does not occur. making it unlikely that differcntial zoopiankton mot ion 

esistç. It  is further assumed t h a t  the  observed undulating structure is associatcd 

[vit h vertical displacements of density surfaces rather t han horizont al  advection past 

t he  ADC P site. .\ sinusoidally-shaped Iaxer of increased backscat t e r  intensit5- of 

amplitucle 10 m and wavelength 200 m (i-e. vertical slopes in t h e  elevated intensity 
- 1 

layer of 0.2) advected by a n  along-channel velocity of 0.2 rn s . typical of several of 

t hcsc internal wave episodes. would mimic t h e  observed structure. but  it is unlike1~- 

such  a spatial pat tern would es is t  over several wavelengths. T h e  zooplankton arc 

thus  believccI to mode1 the  movement of t ruly passive tracers in t h e  flow field. 

Superimposed on t h e  upper image (Figure 5 .7 )  are  lines indicating t h e  inte- 

grated vertical velocity. If t h e  vertical velocity nieasurements a re  accurate. t hese rl 

surfaces will also track passive t racers. Below 90 m. the  surfaces closely follo~v the  

layers of different corrected backscatter intensity. implying t hat the  XDCP vertical 

\-cloci ty  is a good measure of t h e  t rue vertical current. T h a t  is. t h e  vertical velocity 

ivas [lot greatly contaminated by t h e  horizontal velocity. and  there is no  bias in the  

ADCP roll and pitch measurements. A s  a further example. consider t h e  rl surfaces 

n-hich converge a t  70 m depth  a t  16.8 hours past midnight (Figure 5 . 7 ) .  T h e  es- 

pccted rise in the  local concentration of particulates is clearly seen in t h e  increase of 
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Fig. 5.7. Backscatter intensitÿ and integrated velocity surfaces. In a )  t h e  rneasured 
vertical veIocitÿ is used. while in b) the vertical velocity is contaminated with hori- 
zontal currents by rotating it 0 . 5 ~  degrees from the vertical. 

the  backscatter intensity. This Iayer then oscitlates verticalty. as do the integrated 7 

surfaces around it. 

ünfortunately. interna1 w-aves are only observed near slack tide. and a similar 

analysis cannot be performed a t  peak flood or ebb. At these times, errors in pitch 

or roll would lead t o  the largest contamination of w by the horizontal vclocities. 

Comparing the  upper and Iower panels (Figure 5.7). however? one can see considerablc 

diffcrences in the integrated q surfaces for small rotations of the  along-channei vertical 
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ases. In the  lower panel. the vertical velocity used is purposely -contaminatedm with 

the horizontal current by rotating the ( r . z )  axes 0.5'. The 7 surfaces around 90 

m dcpth diverge considerably between 1600 and 1700. despite the  fact tha t  large 

iritcnsi ty layers appear in this region (at 90 m dept h and 1700. for example). Further 

integration (i-e. until 2100. during the  initial transition to  a weak ebb)  reveals that.  

for the ratated axes. al1 of the  77 surfaces dive into the  bottom. while for the  original 

orientation. the surfaces rernnin a t  rnid-depth. Rotations of -O..jO lead to even worse 

rcsults. with t h c  q surfaces rising above 40 rn hefore 1700. The  il\DCP verticaI velocitj- 

is t hus seen to  be free of contamination from horizontal veIocit ies and t hcrefore a t rue  

measiire of the  act ual \-ert ical velocity. 

I t  Lias been shown that  the  measured vertical velocity accuratel>- describes the  

rnovement of high-intensity backscatter regions a t  times when the  zooplankton are  

no t  actively migrating. Furt herrnore, no obvious bias in the measured s-elocity was 

scen during times of migration compared to  non-migration periods. even though the 

tcn-fold increase in the  backscatter intensity during migration regimes should lead t o  

large hiases. The reasons for this a re  not known. but the  reliabiiity of rc measurernents 

t;i\.es confidence in the  following analysis of vert,icaI tides and residual \-clocit ics. as 

wcI1 as in the  estimation of Reynolds stresses. 
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Chapter 6 

Tides 

Tides were obtained from t h e  21-daj- XDCP current mcter records using a 

standard t idal analusis ~ a c k a g e  ( Foreman 19CG) \v lrich includes spectral analusis to 

cietermine the confidence intervals for constituent magnitudes and phases. In a har- 

nionic anal_\-sis, the  nurnber of const i t uents which can be  independently determined 

increases with the  record length of the  data. T h e  Rayleigh criterion requires tha t  

only constituents separated from each other by a t  least a complete period ot-er the  

length of the  d a t a  be includcd in the  analysis. although -it has been argued tha t  

t h e  RayIeigh criterion is unnecessarilj- restrictive where instrumental noise ancl the  

I~ackground meteorological noise are  l a v *  (Pugh 1987). In fact. Godin (1972) sue-  

gcsts t ha t  for oceanic tides. i t  is -routinem- t o  use a Rayleigh coefficient of 0.8 (i.e. 

recluiring that  constituents be  separated hj- only S0%& of a complete period 01-er the  

dcyilo~ment ). and t hat it  is possible t o  go lower st  ill. depending on t lie noise intensity 

and rneasurcmeni accuracy a\.ailable. In practical terms. the  Foreman analysis in- 

\-ol\.cs invcrting the  constituent matr is :  increasing t 11e rank bj- rcducing thc Ra!-leigli 

coefficient also increases the  degree t o  which it  is ill-conditioned. 

For analysis of the 1996 XDCP current d a t a  t h e  Rayleigh coefficient was re- 

diiced fronl 1 t o  0.75. This increased the  nurnber of tidal harrnonics evaluated froni 

1S to 30: I I astronomical. 18 shallow-[rater. and the  mean (Table 6.1 f. Iinaccept- 

a111j- loir- return signal strength was found over a significant fraction of the day (whcn 

zooplankton are  outside the euphotic zone) above 40 m dep th  ( Figure 5.3). T h e  RD1 

soft \rare considers these bcarn relocit ies to be unreliable. and t hc result ing three- 

dinlcnsional veIocity is flagged as bad. Eialuation of tidal and residual currents is 

t lierefore restricted to  depths below 40 m. 
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Table  6.1. Tida l  Cons t i tuen ts  C'sed in Tidal Analysis 

Harmonic Period ( hr) Harrnonic Period ( hr  ) Harmonic Period ( hr) 

.A t wo-dimensional ( i.e. horizontal t idal  consti tuent can  b e  rnodelled ei t he r  bj- 

rctsolving t h e  current  into  tivo components  d o n g  perpendicular axes  o r  bj- represent ing 

t h e  current  as two cur ren t  magni tudes  ro t a t  ing in opposite direct ions. In  t h e  former 

case. with t h e  a s e s  ro ta ted  through a n  inclination 0 .  positive anticlocktvise. f rom 

(cast .nort h) .  

wliere u a n d  umi ,  a r e  t h e  semi-major  a n d  senii-minor ascs.  respecti\-el?.. s is t h e  
m a 1  

frcqiicncy. a n d  o is t h e  phase difference. o r  Iag. relati\-e to t i m e  1 = O. Here. i l m I n  > O 

iridicates t h a t  t he  cur ren t  vector  is rota t i i ig  in t h e  anticlockivise sense. umin = O 

for a rectilinear current .  and umIn < O represents  a clockwise ro ta t ing  cur ren t :  by 

convention. u is positive. Al ternat  ively. 
ma1 
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+ 
wliere the  positive real numbers R and R- a re  t h e  magnitudes of the  anticlockwise 

f - 
and clockwise rotating vectors. respectively. and v a n d  P are  the corresponding 

phase Ieads. relative t o  the  r axis. which is generally taken to  be eastward. Tlic rela- 

tionship betmeen the two representatioas is straightforward: R+ = (uma, + ir mtn )/2. 
+ - 

R- = ( I L _ = ,  - u m i n ) / 2 .  r.b = O + o. and = O - o. Anticlockwise. rectilinear. 
+ 

and clockwise rotating currents are denoted by R > Re. R' = R-. and R+ < R - .  

respect ively. 

6.1 Tidal Constituents 

T h c  -112 harmonic (Figure 6.1) is the  largest in magnitude at  al1 depths. Mas-  

i nium along-axis flows occur a t  1 10 rn depth. 5 m below the  zero in cross-asis BON- 

(inclicating rectilinear Aow). The  minimum a t  8.5 m is likely due  to  the presence of 

internai tides. whiie t h e  decrease below 110 m reveals t h e  effects of bottoni friction. 

Cross-asis currents are Iarge both near the  bot tom. where t lie -112 currcnt rotatcs in 

a n  anticlockwise sense ( i l m i n  < 0). and nt mid-depths. where rotation is clockwise. 

The along-asis direction (inclination) of the  ?\IL tidal ellipse rotates with depth  from 

9 O  to 2' south of d u e  east frorn the bottom to  niid-depth (86 m). and tlien back t o  

20' soiith of cast at 40 m. Tlic tidal lag increases with hcight above the bottorn until 

SCi nl deptii. a t  which point the  tide arrives approximately :35 minutes Iater t han a t  

the hottom. The tidal lag then decreases with height. and a t  40 m. the tidal phase is 

approsimately zero relative t o  that  of the bottom current. with the  J I 2  tide at -10 m 

lcaciing in t i m c  by 3 f 6 minutes. 

I<1 (Figure 6.1) is the next largest tidal constituent. witli maxinial along- 

asis  currents occuring a t  botli 110 and 70 m depths. The 1<1 tidal current is near- 

rcçtilinear throughout much of t h e  water column, with significant cross-channel flows 



Fig. 6.1. Tidal ellipse parameters for t h e  -112 (upper panels) and l i l  (lower panels) 
const it iients of t h e  horizontal \ d o c i  ty Dashed lines indicate t h e  95% confidence 
intcrvals. The inclination is t he  angle l~etween t h e  semi-major as i s  a n d  due east. 

\vit h positive angles implying anticlockwise. Negative relative p liases indicate t h e  
currcnt at dep th  lags that at the bot tom. 
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at  S-5 m. and u-eaker maxima near both 100 m (where -11'2 is rectilincar) and the  

bottom. AS with t he  .tf2 constituent. the I\'l tidal current rotates in an ant iclockwise 

scnse near the  bottom. and is essentially clockwise a t  al1 depths (ivhere there is 

significant cross-axis flow) above 110 m. The  ellipse orientation also rotates from :3O 

to 20' south of easto though not in a manner consistent with the  -112 ellipse: the along- 

asis direction is most nearIy east-west a t  the  bottom. The tidaI lag also iiicreases 

w i t h  lieight. althougli t o  a much lesser extent than for the  -\f2 constitiicnt. The  phase 

cliffcrence between l i l  a t  the  bottom and a t  96 rn is less than or 8 minutes. which 

is comparable t o  t h e  size of the  error bars. The tide turns  latest a t  $6 rn dcptli. 4.5 

minutes after the  bottom. Thereafter. the lag is diminished: above 56 m. the  phase 

appcars t o  be unreliable. 

Of the  remaining harmonics. only t h e  astronomical constitilents 01. :VL. and 

5'2 have along- and cross-axis currents coosistently larger than 0.10 rn s-' and 0.02 
- 1 - 1  

r i 1  s . respectively. wit h cross-asis tides reaching 0.07 m s for S2 a t  80 m dept h. 

Rotation of the  along-asis direction with depth and depth  dependence of the  cur- 

rcnt magnitudes. both along- and cross-ais. are prevalent in al1 three constituents. 

T h  -1-2 tide is rectilinear at  the  bottom. but otherw-ise rotates in a clockwisc sense 

t liroughout the water column. In contrast. the 0 1  tide appears to flip its rotation 

scrise several times. although negativc values of the minor asis are  ne\-cr significantly 

diffcrent from zero (similar t o  the  [\Il tide). 

6.2 Bottom Ekiction 

The  presence of bottom friction is clearly seen in the  phases ancl amplitudes 

of the .\/2 and /cl (Figure 6.1) tidal constituents. In each case. the tide turns first 

at the bottom. and the  amplitude maximum occurs 22 m above the  hottom. l~e~ow 

~vhich the tidal currents weaken at a rate which increases witli proximity to the solid 

hoiindary. as espected for a log-layer. 



6.2.1 Log-Layer Fitting 

Log-layer fits to  the  '20-minute averaged total current are found by minimising 

t he rms difference between the measured ciments and t hose preclicted bl- (2.12). 

Initially. only three current bins (of 2 metre depth each and centred a t  5 .  7. and O m 

al~ove the bottom) rvere used to estimate t i -  and zo. For fits in ivhich the  differcnce 

a t  an!. one depth is greater than 1% of the  actual current. the log-la>-er is assumed to  

be les- than 9 m high. i f  it exists at ail. Othcrwise. additional bins are added one nt a 

t imc. and nen* fits are determined. untii the difference of 1% is esceeded. This method 

of fitting ivaç used by Lu (1997) who argued that the -1% criterion is compatible with 

thc confidence intervals of the  mean velocity estirnates". O&- average velocities from 

cach :35 ping burst over 10 seconds were recordcd b_t- the ADCP. so it is not possiblc 

to determine the  ciegrees of freedom (i.e. the decorrelation t ime) within an ensemble. 

The  clecorrelation t ime for the  high-passed along-channel veloci tj. iras found to be 

l~ctwcen 30 and 60 seconds on both the accelerating and decelerating stages of flood 

and ebb ticies. That is. the  number of degrees of freedonl is rough1~- half the  niimber 

of measurcments in an  average. Specifically. ji. t h e  -\-ariance inflation factor" (\\-ilks 

1997) wliich is given by 

n-licre n is the nomber of measurements in a sample and r ,  is the estimated auto- 

corrdation at lag k. is k- % '2.2 for the rneasured velocitl- in Juan de Fuca Strait. for 

spririg. cbb. and slack tide. This factor is a measure of the effective sample size. rz . 
wit h tz = TI/\,-- (\\:ilks 1997). 

- 1 
Assuming that  the  uncertainty in an cnsemble nieasurement is 0.02 ni s . the 

unccrtainty claimed by RD1 and found bj- Lu (1997) for an individual ping. a\-craging 

LS (i.c. -10/2.2) independent measurements reduces thc uncertainty to approsimately 

0.00-7 rn s-l. This is approsimately 1% of a tj-pical mean velocity uscd in the log-layer 

fitting. 
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Over the  20 complete days of deployrnent. a log-1-r of a t  least 9 m height 

\vas found on 1086 occasions of the  1440 20-minute mean current profiles. although 

for 8-1 of tliese fits zo esceeded 0.1 m. In a compiled Iist taken from man- sources. 

S o u l s b ~  ( 1990) shows tha t  zo values va- from 5 x 10-" rn for silt t o  3 x 1 0 - ~  rn for 

grave1 to 6 x 1 0 - ~  rn for rippled sand. suggesting t hat large values of zo a re  indicative 

of a mathematical rather  than a physically reasonable log-layer fit. .\lthoiigh large 

roughness parameters can be indicative of processes other  than  roughncss-gencrated 

trirhulence. such as form drag on larger scaIe bedforms. the  e fkc t  should bc felt more 

s t  rongIy for st ronger flou-S. There was. Iiowever. low correlat ion ( r = -0.22) between 

the roughness scaIe and the  magnitude of the refercnce veIocit~- in general. with a11 

large ialues of  zo foiind during weak currents (i.e. t he  magnitude of ivas less tlian 
- 1 

0.1.7 m s for al1 cases where zo > 1 rn). 

The  friction and  reference velocities were well correlated ( 1 .  = 0.97) for al1 fits 

wlierc zo < 0.1 rn (Figure 6.2). with the  square of the slopr (CD = r i 2 / [ - '  ) for t h e  
= I I  

-3 
brst  fit line having zero intercept implying CD = 3.1 x 10 . There ivas essentially 

zero correlat ion betiveen zo and t lie magni t udc of t lic reference vcloci ty. inclicat i ri$ 

t hat the roughness scalc is indeed independent of the  overlying flo~v. Tlic drop in 

t lie riiimber of log-laj-er fits wit h increasing log-layer heiglit (Figure 6.2) siiggests t liat 

sonie of the  profiles whicli did not satisfy the log-layer anaIysis rn- have. in fact. 

I ~ c c n  logarithrnic with log-layer heights Iess than 9 m. Decreasing t h e  ADCP bin size 

to 1 m. for esample. wotrld have enabled the log-laj-er analj-sis t o  be performed to 

Iiciglits ivitliin 6 m of the  bottom. The log-layer heiglit rh was foiinci to  hc correlatcd 

ivitli both ( r  = 0.54) and u ( r  = 0.57). This is to  be espectcd. as the log 

la~.cr is destroyed every t ime the  tide turns and regrotvs as t h e  tidc st  rcngthens. 

The correlation is not exact. howwer. hecause t h e  ever changing currcnt ctoes not 

alloiv tlic 1-r height to reacli equilihriurn. The  slope for t h e  zh t o  u -  fit iniplies 

tliat the log-laycr height satisfies zh = 0 . 0 2 0 ~  / f .  or  zh = 0 . 0 2 5 ~  /rzetf,.  whcrc 

is tiic frequcncy of t h e  dominant tidal constituent. Tennekes ( 19T3) suggestcd t liat 
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log-iayer height (m) 

Fig. 6.2. Log-layer fit t o  the  bottom ciirrent: a)  the friction t-elocit>- t-crsus t h e  
reference velocity (measured 11 m above the bottom). b )  the  roughness paramctcr 
versus t h e  magnitude of t h e  reference t-elocit?. c )  histogram of the log-laycr Iieight. 
ancl cl)  histogram of t h e  roughness parameter. Fits for which zo emxeds 0.1 m have 
l x e n  omitted. leaving 1002 log-layer fits out of the 1440 20-miniite rnean current 
profiles. 

t Iic log-1-er height for a steady planetary boundary laver is zb = 0 . 0 3 0 ~  / f .  wl~ile 

Soulsby (1983) found z ,  = 0.040~ / f. 
For t hc 609 log-layer fits out  of Y62 20-minute means ivhcre ( -, , > 0. the  cor- 

relation coefficient between u -  and [',, ivas r = 0.90. and the  slope for zero intercept 
-3 

iniplied CD = 3.6 x 10 . while r = OS2 and CD = 2.9 x loV3 for the :393 fits out 

of 578 where < O. \Vben zo is set to 0.006 rn ( t h e  roughness parameter wliich 

git-cç the most log-Iqer fits). 3S% of the current profiles can be matched to log-layers 

ivithin t h e  1%, criterion. Ignoring instances when the refercncc current is less than 
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- 1  
0.2 m s in magnitude. for which thcre are  very few fits. a full 50% of t h e  mean 

velocity profiles can be fit t o  log-layers of height 9 m or  grcater for zo = 0.006 m. The 
-3 -3 

calculated drag coefficients are  CD = 2.9 x 10 during Rood and CI, = 2-23 x 10 

during ebb. 

In summar>.. the  log-Iayer fits for which zo \vas not constrained appeared to  

show that the  drag coefficient is substantially larger on flood tides than dur in5 ebbs. 

The drag coefficients found when the rougtiness paramcter wns set to 0.006 m. how- 

ci-cr. arc ver- similar. This is consistent with the  fact tliat while was iincorrelated 

wit h the reference L-elocity for both flood and ebb. the  few large values svere associ- 

ated with weaker currents. Tliis is irnlikely t o  be due  to  siispended sediment. whicli 

is cspected to  increase zo. because the turbidity should increase [rit h larger currents. 

The roughness paramcter can also var!- as the  length scalc of the ctirrerit increases. 

changing the  topography rr-hich the current feels. Xlt hougli this cannot be quanti  ficd 

as hottom mapping was not done in the region in which the ADCP !vas deploycd. 

this cffect is also likely to be felt primarilu during stronger flows. Fiirthcr evidencc 

of crrroneous fits is provided by the scarcitJ- during rveak ciirrcnts of log-la>-er fits for 

wliicli zo = 0.006 m. Log-lqers may not '-et be  establislied or may not cs tend  to a 

licight ( 9  m in the  present study) which allows for Iog-layr anaIj-sis jiist aftcr t!ic 

tidc turris. and because the tide tiirns first a t  t hc bottoni. a Iog-layer analysis nial- 

not hc realistic on t he  decelerating tide. 

In determining the  drag coefficients from the  slopes of the  friction velocitj- 

to rcfcrence velocitj- fits. the  intercept \vas set t o  zero. For each of the  above fits 

tIic i n t c r cq t  of the  polynomial fit of ir t o  t he  refercncc vclocitj- Kas found to  be 
- 1 

cxtrciiiclj- srnall (e.g. between 7 x IO-' m s for ebb tidc with z 0.006 in a n d  
- 1 

2 x 1 0 - ~  ni s for t he  combined ebb and flood fits with z unconstrained). This is 

reassiiring. as the bot tom stress should \-anish as the  o~*crlying current approachcs 

zero. The drag coefficients are not altered t o  the  precision \vit h which t hey w r e  

calciilated (i-e. IO-' ). 
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A roughness parameter of a = 0.006 m is consistent with a bottom composed 

of rippled sand ( S o u l s b  1990). slightly larger than one of grayel. for which zo = 0.003 

m. and over an  order of magnitude larger than one of mud. The bottom in the 

region surrounding ttie ADCP was at  Ieast partly made up  of mud as evidenced by 

tIic amount stuck within the ADCP housing upon recovery. The Iarge roughness 

parameter suggests that  the mud rnay be rippled. althoiigh no bottom surveys wcre 

clone s o  t he  csact composition and bathymetry of thc region is unknown. 

6.2.2 The Bottom Boundary Layer 

Soulsby (1983) built upon the log-huer literature to  analyse tidal currents in 

a ~vell-mised bottom boundarq- layer. He simplified the  analysis bb- parameterking 

t hc  Rcynolds stress. and considered both rectilinear flotv and flow where the Coriolis 

cffect Ieads to veering with height. 

a )  Thc: Oscillaforg Boundary Laye-r- 

For rectilinear oscillatory flow in deep (non-rotating) unstratified fliiid O[-cr a 

Rat hccI. Soulsby ( 1985) rewrote the ecpat.ion of motion 

T is the Reynolds stress and <(t  ) is the sinusoidally vari-ing surface dope. by 
r z 

the cddy viscosity parameterkation ( r  r 2 = '4 t 3 l W / B z ) .  as 

U and S are the  comples amplitudes such that I *  = P[U c s p ( i d l ) ]  and 

t l < / a x  = 3 [ S  esp(iwt)].  and hold is used for the  cornpIes terms to distinguisli thcni 

from t h e  real component. The eddy viscosity. .AL.. varies wit h Iieight aboi-e the bot tom 

as n d l  as over t h e  tidal cycIe. Analytic solutions. hoivever. require that -4 be lield 

constant in time, since time deperidence Ieads to non-linearities. For quasi-steacly 

floiv. -4 ,  tix ( 1 ) .  although models with timc-varying ..IL, (Laïcllc and llofjeld 
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1953: Davies 19Y6) show t h a t  ,dt, values midway between these two parameterisations 

( i .e. bet\veen full- time-varying and time-independent ) are  most appropriate. For 

oscillatory planetary Row. discussed in the next section. Fang and Ichive ( 1983) found 

that  the cddj* viscosity lagged the  tidal current by up  t o  :3O minutes. 

Csing a time-invariant eddy viscosity of the  form -IV = K U  z ( i r i th  u t h e  
= m -m 

friction velocity a t  maximum tide). the  solution for U is given by (Soulsby 1983) 

2 
wlicrc lier and kei are t h e  Kelvin functions. < = - I s = / ~ u  is tlic scaled lieiglit 

'rn 
2 

above the I~ottorn. < = -tu.: / K U  is the scaled roughness. and U = (ig/;) S is 
O 0 - m  cc 

tlic frec-strearn solution (i-e. oiitside the boundary 1-r whose licight is gi\-en by 

6[-. = l + ) .  

Fitting a log-layer t o  the  semi-major asis  of the  -112  ide (Figure 6.3) .  in t h c  
-1 

samc manner done previouslj- for the  total ciment .  xields = 0.014 m s ancl 

z = 0.00:3 m. i.e. a roughncss scalc half of that  estimatcd in t h e  previous section for 

the total current. T h e  obser~-ed  -112 profile matches t h e  log-layer within IR op t o  
- I 

10s n1 dcptli. a 2 rn range. Ux is set to  0.555 m s t o  best match the solution (6.G) 

to tlic observcd 1\12 constituent. and ciiffercnces below 108 m dcptli are  less than  

1 (0.006 m s-l).  Thc Soulsby fit is improved sliglitly whcn is set t o  0.006 ni. 
-1 -1 

III this case. u = 0.026 m s . and U = 0.565 m s (Figure 6.3).  T h e  maximum 
3C 

surfacc slope corresponding t o  either fit is i)</i).r x S Y 10-'. equi\aleiit t o  a pressure 

gradicnt of tlp/i3r z O.OS Pa rn-l. about 100 times larger than t hat due to  Fraser Rii-er 

discliarge. as determined from atmosplieric pressure and  sea letd data ( Figiirr 3.4 ). 
- 1  

'Iltlioiigh 6,: = u - / &  *.;- 170 rn ( 1 1  = 0.024 rn s ) is greater than the  watcr 

dcptli. the profile reaches 99x1 of its frce-stream value Us a t  TS m cleptli (i.c. 52 

ni  abo\-e the  bottom). a n d  9.5% at  a depth of 100 m. .-\bo\.-c 100 m. iiowver. tlic 

\rater colurnn is no longer wI1-mixed (Figure 4.2). The oscillatory boundary Iaycr is 
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Fig. 6.3. Oscillatory boundary layer fit to the semi-major axis of t h e  -112 tidal ellipse. 
- 1 

In a). log-layer fits to  t he  measured :\I2 (solid line) yield u-  = 0.024 rn s and 

z = 0.003 rn (dashed line) when zo is unconstrained and ci= = 0.026 rn s-' when zo is 
sct to 0.006 rn (dotted line). The resulting magnit d e  and phase of the SouIshy ( 19S3) 
oscillatory boundary layer solution to the tide is shown in b )  and c ) .  rcspectively. 

cappcd at  100 m and the  results are not applicable higher in thc Kater colunin sincc 

t Iic Soiilsby analysis assumes constant densi ty. Wliile t  hc  modcl and rncasrired t idal 

magriitudc agree ver? well in the lotver part of the wdl-miscd la>-cr. the tlicoretical 
- 1  

ptiasc precliction. tan {S(U)/'JZ(U)}. is not as good (Figure 6 . 3 ) .  In the lolvest 7 

rnetres. the model overpredicts the rate of change of phase u-itti Iiciglit. and a t  T m 

almvc ttic bottom. the ~ r e d i c t e d  phase is about  0 . 5 ~  Iess than that observcd. Al~ove 

120 nl depth. the model underpredicts the pliase differcncc rclat ive to the bottom by 

as much as 10'. This may he a conseqiience of the iact that t lie u-dl-miscd bot tom 

laycr is not truly homogeneous or of the fact t hat the total current only partly consists 

of the ,112 tidal component. 
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Strictly speaking. rotational eKects are negligible only where > f. rvhereas 

at t hc latitude of Juan de Fuca Strait. d/ f * 1.:3. ,\;evertheless. the  effect of the  Cori- 

olis force on barotropic tides within sea ciiannels I\-hose width is small cornpared to  

t lie Rossby radius of deformat ion is often of secondary importance. and the  -esistence 

[of a piirely oscillatory boundary layer] is commonly assumed in the modelling of tidal 

estuaries" (Souisby 1983). However. other assumptions made in the  deveiopmerit of 

t tic mode1 are more troublesorne. The advective terrns were omittccl frorn (6 -5 ) .  al- 

t hoiigh a mean est uarine circulation clearly esists in .Juan d e  Fuca St rait. In addit ion. 

the current is measured above a submarine hi11 as opposed t o  a fat bottom. 

6) The I;:'ecC of Rotation 

The flip in rotation sense of the  J12 tidal ellipse below 10.5 m can be duc neithcr 

to  li  near combinat ions of the  interna1 modes ( the  horizont al c iments  associated wi t h 

t lie first t tiree baroclinic modes are nearly constant I-ielow 100 m )  nor to friction acting 

o n  the  cross-channel f l o ~  directIy. Rather. it may be the  result of a brcakdon-n in thc 

gcostcophic balance inside the  d l - m i s e d  bottom layer. whcre the  tidally indiicccl 

pressure gad ien t  remains constant \vit l i  dcpt h while t h e  dong-channel .\I2 t icIc is 

rct ardecl II? bot tom friction. Xccclerat ions in the  cross-channcl direct ion can Ilc 

deterniincd from the simplificd r -momentum equat ion: r ,  + f i i  = - p / p ,  n-hcrc 

subscripts indicate derivatives. Consider t h e  balance at 10.5 m (Figure 6.1) during 
- 1  

riiasimtim flood tide. with the  along-channcl 1\12 current [ r  zz 05.5 m s . and r* =z O 

( inipl~-ing rt O ) .  T h e  pressure gradient is thus p -0.55 f p9. Stratification belon- 
Y 

100 ri1 is sufsciently smali a t  station LI (Figure 6 . 5 )  tha t  t h e  cross-channcl pressure 

gradierit is essent ially constant wit h dept h. Tlierefore. a t  11.5 rn dcpt li. wlierc u N 0.45 
- 1 

ri1 s . 5+0.4.5/ 0.55 f.  lntegrating ovcr thrce hours. i* is of ttic ordcr O. 1 f x 4 x 3600. 

or 0.1 rn s-'. roughlj- the  difference in cross-channel relocitj. hetween t licsc dcpt hs 

( Figure 6.1 ). The  northward acceleration implies t liat t hc  ellipse should rotatc in a n  

ant iclock~vise direction in the  bottom boundary layer. in agreement wi t h t tic data.  
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c )  Oscillatory PIanetartj Flou! 

The previous analysis of rectilinear oscillatory boundary Iayer Aow can bc 

cstenckd to include the Coriolis effect (Prandle 1982; Bowden t t  al. 1959). In this 

case. the clockwise and anticlockwise rotary cornponents of the tide are modelled 

separztely. and the equation of motion analogous t o  (6..5) becomes 

ivticre Q= ( 7  + iV.  and S= BC/Bx + i i)Ç/i)y.  For the tivo rotary coniponents. t his 

l->ccomcs 

+ 
iî]icre R+ = 9[R+etdt]. R- = $ [ ~ - e - ' " ~ ] .  = % [ ~ + r ' ~ ~ ] .  and ,i;- = :R[s-~-'"~]. 

+ + 
The freestream values are given by R = i g S  /(s + f )  and R- = - i g S - / ( &  - 1). 

's 'S 

For a linear eddv viscosity distribution (i.e. .+lu = K U * - ) .  the solutions arc again 

gi\-en 11y (6.6): alt hough the  parameters are somewhat different. For the (anticlock- 

(R+ .R- ) .  (R+ .R- ). (s+.s-). and (L< +- f .  - j). respcctivel~: 
CG 

The solutions for the  two rotating components ( Figure 6.4) are found using u - 
and z parameters from log-laj-er fits to each component separatel>*. the magni- 

tiiclcs of the two components arc different in Juan cIe Fuca Strait. one ivoulcl cspect  

the friction veloci t ies to be different. Tlie roughness scales. Iio~vever. sliould be reason- 

a l~ ly  similar in value. The log laycr fits are indicated hy tlie sliorter Ii~ies. cstencling 

to 90 m deptli. in Figure 6.4, while the boundary layer magnitudes and phases are 

dcnotccl by the  longer lines. The results are summarised in Table 6.2. 

The boundary layer height is sensitive to the choice of friction vclocitj- and 

roughncss parameter. but in both cases. the prediction is somewhat closer to  the 
+ 

ohscrs-cd data for the  anticlockwise (R ) as opposed t o  tlie cIockwise coinpoiieiit. 



6. Tides 11 1 

0.15 O .2 0.25 0.3 0.35 

tidal vecton with Soulsby and log-layer Ms (m s- tidal phase (degrees) 

Fig. 6.4. Oscillato- boundar -  Iayer fit to  the  anticlockwise (tliick lines) ancl clock- 
\vise (thin lines) rotary components of the J I 2  tidal ellipse: a) magnitucie and 1)) 
pliase. Solid lines are data.  dashed lines represent t h e  bcst mode1 fit. and clottecl lines 
rcprcsent the fit for zo set t o  0.006 m. Tlie shorter lines in a )  represent the log-la>-er 
f i t  to t h c  magnitude onl- .  used to  dctermine u and zo .  

For t h e  bcst fit log- lqer  ( t h e  first two data  columns in Table 6.2). tlic I ~ o u n d a r ~ -  
+ 

1%-er lieiglit 6 = u - / ( d  + f) Z= ;30 m is an order of magnitude smallcr tlian 6- = 

I / ( ~  - ) z O m. This fit. hoivever. does not appear to  IIC pli~.sical. S o t  orily 

is t lic rougliiiess parameter t hree orders of magnitude larger for t l i t  clockn-isc rotary 

coriiponent. but the  frictional ïeiocity is larger as ivell. evcn tlioiigli tlic data suggest 

tliat the near I~ot tom stress is smaller (Figure 6.4). 

Setting zo = 0.006 in for both rotary components leads t o  more reasonablc 

\-alucs for the friction veloci ty  (Table 6.2). The anticlockwisc boundary 1-r t liickncss 

is doiihled to  6' z 60 m. but is still niuch srnaller t han 6-. Tlie freest ream vclocities 

( R' and R- ) are not ver- sensitive to changes in t h e  u- and zo pararnetcrs. 
X X 

In the lowest 10 metres, the clockwise phase is fairly well predictcd for botti 

clioices of the il and parameters (Figure 6.4). (Tlie measured pliase is rclativc. 

and sirice stratification abore  the  bottom layer means t h e  phase need not go to  zero 
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Table 6.2. Oscillatory Boundary Lajw Model for t he  M'L tide 

u -  ( x  1 0 - ~  rn s - ' )  5.26 13.78 15.03 11.0:3 

- ( x 1 0 - ~  rn) 
-O 

0.02' 23.:32' 6-ot 6 . 0 ~  

log-layer heigh t ( m ) 17 1 3 9 9 

boundary Iayer heiglit 6 ( m )  33 -1.5 1 60 3 ii 2 

99% velocity height ( m )  17 Ri 3 -5 27 

free Stream velocity (rn s- ' )  0.28 0.23 0.30 0.22 

free parameter 

const rained 

with heiglit. the measured pliase can be shiftect to  coincide witli the  prediction for 

2 = 0.006 m.) Tlie mismatch in the anticlockwise pliase is similar t o  t hat of t h e  earlier 

rcsults for rectilinear flow (Figure 6;.:3) but the magnitude of t h e  error is larger. 

Botti components reach 99% of their freestream values close to  the top of 

t lie irell-mised 1-r. alt hough R- is less t han tj-pical measured niid-dept l i  \alues. 
+ 

\\-hile R is considerabIj- greater. In ot her words. t hc predicted along-channel and 
- 1  

cross-channel 312 tidal magnitudes of 0.52 and 0.08 m s . respectively. a re  not secn 

tliroughout most of the  water column. 'Ibove the meII-mised bottorn laxer. l~oivc~*cr. 

the st riictures of the  interna1 tidaI modes Vary \vit h dcpth and t h e  mode1 cannot be 

cspccted to accoiint for internal modes. In addit ion. baroclinic modes are causcd by 

t lie interaction of the  main tide \vit h topography. bel>-ing the carlier assumption of a 

flat-bottom. That internal tides esist in t h e  dong-chanriel direction can bc scen in 

tlic deviation of the actual JI2 tide from that predicted by thc sirnplcr analysis of 

rectilinear oscillatory flow (Figure 6.3). The second panel suggcsts that the  combinecl 

magnitude of the internal A42 tides should be of the order 0.1 rn s-' . 
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6.3 Interna1 Tides 

Spectra of residual (de-tided) currcnts show considerable energy a t  frcquencies 

hot h sIight ly higher and  lower t han those associated tvi th  the  main tidal periocls. This 

sn~ear ing of energy is indicative of internal tides (IVunsch 1975: Pugh 1987). While 

i ntcrriai tides are necessarily generated at t idal frequencies t hrough the i ntcract ion of 

clcep-sen tides tvit h topography. their phase relative t o  t he  lzarotropic tidc ma? vary 

in t ime on-ing t o  the  changing hydrographie structure within the  strait. This cffect 

increases \vit h distance from the  generation si te(s). because phase speeds also depend 

on the  densit~.  profile. resulting in the further broadening of spectraI bands in the t idal 

ericrgy spectra around tidal frequencies. internal tides are  fairly strong in Juan de 

Fuca Strait. as  ciearly seen in t he  variation with depth (above the  bottom bountfary 

layer. where bottom friction retards Aow. altering even t he  barotropic cornponent) of 

the magnitude of individual harmonics such as JI2 and I< I (Figure 6.1): the 0 1 .  -1-2. 

P 1 .  and 5'2 harmonics eshibit similar variations in magnitude tvith depth. 

The \-ertical st ruct urc of t lie modes is calculated hy numerically integrat ing the 

Ta'-lor-Goldstein relation (1 .36) .  The first and second derivat ives (ir- and w - -  ) are - - 
cach discretised using a second-order centred sclieme. and the  shooting rnethod is iised 

to find the eigcnvaIues of c \Aich satisfy the boundarj. conditions. \fVith -1' tj-picaI1~- of 
- 1  2 

order 1 0 - ~  s   ri th in .J~ian de Fuca Strait. the hydrostatic approsimation (d < .y2) 
- 1 

is clcarly satisfied for the  -112 tidal comportent. where 4 zz 10-" s . Sirnilarly. thc 
- 4  - 1  

C'oriolis parameter j varies by only 0.4% from its mean value of 1.1 x IO s \vit liin 

the strait. justifying t he  use of the  f-piane assumption. 

Tlic actual density profiles used in calciilating t he  vertical modes a t  each CTD 

station are the mean of a t  least 4 CTD casts taken a t  each site O\-cr the two tvcek 

deployment. Prior to averaging. spikes in the individual calculated al. caused IIJ- 

mismatches in the  response times of the thermistor and  conductivity scnsors. arc 

reinovcd and the  profiles a re  sorteci (incrcasing density witli cleptli) to obtain the 

cquili br i~im density. Spike removal involvcs identifying large jumps in densi ty (greatcr 



Ci. Tides 1 14 

Fig. 6.5. Variation in t h e  mean densitj- profiles in the  a) cross-cliannel direction: 
Stations C6 (thin solid). C i  (thick solid). and CS ( th in  dash). and b )  alorig-ctiannel 
direction: A4 ( th in  soiid). A.5 (thick solid}. and A6 ( thin clash). 

-3 
tlian 0.2 kg m ) O\-er regions of srnall (less than 2 m )  1-ertical cstcnt  ancl replacing 

t hem wi t h \values i nterpolated linearly from values j ust ahol-c ancl belon.. 

The  variation in density profiles in the along- and cross-channe1 direct ions 

( Figure 6.5) is small over the  27 km separating CTD Stations A l  and A6 and t l ~ c  5 

k m  separating Stations C6 and CS. respectivcly. Tlie lack of a strorig along-channcl 

dcpcndcnce in the  stratification in the ccntral part of Juan  d e  Fuca Strait is consistent 

\t.ith the constancy of cicnsity profiles diiring the  t ime series taken above the ADCP 

site ( Figure 4.3)  and indicates that the modal structure is rclatively indcpcncient 

of the alorig-channel location. There is slight ly morc variation in t lic cross-channel 

clircction. due to t h e  sloping interfacc and t h e  effcct of t h e  sidcwall just to thc north 

of Station CS. but the  effect on the first few baroclinic modcs for tlie .\f2 ticlc is srnall 

(Figure 6.6). 

The ,\12 t idal harmonic is reconstructed from t h e  tidal results (major asis. 

rninor asis. phase. and inclination) of Foreman's analysis of the 21-clay 190G XDCP 
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Fig. 6.6. 1,-ariation in the  vertical structure of the second along-channel mode nt 
t lie .\I2 frequency. T h e  modes a re  calculated b ~ .  integrat ing t lie Taylor-Coldstei n 
cquation \vit h no background flow a t  eacli CTD Station: C i  (tliick so!id). CS (solid). 
CIG(thin solid). A.? (thick dasli). A4 (dash). and -46 ( thin dash) .  

ciirrcnt. For the  purposes of fitting t o  the  tlieoretical tidal rnocles. onl!. currents 

Ixtween 108 m and -10 rn dept h a r e  uscd: bclow 108 m. friction clearlj- affects tlie 

mrasured currents (Figure 6.1. first panel) and above -10 m. gaps in the cui-rent 

d a t a  tindermine the reliabilitj- of the  tidal analysis. T h e  fit t o  t hcorctical modes is 

acconiplislied by minimising the  root mean square diffcrence bct twen t lie mcasured 

-112 currcnt and a linear combination of the  barotropic and baroclinic modes orer  one 

t idal c>-cle and allows each mode t o  have an independent phase as well as magnitude. 

The results a re  independent of t h e  timestep (i-e. of the niimbcr of points in thc  .\12 

cycle) used t o  recreate the  tidal current. 

Tlie vertical s tructure of t h e  modes calculatecl using tlie Iiydrograplij- a t  the 

CTD station nearest the ADCP si te  (i.e. C i )  cllanges in t h c  prcsence of a background 

flow (Figure 6 . 7 ) .  The background flow used is the mean rneasured bu tlic ADCP 
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First intemal mode Fint intemal mode 

- 1 -0.5 O 0.5 1 
U mode (nomalised) 

-1 4.8 -0.6 -0.4 -0.2 0 
100 limes W mode (relative to U) 

Second intemal m e  Second intemal mode 

-1 -0.5 O 0.5 I 
U mode (nomalised) 

-1 O 1 
100 tirnes W mode (relative to U) 

Fig. 6.7. C~aria t ion in  vertical  structi irc of ,\/2 baroclinic niodcs a t  C'TD s ta t ion  
C i :  a)  first along-channcl.  b)  first vertical. c )  second along-clianncl. ancl d )  scconcl 
vertical. The modes  a r e  calculated by in tegra t ing  t h e  Taj-lor-Goldstein equa t ion  
for no  background flow ( t  hick soiid). for waves travell ing in t lie positive x-direct  ion 
(custwarcl) in the prescnce of the niean es tuar ine  flow (tl i in solid). and  for \raves 
travelling in t h e  nega t ive  s-direction ( th in  dashecl). 
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( Figure 7.1 ) and affects incoming tidal waves different ly from outgoing tides. partic- 

iilar1~- between depths of 80 to  100 m. There are. tlierefore. three possible profiles for 

each interna1 mode (no  background flow. and A: > O or  k < O for a background flan-). 

The tidal analysis. on the ot  her hand, does not resolve directional differences 

in the .\I 2 tide: the  resulting tidal components are in effect a n  average of the inconiing 

and outgoing waves. This effect becomes more important as t hc asymrnetry of the 

baroclinic tides bccomes greater. Therefore the resulting modal fit can gi\-c only an 

approsimate estimate of t h e  strengths of the various modes. 

Inviscici waveli ke pert rirbations on a mcan ff ow are discontinuous a t  critical kt--  

els. t he hcigllts a t  which t he  phase speed ecluals the background current ( liundir 1990). 

Tlic rapid spatial variations in the perturbation currents magnifies the  importance of 

\-iscosity siich that  "the small frictional and non-linear effects. elsewhrre negligiblc. 

can play a significant role" (Pedlosku 1979). A critical layer is formed arouncl the 

critical lcvel dile to  viscous effects. within which wave energy and momentiim is ab- 

sorbed. i1:at.e~ created as the  mcan current f ows 01-er topograp hy cannot p r o p a ~ a t e  

11q-orid tlic critical layer and the resulting non-uniform momentum flus cari alter tiic 

rncan ciirrent. The Ta-lor-Goldstein modes in t h e  presence of background t-eIocity 

Iiave crit ical l q e r s  for t lie fourth and highcr baroclinic modes. The  vertical rcsoliition 

anci nicasurcnient accuracy of t hc currents does not allow for niode-fit t ing bej-ond t h e  

first one or two baroclinic modes. however. so this instability cannot bc csarninecl. 
-1 -1 

I n  .Juan de  Fuca Strait.  with f 1.1 x 10- . 's  . I4,- zz 2 x 10 m. and fI 

200 m. t hc minimum frcy uency altowed for barotropic Poincaré wavcs corresponds 

to a pcriod of about 16 minutes (2.27). The barotropic diurnal and scmi-diurnal 

ticles a r t  t licrefore Kelvin waves. and have no cross-channel conlponcnts. Alt hoiigh 

intcrnal Poincaré modes do  not csist a t  diiirnal frequencics (; < f ) .  tl-iey rnay esist 

at scmi-diurnal Irequencies. provided the  integration constant c in (2 .36)  is such tliat 

thc rcsulting wavcniirnber (2.:32) is real. This critcrion is not satisficd for tlic first 

baroclinic mode calculated with or without background flow. so the  first intcrnal 

modcs arc also Kelvin wavcs, just as Forrester (197-1) found in tlic St .  Latvrencc. The 
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Table 6.3. .\Ioda1 Fit (in rn s- ')  to the Along-Channel -11.2 Tidal Amplitude 

barotropic wit h 1st baroclinic \\-i t h 2nd baroclinic 

rio background floxv 0.11 0.48 0.08 O.G.5 0.38 0.19 

background flow. k > O 0.47 0.48 0.0.5 0.56 0.13 0.01 

background flow. k < O 0.11 0.48 0.12 0.:38 0.3- 0.32 

second baroclinic mode lias a real wavenurnher for no background flow (for m = 1 

only) and for Xr > O in the presence of the measured current (for nz = 1 to 5 ) .  but  

not for k < O (i-e. seau-ard propagating). \\-ithout horizontal resolut ion of t lie ticlal 

currcnts. the Kelvin and Poincaré modes cannot be separated. 

6.3.1 The Along-Channel -112 Tide 

The dong-channel tidal modes ( Figure 6.7) are fit to the  scrni-major asis of 

the ( u .  1 3 )  rotary tide (Figure 6.1) bctween the depths of 60 and 100 ni. L- sin^ on1~- 

a barot ropic mode (i.c. one amplitude and phase. independent of dept 11). the tidal 

niaçiiitudc is 0.47 rn s-' (Table 6 .3 ) .  The lnrgcst clifference hctm-een tlic anal>-sed .\I2 

t ide and tlie fit is 0.0-1 1 rn s-l (Table 6.4). This error. about f OR of tlie barotropic 

t icic. is slight 1y Iarger t han the mean uncertainq (hased on the 95% confidence interval 

t ~ e t w e e n  60 and 100 m depth) in the amplitudeof the semi-major asis of approsimately 

0.027 m s-' (Figure 6.1 ). 

A minimisation involving the first baroclinic mode in addition to tlic barotropic 

niodc docs not reduce t hc largest differcnce. The amplitude of t lie barot ropic mode 

is cssential1~. iinchanged from t hat found for the barotropic fit. \\-hile the strcrigth 
- 1 

of t hc baroclinic mode varies from 0.0.3 to 0.12 m s . Aclcling the  scconcl Ïntcrnal 

mode rcduces t h e  errors considerahly. although the  fact that the baroclinic modal 
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Table 6.4. RbIS a n d  Largest Difference (rn s-I) t o  t h e  .-\long-Channel .CLocfal Fit 

barotropic [vit h 1st barociinic wit h 2nd barodinic 

1 1 0  background flow 0.017 0.041 0.014 0.0-4L 0.010 0.027 

background flow. k > O 0.017 0.04 1 0.0 1 3  0.040 0.00-1 0.017 

background f l 0 w . k ~  O 0.017 0.041 0.015 0.041 0.0 13 0.033 

magnitudes a re  of t h e  order  of the  barotropic t ide suggests t h a t  t h e  fits for no hack- 

grouncl f i o ~  and for k < O a r e  erroneous. The  remaining fit is also t h c  one  with the  

loivest errors. less t h a n  those associated with tlie measurement  of t h e  .\II tide. The 

t,arotropic magnitude. 0.56 rn s-' is in rough agreement witli t h e  oscillatoq- plane- 
+ -1 

t a ry  niodel. i.e. R + R- = 0.52 m s (Table 6.2). Hoivever. a n  castivard moving 

Iiclviri ivave would be largest at the  soiithern coast and  t h e  phase speed of c,, z 0.3 m - 
-1 

s . obtained as t h e  constant of integrat ion (2.36). corresponcls t o  a n  intcrnal Rossby 
3 

cl~lormntion radius of R, zz :3 x 10 m. Tliat is. t h c  horizontal vclocities associatcd 

,vit 11 t liis mode would bc over 10 rn s-l (2.30) a t  t lie soiit h coast. T h e  da ta .  t hcn. 

a r e  riot a d q u a t e  t o  analyse t h e  second intcrnal mocies. a n d  only tlic first I-iaroclinic 

niode is considered. 

Errors inherent in t h e  liydrograpliy anci current measurcmcnts  cnsure t liat 

t licrc arc diffcrenccs bettveen t h e  measured tidal cirrrcnts ancl t h e  modal fit. Fur- 

t liermore. tlie Taylor-Goldstein modes assume uniform topography and  stratification. 

ancl arc t lierefore t liemselves est imates. Horizontal resolution of t h e  ciirrcnts ivoulcl 

prot.idc a n  indcpcndent method of determining t h e  direction of propagation of the in- 

tcrnal modes. While therc  are scveral liistorical d a t a  sets  in  t h e  s a m e  a rca  comprised 

of a number of current  nieter stations across the  strait .  they  unforttinately have Ion. 

i-crt ical rcsoIut ion. 



Table 6.-5. *\II Parame te r s  from 197.3 d a t a  (wit  h 93%i confidence interval) 

- - - - - 

station serni-major ax is  (rn s-' ) semi-minor asis ( rn s-' ) pliase orientation 

115 ( 50 m) 0.46 (0.01) 

11.5 ( 100 rn) 0.24 (0.0.5) 

112 ( 50 m )  0.51 (0.01) 

112 ( 100 m )  0.34 (0.10) 

+O.O02 (0.01) 336" 1.54" 

+O.OO-1 (0.05) 262" 1.7-1" 

-0.03:3 (0.0 1 ) 3.32" 1.59" 

-0.028 (O. I O )  28s" L S'LU 

In 19'7.3. for esarnple. a line of s i s  s ta t ions nxs occupied between Jordan  River. 

f3.C'. and Pillar Point. \VA. with C l IDR ciirrcnt me te r s  at ciepths of 15 a n d  50 

rn a t  cacli station. as well as a t  100 and  150 ni for t h e  inncr  four. Ignoring currcnt  

nicters tliat failed o r  t h a t  were within '20 m of t h e  b o t t o m  (wliere friction significantll. 

a l tcrs  t he  t idcs). concurrent  hourly currents  at more t h a n  one  dept l i  per  s ta t ion tvere 

found only a t  s ta t ions 112 a n d  1 1.5 ( Figure 13.3). Deplol-ment 2 Iras choscn t o  niore 

accuratcly reproduce t h e  1996 conditions. The records at 50 a n d  100 rn dept  h were 

33 clays in duration. a l though t h e  d a t a  a t  LOO m from s ta t ion  115 hacl a 9-da!- gap 

in t Ire niiddle. :l t idal  analysis  using thc  Forcrnan rout ines  \vas iiseci t o  dctcrni ine 

t lie niagnitiiclc a n d  pliase of t h c  :\I2 components (Tab lc  6 .5 )  a n d  t h e  barot ropic and 

Ijaroclinic modes  calculated iising 1996 hydrographl- f rom C'TD sta t ions  Cl3 a n d  CS 

Lvcrc thcn fit t o  t he  -212 tide. 

Fi t t ing only t h e  harotropic  m o d c  to  t he  obscrt-ed -112 t idc.  t h e  magnitudes wxc 

foiind t o  be 0.29 and  0.40 rn s-l a t  stations 115 and  112. respectivelj- (Table  6.6). .As 

t h e  wiclt I i  of tlic s t ra i t  is much less t h a n  t h c  (barotropic)  Rossbj- radius  of cleformat ion 

( Ro -100 km).  inviscid theory  s t a t e s  tliat t h c  magnit i ide of t h e  tmrotropic ticle stioii1tl 
-rr-/nu 

ljc essentially uniforrn ( e  e 0.95. whcrc 14' is t he  width of t h e  s t ra i t  ). Ho~vcver.  

s ta t ion  115 is only :3.:3 km away from t h e  southern boundar!.. whilc s ta t ion 112 is 

6.G km soiitli of t h e  nor thern  siclc of t he  strait .  and sidewall  friction m a y  rcclucc tlic 
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Table 6.6. Modal Fit (in rn s-') to  the 1973 Al2 Tide 

- -  

barot ropic \vit h 1st baroclinic 

barot ropic tidal magnitude from t hat in t h e  middle of the channel. For an oscillat ing 

flow. horizontal boundary Iayers estend a distance 6 J.-lh/d from tlic sideiralls. 
3 2 -1 

[rit li s the tidal frequenc. For a horizontal eddy viscosi tu of .Ah zz 10 ni s . 6 3 
4 2 -1 

h i .  while h - 8 km for .il, 2.0 m s . Tliis suggests that  the barotropic tidc at. 

station 11.5 may be retarded by the soiithern coast. \.\;hile the effect on station 112 

is likel!. to be smali. the barotropic magnitude foirnd is sirnilar to tliat from 1996. 

\vit11 the difference likely due to the fact that t h e  currents are measured at only tivo 

cIcpt lis. 

Fit t in$ the barotropic ancl first baroclinic tides rcvcals largcr baroclinicit?- 

at tlic south mooring (Tablc 6.6). The decrease in baroclinic mode st rengtli froni 

station 11.5 to station 11'2 is that espected by inviscid t lieor>-. gil-cn a Rossb~. radius 
4 

of cleformation for the first haroclinic niode. R, z 10 rn and a station separation 

O C  1.3 x 10" m (i.c. e-le3 0.42/1.55). Tliat is. the situation is consistcnt witli tlic 

csistcrice of an  inviscid baroclinic mode trapped against the  soutlicrn \val1 witti none 

against the  northern \vaIl. Tliis result is iinrealistic. liowever. as the baroclinic mode 

is iiiucli larger than the barotropic mode. and a factor of fi\-c (i-r. a t  station 117) 

larger than \vas found in 1996. Furthermore. the measured difference in magnituclc of 

tlic total 412 tide between 50 and 100 m dcpth (Tal~Ie 6.5) is \+Cr'- similar for stations 

112 and 115. With only two currcnts at each station. the  fits bccornc -perfcct' i n  

t l i c  sense tliat al1 the  variancc can be esplained by only two nioclcs. Tlic vertical 
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resolution in the historical d a t a  is insufficient to accuratel" determine the  strengt h of 

t h e  along-channel baroclinic t ides. 

6.3.2 The Cross-Channel .\12 Tide 

.-\lt hough the along-channel J I 2  currents are relative1~- unchanged \rit h small 

angle rotations. the choice of orientation significantly alters the  magnitiide of the 

much smaller cross-channel componcnts (Figurc 6.1). Given thc  large uncertainty in 

tlic calculated semi-major ases (.'jO%, as measured bj- the 9.5% confidence interval). 

detcrmination of the cross-chanriel modal magnitiides is less reliablc than is the case 

for t hc  along-channel direction. 

Another difficulty is that  althoiigh bot tom currents in the  along-channel di- 

rrct ion are energetic enough t o  supply the  potential encrgy needcd to  risc above t h c  

.siibnlarine hi11 underneat h the  ADCP unit . t idal currents in t h e  cross-channel direc- 

tion. which arc maximum when t h e  along-channel cornponent is zero. are more likely 

ro be dcfiected around the  bunip. (The blocking height. or masimuni  height that can 

be ovcrcome is Hmaz = ('/.\-. where I' is the current speecl a n d  2- is tlic buoj-ancy 

fraqiicncy.) t h  * 1 0 - ~  s-' bctween deptlis of 100 and 1-50 in at  tlic nearest 

cleeper CTD station (station CS). bottom along- and cross-channel currcnts of 0.4 
- 1 

ancl 0.1 m s (Figure 5-11. respectively. lead to blocking heights of 40 and 10 ni. 

whercas tlie topographj- underneath the  ADC'P rises approsimatcly 30 177 h o t - c  the 

surrounding dcpths). Thus. modal structures calculated for thc  :IDCP site nial- not 

acc~iratclj .  reflcct the  t rue cross-channel current structure. 

-4s Forrcster (197-1) notecl. tlie barotropic and first baroclinic cross-ctiannel 

modes d o  not esist in a channel of widtti and latitude simiIar t o  .Juan d e  Fuca Strait. 

Tlic bcst-fit second baroclinic mode on the  semi-minor asis .\IL currcnt ( Figure 6.1 ) 

lias a magnitude of 0.05 ni  s - ' .  tvherc for reasons explaincd above. the structure 

\vithout background flow has been used. However. t h e  amount of variancc esplainecl. 

ahout 60%. is comparable t o  tliat for a first baroclinic mode of magnitude 0.06 m 
- 1 

s (i.c. similar to  that found for the  along-channcI tide) and is less than that  for 
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Fig. 6.8. TidaI parameters for the A12 constitiient of the \-ertical \-elocit~- (with 9.7% 
confidence intervals). 

a cross-ctiannel barotropic tide of magnitude 0.0-1 rn s- ' .  Tliat is. the structiirr of 

tlic irieasured tidal current cannot distinguisli bctween the barotropic and first two 

Im-oclinic nioclcs. Additional data. sucli as ciirrents above -10 m dcptli or rneasiirc- 

ment s a t  niore t han one location. are needed to properly fit t tic modes to  the obscrvccl 

cross-channel currents a t  tidal frequencies. 

6.3.3 The Vertical 1\12 Tide 

Tlic mcasured :Il2 vertical t-elocity is roughly two ordcrs of magnitude lrss 

t han the along-channel component (Figure 6.8). and t lie pliase a b o ~ - c  t l x  I~ot  tom 

~riisccl lq-cr is much morc uniiorm (Figure 6.1). If the best fit first baroclinic vertical 

mode is out of phase with t h e  associated horizontal mode. as slioiild be thc case for 

a IicIvin wave. the direction of propagation can be determineci. 



Fig. 6.9. Magni tude  of t h e  a) horizontal a n d  corresponding b) barotropic and  c) 
l>aroclinic vertical modes  ( from t h e  ïaylor-Goldstein  cqi ia t  ion) nt s ta t ion  C i .  For a 
t ida l  wave travelling in  t h e  posit i\.e (negative) clircction. t h e  vertical velocities shown 
occu r  a qua r t e r  period a f t e r  (before)  t h e  horizontal veloci t ies. 

11 ult iplying t h e  çalculated vertical barot ropic T--lor-C;olclstcin modc ( Fig- 
-1 . 

tire (5.9) by t h e  barotropic  horizontal  tidal magni tude.  abou t  0.5 rn s . implics a 
- 1 

ninsirnurn rcr t ical  1-elocity of 3 x 10- '~  rn s a t  t h e  surface. negligible cornparecl 

t o  bot11 t h e  rnean of. a n d  depth variations in. t he  observeci vertical t ick of rouglily 
- 1  

J x IC-" r n s  . 

Fit t ing t h e  first haroclinic m o d e  $cl& a magnitiicle of 1.:34 (conipared t o  

0.05 t.o 0.15 for t h e  along-channel cornponent. Table  6.13) a n d  a pliase lag of 66' 

relative t o  t h e  horizontal  baroclinic tide. The large magn i tude  is duc t o  t h e  fact 

t l ia t  t he  observed vertical  t i de  (F igure  6.8) has a substantiall>- non-zero cleptli mcan. 

C'lcarlj- tlic vertical t i d e  has been affected by t h e  horizontal  t ide.  sincc t h e  baroclinic 

1-crtical modes go t o  ze ro  at t h e  bo t tom (Figure  6.9). Tt \vas shown in Cl iapter  .5 

t liat horizontal con tamina t ion  of t h e  vertical veloci t ies by t tic horizontal  corriponents 

tltie t o  possihIe biases in  t h e  measured pitch and  roll angles docs  not occur.  Th i s  
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cari also be seen by comparing the  vertical t ide (Figure 6.8) t o  the  along-channel t ide  

( Figure 6.1 ). \Vhile t h e  maximum in the  vertical t ide a t  SO m depth  roughly coincides 

\vit h an  es t remurn  in t h e  horizontal tide. the  ex t remum a t  9.5 rn is offset from tha t  

i n  t hc horizontal tide by about  10 m. 

T h e  non-uniform topography and stratification in Juan  cle Fuca Strai t mal- 

cause the  vertical s t ructure of the  (horizontal) internal modes to \-ary in both the  

aiong- and  cross-channei direct ions in a manner unli k e  t lie waveli ke variation assumed 

in gotwning equations such as the Taylor-Goldstein relation. The spatial variation 

of the  horizontal internal tides near regions where topography o r  stratification \-ary 

rapiclly can lead t o  vertical currents of tidal frequency wtiich are  miich larger than  

t liosc given by t h e  governing equations. I t  is therefore not possible to  clctcrrninc t h e  

direction of  propagation for the  internal tides in J u a n  de Fuca Strait  iising the  relati\-c 

phasc of t h e  vertical a n d  horizonta1 cornponents. 

A proper esaminat ion  of the ticlal niodes in Juan  d e  Fuca Strait. as was donc 

iri t lic St . Lawrence (Forrester 197-1). t hcrefore recluires both horizontal and \-ertical 

rcsolution in the  measured currents. Ln addition. t he  \-elocities associated wit h the  

calculatcd internal niodes a re  tj-picallj- of one sign below 60 m. Therefore. currcrit s 

i r i  t tic iipper part  of t h e  u-ater colurnn woiild be bcneficial to distinguish between the  

\-arior~s baroclinic mocics. as noted part icularly in the  analysis of t lic cross-channel 

t ide. wliich appeared nea r l~ .  barotropic. 
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Chapter 7 

Mean and Non-Tidal Fluctuations 

7.1 Residual Estuarine Circulation 

'1 he rnean residual (de-tided) along-channel current (Figure 7.1 ) over the  21- 

day deployment shows the expected estuarine circulation; outflows in  the  upper Iayer 

reach -0.26 m s-' at 40 m. while inflows reach 0.13 rn s-' in the bottom rvell-rnixed 

layer. The  mean current is zero a t  8.5 m. the same depth as Labrecque e t  al. (1994) 

found a t  a similar distance from the coast using current mcter d a t a  from 1973. The 

mean residual cross-channel (i-e. 10' east of north) current is fairly large throughout 

much of the ivater colurnn. peaking a t  about -0.06 m s-l (i-e. southward) a t  95 

m depth. The mean vertical current (note the separate scale) reveals a 20 rn tliick 

convergence layer centred (i.e. the  location of the maximum dope )  a t  S i  m. just 

above a 10 m thick divergence layer centred at 100 m. 

7.1.1 Cornparison to Geostrophic Flow 

The along-channel current is essentially uncbanged by small rotations of the 

( u .  r )  axes away from the rnean inclination of the .LI2 tidal ellipse. l o O  south of east 

(Figure 7.2). The geostrophic along-channel Bow. bwed on the stratification a t  se\-eral 

CTD stations on the C-line are also shown, for a range of cross-channel sea surface 

slopes. [ . The geostrophic velocity varies considerably with the  choice of different 
Y 

CTD station pairs? especially in the interfacial region at S.? m depth. T h e  calculated 

currents for station pairs CG-CS and Ca-CS are similar a t  the bottorn and above 60 

m. however, suggesting that  the  dynamics a t  mid-dept hs is significant ly altering the 

hydrography. The geostrophic current between the stations CG and CS. t hose direct ly 
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Vertical Mean Fiesidual Current (m s-') 
-0.015 -0.01 -0.005 O 0.005 0.0 1 
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-0.3 -0.2 -0.1 O 0.1 0.2 
Horizontal Mean Residual Cunents (m s-') 

Fig. 7.1. Mcan residual (i.e. detided) currents in Juan de Fuca Strait over the entire 
deployment. The (z. y )  axes are rotated L O O  clockwise from (east 'north). 

on eitlier side of the  ADCP? suggest that  the cross-cliannel surface slope lies between 
-6 -6 

< y % l ~ 1 0  a n d e  z z 2 . . 5 ~ 1 0  . 
Y 

The measured current does not appear t o  be geostrophic a t  any depth. witli t he  

possible esception of the region between 60 and 80 rn depth if <Y z 2.5 x  1 0 - ~ .  Outside 

this region. the  currents are larger in magnitude than geostrophic. suggesting that  

the  excliange f ow is enhanced. At the  bottom. i.e. below 100 m? t h e  large currents 

are unlikely t o  be the  result of vertical convergence due to bottom topography: the  
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160 
-0.4 -0.3 4.2 -0.1 O 0.1 

Along-Channel Cunent (m s-') Cross-Channel Cunent (m s-') 

Fig. 7.2. Variation of rneasured a )  along-channel and b)  cross-channel current (thick) 
wi th  axes rotation (degrees clockwise frorn east-north): 10 (solid). 1.5 (dash).  and 
5 (dot-dash). i 'lso shown are the  geostrophic velocities ( t  hin). The dong-channcl 
geostrophic \.elocity is based on the  stratification a t  CTD stations C4 and CS. iising 
t lie cross-strait surface slopes shown, while the  cross-channel geostrophic velocity is 
I)ascd on the  hydrography a t  the  pairs of CTD stations sliown. T h e  along-strait - 

- 1  . 
surfacc slope used, Er = 2 x 10 , 1s tha t  for which the geostrophic and  measured 
currents match a t  t h e  top of the Ekman layer (105 m). 
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mean vertical current is negat ive and largely divergent (Figure 7.1 ). Cinfortunately. 

the ncarest CTD stations. C6 and CS. lie 2000 m on either side of the ADCP si te and 

are over 1.500 m away from the  submarine hill. so t he  profiles at t hese si tes may not 

he rcpresentat ive of the  local hÿdrography. 

The strong transverse currents a t  mid-dept h remain unchanged under axes 

rotations of 5' (Figure 7.2). although currents in the  upper and lower layers are 

signi ficantly altered. raising the question of the %rueg cross-channcl direction. The  

lack of data above -10 m makes it impossible to determine the  orientation for which 

the rnean transverse current is zero. The local depth-mean cross-channel flow ma- 

not be zero anyway due to  blocking of currents by t he  siibmarine hill. 

In the bottom boundary layer. the simplified moment um equat ion is 

xr-here the acceieration and molecular viscosi ty terms have been ornittecl. 1 ntegrat ing 

from the bottom to  a height h at  the top of the Ekman layer yields 

where the total transport hV is cornprised of the Ekman plus geostropliic transports. 

The  stress at the top of the Ekman layer is zero (i-e. tlie current is in geostrophic 
2 2 

balance). while tliat a t  the bottorn is parameteriseci by ZL h: C' zz 4 / i iCDI~>uI  
* ~ ~ ~ r c ~  

where is t lie tidal magnitude and u is the mean current. 

.An along-channel sea surface slope. 6: is required to  determine tlie geostrophic 

transport and this is found by equating the measured and geostrophic currents a t  

the top of the Ekman layer. The geostrophic cross-channel currents calculateci from 

various pairs of along-channel CTD stations are remarhbly  similar. especially below 
- 

-10 m depth (Figure 7.2). and E z 2 x 10-'. where h = 105 m. t tic dcptli nt rvhicii 
I 

the cross-channel current profile has a sharp change. 
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2 -1  
With a total transport of hCi = 0.01 rn s and a geostrophic transport of 

2 - 1  
-0.30 m s . the  drag coefficient is estirnated to be CD z 4 x 1 0 ~ ' ' .  considerablu less 

-3 
than the values estimated from the log-layer fits. -4 drag coefficient of CD -- 3 x 10 

- 1  
implies mean Ekman velocities in the loiver layer of 0.12 m s . equal to  those seen 

in  t h e  along-channel direction. Cleariy. an ases orientation of 90° is incorrect. For 

C*, - 3 x 1 0 - ~  and the axes orientation of 10'. the  Ekrnan transport is balanced for 
-6 

a sca surface slope of tZ 2 x 10 . The resulting geostrophic currents arc positive 
- 1  

throughout the water column. with a mean value of 0.15 rn s . also not realistic. 

The Ekman transport cannot be closed. and the sea surface slope is taken as tha t  for 
- 

which the current a t  10.5 m is in geostrophic balance. i.e. Cr z 2 x 10-'. 

The sea surface pressure gradient corresponding to the surface slope. pr = 
-3 

pgcr z 2 x 10 . is about half of the long-term mean measured in Juan de  Fuca Strait 

from tidal sea-surface and atmospheric pressure gauges (Figure 13.4). The implication 

is cit her t hat the sea-surface pressure gradient is non-zero in winter. t hat  t h e  situation 

i r i  1996 \vas significantly different from the long-term mean. or t hat the along-channel 

sca-surface pressure gradient in the middle section of the strait is less t han the  s t  rait 

as a whole. Interestinglj-. the results of 3lasson and C'ummins' ( 1999) numerical 

mode1 of the currents on the west coast of V:ancouver Island and insidc the Juan  de 

Fuca St rait  show t hat most of the sea-surface drop inside t h e  channel occurs near t h e  

mout h. i.e. that the  pressure gradient inside the strait is indeed lowcr. 

7.1.2 Voiumetric Outflow 

3 - 1  
The average freshwater input from the Fraser River was about 6200 m s for 

bot11 the 20-day period centred over t hc n~iddle of the ADCP record and t h e  20-daj* 

period one ~veek earlier. During the summer. the Fraser contributes about 50% of the 

freshwater input into the Strait of Georgia. The average salinity in the iipper l q e r  

(aboi-c 8.5 m )  is 332.4 and 32.0 psu at CTD stations C-l and CS. respectively. while the  

lower la~.er mean is :33.8 psu for both stations. The \-olumetricoutfiorv in Juan d e  Fuca 

Strait espected from the Knudsen relation (2.2) is Q, = 12400/( 1 - 32.2/33.S) zz 0.26 
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O 3 -1 
Sv. where 1 Sv (Sverdrup) 10 m s . This is approsimately t h e  same as t h e  

0.27 S v  result Labrecque et al. (1994) calculated using measurements I>ctween 11ay 

16 and Ju ly  1.5. 197.5 from a str ing of cross-strait moorings in t h e  same  region. T h e  
3 - 1  

mean Fraser inflow over the period of observation in 197.5 was about  7300 m s . 
although t h e  relative contributions of other rivers in the  region over the 197.3 a n d  

197.5 deployrnent periods a re  unknown. 

U:ithout cross-channel resolution of the  currents, it is not possible to inde- 

peridentIy determine t h e  volumetric outflow in 1996. although one  can make a vcry 

rough est imate by scaling t h e  outflow found in o ther  years by t h e  ratio of the  mea- 

sured along-channel currents  a t  a sirnilar position in Juan  cle Fuca Strait. For t h c  

second depIoyment of  1913. when t h e  uppcr Iayer transport was estimated t o  be  
- 1 

0.15 SL- (Table 3 . 1 ) .  t h e  current a t  50 rn depth was approximately -0.07 m s (Fig-  

ure 4..5). The current in  1996 was about  -0.16 rn s-'. soggesting a voliirnetricoutflorv 

of approsimatelj. 0.34 Sv. This  is roughly consistent with t h e  Fraser discharge (Fig- 
3 - 1  

ure 3.2) which was abou t  6.500 a n d  3.500 m s in late  July 1996 and rnid-Ilay 1973. 

respectively. 

An es t imate  of t h e  transverse siope of the  depth  of zero mean along-channel 

flow can IE made. however. via Margule's equation (3.1). again rtssuming that  t h e  

intcrfacial and  isopycnai slopes a re  similar. T h e  density diffcrence between the  upper 

and  loivcr Iayers is approximately 2.0 kg rn-3 a t  both stations C-! and CS in 1996. 

compared to 3.0 kg m-3 in 1975, when the geost rophic shear rvas also less (Tablc 3.1 ). 

Givcn a difference in geostrophic current of about  0.3 m s-l (Figure  7.2). Margule-s 
-3 

cquation implies a cross-channel interfacial d o p e  iz x 2 x 10 . corrcsponcling t o  a 
Y 

diffcrcncc of about  40 m across t h e  strait. This  slope can also bc secn clircctly in t h e  

data. wliere the  p = 1026 kg rn-3 isopycnal. for esample,  slopes from 20 rn t o  60 rn 

depth over 15 km (Figure  4.:3). These slopes a re  more like those in 1973 (Table 3 . 1 )  

t h a n  197.5, even though total  transports are about  half. The transport  estimates. 

liowcver. a re  based on only a few current meters. and  may not b e  reliable. T h e  upper 
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la)-er transport in 197.5, for example, was calculated from only five current meters on 

five moorings (i-e. no vertical resolution). 

7.1.3 Daily Means 

Daily means of the residual along-channel current (Figure 7.3) rcvcal t hat  the 

estuari ne circulation is fairly consistent over the  entire record. Hoivever. while t he 

deptti of zero mean current varies from 7.5 m to  90 m over the final 1-1 days of the 

deployment. it is much higher in the water column over the first s is  days just beforc 

neap tide. when it lies between 5.5 and '70 m depth. The descent in the interface a t  

Julian day 206 is consistent with increased outflow in the upper laver due t o  enhanced 

cstuarine eschange at  neap tide (Griffin and LeBIond 1990). Similarities are not seen 

prior to the  next neap a t  Julian day 219. however. and the depth of zero current also 

drops at  Julian day 211. Before each of these drops in the interface. i.e. on Julian 

days 205 and 210. both the cross-channel and vertical velocities a t  mid-depth are 

siibstantially reduced compared to values elsewhere t hroughout the record. 

7.2 Stability 

The strong shears in the along- and cross-channel directions imply that  the 

rncan flow n ~ a y  be unstable to shear instabilities. while the daily variation in the 

strength of the  cross-channel fiows (Figure '7.:3) suggests that haroclinic instability 

niay be important in Juan de  Fuca Strait. lncreases in stratification stabilise-the flow 

against bot h types of instability. 

Below 40 m. t h e  same-day differences in density profiles a t  CTD station ADCP- 

S ( t h e  'IDCP site) on Julian days 198. 207. and 219 are of the same order as the 

differcnce in t he  daily rnean profiles (Figure 7.4). and no clear spring-neap signal 

can bc dctermined. Therefore. the overall mean stratification is used for calculations 

i~ivolving the baroclinic instability criterion and the  Richardson number. .Above -10 

m. the differences in the daily means become significant. and it appears tha t  the 

surface is fresher just after spring tide than after neap, in disagreement with Grifin 
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210 
Julian Day 

Fig. 7.3. Daily means of residual current in a) along-channel: b)  cross-cliannel. and 
c )  vertical direction. Plus signs indicate zero velocity. and the f 0.1 rn s-' scale is 
denotecl near the top of each plot. The first profile, ccntred at Julian day %00..5. 
rcpresents the mean for Julian day 200: July 18. 
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Fig. 7.4. a) Density a t  CTD station ADCP-S on  .Jul; 17 ( d o  199. tliin soiid. mean of 
tlirce profiles). July 25 (day 20'7. thin dash, mean of s i s  profiles). Xugust 6 (d- 2l9. 
thin dot. mean of three profiles). and overall mean (thick solid). and b) buoyancy 
frcquency of mean profile. Spring tidc occurç a t  Julian days 199 and 21:3. 

and LeBlond (1990). Hoivever. this signal is atso consistent with an incrcase in densit>- 

wit h time: between Julian day 190 and 220 t here is a decrease in the freshwater input 

as nieasured bj- t h e  Fraser River flow. which shouId resirlt in a n  increase in salinity in 

the irpper layer. assuming that the amount of lower water entrained into the  uppcr 

layer does not decrease a t  the same rate. C'nfortunately. while over 60 CTD casts at 

C'TD station ADCP-S were made on July 2.5 and 26. only t hree ivete made on cach 

of J U I F  17 and -4ugust 5. and none were macle just after the spring ticle of J U I F  30 

(da'. 212). 

7.2.1 Baroclinic Instability 

The criterion for the onset of baroclinic instabiIity bascd on geometrical ar- 

gumcnts was determincd to  be II' 2 ATH/ f. Theoretical arguments for a two-layer 

flou- and for constant stratification yielded t h e  same results. aside from a constant 
-4  - 1  

of ordcr unity. In Juan d e  Fuca Strait. f = 1.1 x 10 s . t he  buoyancy frequency 
- 1  

is .V = IO-' s (Figure 7.4), and the  maximum depth in the  central section of t h e  
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Fiq. 7 .5 .  Low irequency oscillations in the cross-channel current. Tlie overall mean 
a t  each depth is subtracted from the 48-hour running mean of the residual current. 

strait is II = LOO m. This suggests that baroclinic instabilities may occur if  1.V 2 20 

km. ive. roughly the width of the strait. 

.At spring tide. when stratification should be weaker. oscillations in the 48-hour 

running mean of the residual cross-channel velocity occur a t  periods of about four 

days (Figure 7.5). At neap tide. periods are between two and three days. At both 

spring and neap. currents a t  depths directly above and below the interface are out of 

phase. The longer tirnescales of the oscillations at  spring tide m- be indicative of a 

rnore fully developed baroclinic instability. 

7.2.2 Shear Instability 

The strong vertical shear in both the  along- and cross-channel currents ob- 

scrved in 197.3 and 1996 rnakes it likely that shear instability is important in Juan 

de Fuca S t rai t. Transports were generally larger, and stratification. as measured by 

the density difference between the upper and lower Iayers, was mcakcr in 1996 than 
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frequency Ri c 0.25 (%) 
200 205 21 0 21 5 220 

Tirne (Julian Day) 

Fig. 7.6. Variation with depth and over the spring-neap cycle of the frequency ( 5 % )  
\vit  li IV hich the gradient Richardson number? defined over 2 m. falls below 0.25. In a). 
the thick and thin lines indicate the period just alter neap tide (Julian days 206 to  
208) and spring tide (Julian days 213 to 215). respectivelu. The  solid lines are three- 
da!- averages and the dashed lines indicate the mean I the  standard deviation of the 
means for each day. In b). the mean cumulative frequency (%) for the depths between 
$0 and 90 m over days 206 to  208 and 213 to  215 are denoted by thick and thin lines. 
rcspectively. The dashed lines again indicate the mean f: the standard deviation over 
the three days and 6 depth bins. Panel c) plots the mean daily frequency with whicli 
Ri  < 1/4 over the depth range 80 to 90 m (solid) and the mean & the standard 
deviation of the means a t  each depth (dash). 

in 1973. when Ri numbers (calculated over 50 m )  were less than unit- about 5% of 

the time. 

The Richardson number is calcuIated with a vertical resolution of two metrcs 
2 

iising the mean IV for the deployment (Figure 7.4) and the shear in the total along- 

cliannel current profiles, which are averages of 35 ensembles over 10 seconds. Bcloiv 

100 m, Ri < 1/4 most of the time (panel a, Figure 7.6) tvhich is not surprising given 
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the strong tidal shear and weak stratification in the  bottom well-rnixed Iayer. .At mid- 

depths. maxima in the frequency with which the  flow is iinstable to  shear instabiiity 

arc found between 8-5 and 90 m. i.e. a t  the  interface between lower inflowing Pacific 

and outflotving brackish waters. where the  I/4 criterion is reached 25% of the tirne 

t tiroughout the  deployment. and Ri < 1 more than 50% of the  time. T h e  flow a t  

mid-dept h is more unstable during neap tides, due  in large part t o  the  larger shears 

present : the  spring-ncap stratification signal is qui te weak. T h e  increase in instability 

abo\-e 60 m (panel a. Figure 7.6) is also due to the increasc in shear of the  aIong- 

charinel current (Figure 7.1). although whether this is real o r  an  artifact of missing 

da ta  is unckar.  

The spring-neâp differcnce between 80 and 90 m is significant tliroughout the 

range of calculated Ri (panel b. Figure 7 .6 )  and does not depend on the  choice 

Ri = 0.2.5. That  is. Richardson numbers just after spring tide are significantly larger 

than after neap tide. The spring-neap cycle in the  percentage of critical Richardson 

nurnbers between 80 and 90 m depth (panel c .  Figure 7.6) also reveals that  the  current 

is more unstable just after neap tide. T h e  increase a t  .Julian day 713 (spring t ide) 

is related to  bottom shear: the peak decreases when averaging over regions higher i n  

the  watcr column and increases as the bottom is approached. 

During spring tide. shear instability appears to follow the  tidal cxcle (Fig- 

ure 7 . 7 ) .  On Juiian days 213. 214. and 21.5. mid-dcpth instability is greatest. during 

pcak tidal currents. whereas low Richardson numbers are found a t  shallower and 

greater dept  hs during the transition from flood to ebb and from ebb  to flood. respec- 

t ivcly. At neap tide. however. lower Richzrdson numbers a t  mid-deptli tend to occur 

o n  t h e  transition from the strong ebb to flood tide and during the  strong flood itself. 

The llourly mean currents just above t hese areas of shear instability are  weak. sug- 

gesting tha t  critical la!,rer absorption of interna1 waves may be important dxnamically. 
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Kg. 7.7. Sliear instability on Julian days a )  207 (neap tide) and b) 214 (spring tide). 
Shaded regions indicate depths and times for which the  calculated Richardson number 
fell below 0.25. T h e  solid horizontal profile is t h e  along-channel tidal vclocity at SO 
m depth. with t h e  & 1 m s-' scale plotted on t h e  right. T h e  vertical profiles a t  0900. 
1200. and 2-00 in a) and a t  0300, 1100. and 1.500 in b)  are the  hourly average total  

(i.e. tidal and residual) along-channel currents with the  f 1 rn s-L scales plotted 
abovc. 

7.3 Reynolds Stress 

The mean momentum equations (2.5) clearly show tha t  convergences o r  diver- 

gences in the  correlations of high-frequency current fluctuations affect the mean flow. 

Tlic difficulty, however, arises in determining what constitutes the  fluctiiating current 

as opposed to t h e  mean, especially in geophysical fows where velocities typically oc- 

cur over al1 frequencies. Frequencies over which t h e  energy is reduced. o r  non-existent 
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in the  case of a true spectral gap. provide a convenient cutoff frequency a t  which t o  

divide the  flow. That  is, Reynolds stresses based on current fluctuations of frequency 

greater t han t hat in the  middle of the  spectral gap should remain constant for changes 

in the  cutoff frequency. 
I I  I 

For the present study, the  three-dimensional perturbation velocity ( u . z= . w ) 

is deterrnined by detrending short sections. of between 10 and 80 minute duration. 

of the  total (tidal and residual) XDCP current. The auto- and cross-correlations are 

calculated by averaging the  product of the  remaining perturbations over the  same 

t ime period. It can be shown (e.g. Lu and Lueck 1999. van Haren e t  al. 1994) 
- 

~ h a t  the u'wl and vlw' cross-correlations provide unbiased estimates of t lie Reynolds 

stress under the  assumption of statistical homogeneity, provided that  the  ( u. r ) axes 

is aligned with the ADCP beam directions. That  is. these Reynolds stresses are 

calculated according t o  (4.R) with ï positive a t  a direction of 3 3 . j 0  relative to true 
- 

nortli. While the auto-correlations and u'vl are biased. they are  included in order t o  

facili ta te  cornparison of the  s t  rengt h of the  correlations. 

7.3.1 Variation with Averaging Time 
--- 

I I  I I  
T h e  magnitude of the auto-correlations ( u u . r L. . iç'w') varies somewhat \vit h 

a\.eraging t ime a t  neap tide (Figure 7.8. with similar results for Julian d q s  206 

and 'OS). Auto-correlations at 10 and 20 minute averaging times arc  approsimately 
-- 
r a% and 85%. respectivelÿ, of the  values a t  SO minutes. The  variations in the  auto- 

correlation with averaging t ime are generally greater a t  spring tide (Figure 7.9). with 

\-alues a t  10 and 20 minutes only accounting for about 50% and 60% of t h e  SO minute 

values. Nevert h e l ~ s s ~  the general variation of the  auto-correlations witli dept h are 

constant orer  the averaging tirne. particulad- for the period after neap tide. Auto- 

correlations are also much larger after neap than spring and are  generallj. smoot her. 
- 

especially ulul.  

On the  ot her hand. the  variation wit h a\-eraging t ime for cross-correlations is 

quitc small for both t ime periods. with values at 20 minutes about 90%' of those a t  80 
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T (minutes) 

T (minutes) 

Fig. 7.8. Variation of auto- and cross-correlations of velocity fluctuations with aver- 
aging time, T, over the depth range 50 to 130 m for Julian day 207, just aîter neap 
t ide. 
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-0.3 - 
T (minutes) 

Fig. 7.9. Variation of auto- and cross-correlations of veloci ty  fluctuations wit h aver- 
aging time. T7 over the depth range 50 to 130 m for Julian d a -  214, just after spring 
t ide. 
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minutes. Values after the  neap tide are about an  order of magnitude larger than after 

thc  spring tide in each case. The  variation with depth after spring tide (Figure '7.9) 

is quite irregular, w-hile that  after neap (Figure 7.8) has definite structure. Both of 

these facts suggest that while the situation after spring tide may be noise, that after 

neap t,ide is evidence of large Reynolds stresses. 

After neap tide. peaks in u'w' a t  ?O and 95 m depths are about 20% of the  
- 

corresponding values in u'u'. Were the u'w' signal purely a result of horizontal fluc- 

tuations (u' or v') contaminating the  vertical wr.  the  error in the measured pitch and 
- 

roll angle would have t o  be of the order of 1o0. Furthermore, wit h u'u' on day 211 a t  

least, a third the peak value a t  Juliau day 107, such large pitch and roll biases would 
-3 2 -2 

imply u'w' = 10 m s , rnuch larger than the  values seen. The tilt errors required 

to  account for the peaks a t  75 m depth in LY'W' are similar. 

In addition. the 95% confidence intervals. determined using the bootstrap 

technique (von Storch and Zwiers 1998). are small compared to  the magnitude of 

t h e  cross-correlations a t  neap tide (Figure 7-10). .At spring tide. the results are not 

statistically different from zero. Therefore. the rneasured cross-correlations at  neap 

should be related to  the actual Reynolds stresses by a proportionality constant equal 

to tlic density. and the spring-neap cycle is shown to  be significant. 

The  ratio of the  error velocity. e. t a  the vertical vclocity. W .  increased signif- 

icant ly betwcen SO and 90 m during neap tide (Figure 5.1 ). raising concerns about 

the validity of the measured vertical velocity over these depths. Above S0 m and 

hetween 90 and 100 m, however, e/w is much smaller, and it is within these ranges 

t tiat the  ~ a l u e s  of u'w' are  large and of opposite sign (Figure 7-10). suggesting that  

the  divergence in the  stress. which affects the mean flow. is a real signal. 

7.3.2 The Spring-Neap Cycle 

To facilitate cornparison between the measured Reynolds stresses and the  
- - 

spring-neap cycle in the  mean flow, u'w' and v'w' are  rotated into along- and cross- 

cliannel directions, wi th  u aligned wit h the depth-mean orientation of the Jf 2 ellipse 
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Fig. 7-10. 1Iagnitudes of the  daily mean Reynolds stress after neap tide (Julian 
c h > -  207) and spring t ide  (Julian day 214). with L. positive in the  direction of the 
orientation of ADCP beam 3. 33.5' from true north. T h e  dashed lines represent the 
9.5% confidence intervals determined [rom a bootstrap technicyue. 

( 10' south of east ). T h e  ut  zut and c'ut Revnolds stresses are  not significantly different 

from zero over much of the  spring-neap cycle (Figure 7- 1 1 ). and are largest during t hc 

t hree or four days arouiid neap tide. This is consistent with the  reduced Richardson 

tiumbcrs found following neap tide (Figure 7.6). and also with the  enhanced cstuarinc 

cschangc at  t his t ime. Al t hough the  salini ty at Race Rocks is considerably recovered 

1)y Julian day 213 from the  anomalously low values over much of the  previous month 

( Figure 4.4). indicating a return to  a more common spring-neap cycle in the  estuarine 

eschange. t here is some indication t hat Rcynoids stresses during the  neap ccntred at  

.Julian day 22 1 are again significant. Thus, while it may be t hat the  measured stresses 

are enhanced compared to the regular neap values. the  d a t a  suggests that  a regular 

spring-neap cycle in t h e  mixing in Juan de Fuca Strait  exists. 
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200 202 204 206 208 210 212 214 216 218 =O 
Julian day 

- 
Fig. 7.1 1. \ariation of u'w' and L<'LG' Reynolds s t ress  th roughout  the  spring-neap 
cycle. In each case, t h e  solid lines represent the daily averages  over the depth ranges 
shown and the dashed  lines indicate t he  s t anda rd  deviat ion over t h e  depth range. 
Tlie ( u .  c )  axes  a r e  ro t a t ed  such t ha t  u is positive up-channel. 

Th i s  was found  t o  bc t h e  case in  t h e  results of Masson and Curnmins'  (2000) 

numerical mode1 investigating t h e  effect of a fortniglitlj- modula t ion  of the tidally- 

induced mis ing  over Victor ia  si11 on t h e  circulation a n d  d j -namics  within Juan  d e  Fuca 

Strai t  itself. T h a t  is. interfacial mising in t h e  central  sect ion of t h e  strait  was found 

to be larger dur ing  n e a p  tide t h a n  at spring tide. enhanc ing  t h e  vertical eschange  of 

rnomcntum. As a result. the spring-ncap cycle in t h e  e s tua r ine  eschange  was reduced 

in t lie downst ream direct ion,  a 'negative feedback- (Pa t r ick  Cummins .  persona1 com-  

munication. 2000) which IargeIy confined t h e  salinitj* a n d  cur ren t  variations t o  t h e  

castern portion of the s t ra i t .  
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on J u i i i  Day 207 
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Fig. 7 - 1 2  Reynolds stresses at 
t ide. Stresses of magnitude less 

neap (Julian day 207) and spring (Julian day 214) 
2 -2  

than 1 0 - ~  rn s are not shown. 
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- Fig. r -13. Alean vertical Reynolds stress and vertical derivat ive 01-er three k s  a t  
neap (.Jtilian day 206 to  208. thick lines) and spring tide (.Julian day ' 2 1 3  to 213. thin 
lincs). The dashed lines indicate the standard deviation over the  three days. 

Strong neap u'w' stresses occur hetween strong ebb a n d  the follorving flood 

(Figure 7.12). This is true bot11 below 85 m. wtiere the stresses are predominantIy 

negatit-e. and above 8.5 m? where the stresses are positive. The stresses occur at  

t.he same depths and times as the loiv Richardson numbers (Figure 1.1). Tliere is 

a suggestion that the  u'w' stress at  spring tide also occurs when Ri < 1 /4. but the 

magnitude of the stress is much weaker and the signal is not apparent. 

With the exception of the bottom boundary layer. the mean Rcynolds strcss 

during spring tide is not significantly diffcrent from zero throughout the water column 

( Figure 7-13). The mean bottom stress acting on the  water can he parameterised as 

r / p  = - ~ / T C ~ ( $ U ~  where CG is the magnitude of the tidal c u r e n t  and u is the  mean 
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-3 -1 
near-bottom velocity. For CD = :3 x 10 . 13 z 1 rn s and 0.5 rn s-' nt spring and  

- 1  
neap tide. respectively, and u zz 0.1 m s . t he  Rej-nolds stress shoüld be of the order  

2 -2  
-4 x 1 0 - ~  rn s a t  spring t ide. The measured \salue of the  Reynolds stress near t h e  

-4 2 -2 
bottom is in rough agreement. with urw' ;s -2 x 10 m s . and  about hal l  t hat a t  

rieap tide (Figure 7-13).  

Above the  bottorn boundary layer. the  Rej-noIds stress during neap tide is large 

throughout most of the  \irater column. There is a strong divergence of t<'wf witliin 

a 30 rn band centred at the  depth of the  zero mean along-channel current. n-ith 

convergences above and below. During neap tide. t he  depth  averages of botli u'wr 
- - 2 -2 - 2 

and r'w' between JO rn and t h e  bottom. ( 6 I S )  x L O - ~  rn s and  (-5f 6) x L O - ~  ni 
- 2 

s . respectively. a r e  not stat istically different from zero. indicating that the  measured 

stresses are  consistent \vit h a redistribution of mornenturn over the  water column. 

7.3.3 The Vertical Eddy Viscosity 

T h e  dong-channe1 estuarine circulation is enhanced a t  neap ticle. with inte- 
2 - 1  

grated infiows below S-5 m depth of approsimatel>- 6 rn s . compared to  about -L 
2 -1  

rri s during spring tide (Figure 7.14). The increase in t hc  transverse flows is c ï e n  
- 1  

more dramatic. with L-elocities a t  93 m increasing four-fold. t o  ab ou^ 0.16 ni s . 

Tficsc currcnts a re  not significantl- affected by the choice of cross-channe1 direction: 

rotating the  axes orientation clockivise by a further 2 0 ~  reduces the  neap magnitude 

at 9.5 m depth to  only O. 12 m s-' . The depth of the  maximum transverse current 

incrcases from 98 m at  spring to about 94 m during neap tide. closer to the 90 rn 

peak in the  vertical derivative of the measured Rej-nolds stress ( Figure 7.13). 

T h e  enhanced estuarine eschange and tram\-erse flair-s at ncap tide lead to 

Iarger sliears in both  horizontal components ( Figure 7.14). particularly between SO 

and 90 m depth.  As a result. t he  gradient Richardson numher is considcrably smaller 

ovcr tiiese dept hs a t  neap tide (Figure 7.6). The  vertical eddx viscosity. parameterisecl 

as .-IC a - i i rw ' / ( - .  with (;- t h e  vertical shear in t h e  mean along-channel velocity. is - 
positive and increwes with beight ahove the  bot tom in the  lowest 1.5 m. and is larger 
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1301 1 
-0.3 -0.2 -0.1 O 0-1 0.2 

mean residual V (m 4') 

Fig. 7.14. Mean residual a )  along-channel and b)  cross-channel current with c )  and 
ci ) associated shears. The vertical eddy viscosi t ies. parameterised as (2.6) are plot ted 
in C )  and f ) .  Thick lines are the  three day averages a t  neap tide (Julian day 206 to 
208) and thin Iines diiring spring tide (.Julian day 213 to 21.5). 
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at spring tide than  a t  neap t ide (Figure 7.14). This is t h e  expected result for wall- 

l~ounded flow. where eddy sizes are restricted close t o  t h e  solid boundary. 

Above 80 m and between 100 m and 120 m. t he  shear  is weak. magnif-ing 

uncertainties in t h e  measured Reynolds stress t o  the  point where t h e  vertical eddy 

viscosity parameter,  A". is not rneaningful. In the  interfacial region (between 80 and 

100 ni). hotvever. 4 varies with depth. and is negative below the  interface. This 

indicates tha t  the  Reynolds stress is transport ing r n o n ~ e n t u m  up-gradient ( possi b l ~ -  

II>- interna1 waves generated at the bottom and breaking at mid-clept hs). suggest ing 

t hat the fluctuations may  be driving the mean current. At neap tide. the  Richardson 

niirnber iras lowest at rnid-depth. particularly after the  ebb t ide  and  o n  the  subsequent 

transition to flood (Figure 7.7). i.e. when the  along-channel currents a t  80 m were 
- 

riearly zero. The u'w' stress divergence was also largest at 80 m depth  during tliis 

t ime (Figure 7.12). This  suggests that  a critical la!-er esis ts  near  t h e  interface. where 

iritcrnal waves generated as the  tide flows over t o p o g r a p k  within the  strait break. 

7.3.4 Effect on the Mean Flow 

T h e  stress divergences during spring tide are relatively small. and have little 

effcct on the mean flow compared t o  the forcings a t  neap tidc. T h e  vertical dcrivativcs 

of t hese Reynolds stresses appear e s ~ l i c i t l y  (i.e. are  not pararneterisat ions) in t lie 

momcntum cquations, which can be written as 

ut + (oftu')- + f i l  

~vlicrc ( l i a .  oa ) a re  t h e  ageostrophic horizontal velocities. The divergence in u'w' for 

csample.  can directly al ter  q or lead to accelerations in u .  \+'ith the measured 

h~drography  a t  the  ADCP si te  very similar between spring a n d  neap t ide (Figure 7.4). 

t hc gcostrop hic velocities should be relatively unchanged. 
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The depth average of the stress divergence over the bands centred at 100 and 
- 2 

S.? ni are of magnitude 2 0.5 x  IO-^ r n  s . implying (urmr)-/  - f * 0.5 and -0.5 rn s-'. 

respectively. .i\lthough these are of the same sign as the change in the cross-channel 

current from spring t o  neap (Figure 7-14), they are too large by about a factor of 

tliree. The  peak in (arm')- a t  6.5 m is not associated with a significant spring-neap 

diffcrence in tlie cross-channel flow. Above 80 m depth. -(v'w')-/ f is consistent ivith 

changes in the along-channel florv, within a factor of two. The large narrow band 

wi th  (:'IL")- < O centred at 90 rn depth does not appear t o  affect the along-channel 
-6 - 2  

currcnt. The average of ( v lw ' ) -  between 75 and LOO m =z S x 10 m s . liowever. 

ivhich is consistent with the changes in u at  100 m of O.OS m s-' .  

The ( u'w') - profile is also qualitatively similar to  spring-neap differences i n  
+ 

i l .  cscept fcr tlie region below 110 m. suggesting that some part of the  mcasured 

Reynolds stress divergence may be accelerating the flow. The agreement in shape 

Ixtiwen ( c'wr)- and  L< above 100 rn depth is also reasonable. Hoive\-er. the  ciifference 
- 1  

of -0.1 m s in z~ seen a t  SO m depth could be driven by the  nieasured Reynolds 
- 2  

stress divergence of about 5 x L O - ~  m s in only 2000 S .  or about 90 minutes. whrreas 

t h c  stress divergences act on the mean flow for a period of about three clays. 

Prcliminary analysis of 1998 ADLP data from a location a few kilometres 

awaj- reveals that both the rnean cross-channel currents and estuarine cschangc w r e  

considerablj. smaller. In 1998. the current structure was similar to that  observecl in 

1906 dirring spring tide. suggesting that the neap tide results may be duc to \-Cr" 

localised processes. Tha t  is. if the 1996 current structure elsewhere in  the  strait ivere 

similar tliroughout the  spring-neap cycle to that found a t  the  ADCP si te at spring 

tide. as in 1998. t he  currents would only be driven by the strong neap Reynolds stress 

clivergences as the along-channel current advects ivater past the XDCP site. For a 
-1  

root-mean-square tidal velocity of ums = 0.3 m s . a simple estimate of the dong-  

cliannel length scale of t h e  forcing field required to drive the currents observed ahove 
3 

tlic 1996 ADCP is 10 m. roughly the length scale of the locai topographie fcaturc 

iiriderneatli the ADCP unit. Xfter passing over the local bathymetr~.  the forcing 
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would end and friction wauld reduce the  shears and currents t o  vaIues more typically 

found elsewhere in the  strait .  

Mowever. numerical models (Masson and  Curnmins 2000) suggest tha t  t he  

spring-neap cycle in the  estuarine eschange flow is more pervasive. although the  

magnitude of the  modulation was found to be about  20% of the rncan. considerably 

lcss t han  tha t  measured (Figure 7-14). This implies tha t  the variability measured 

is onlj- partlj. due  to the  regular spring-neap cycle. The anomalously low surface 

salinities at Race Rocks during the depioyment period (Figure 4.4). ~vhich were not 

fou nd during the  1998 deployment . a re  consistent wi t h unusual ly large eschange flow 

resulting from northwesterIy winds in the Strait  of Georgia during neap t idc (Griffin 

and LeBlond 1990). 

The  mid-dept h Reynolds stresses measured during the neap ticle which occrtrec1 

during the  deployment a re  sufficiently large to  considerabIy aiter the current s truct  urc 

wi t hin Juan d e  Fuca S t rait. Unfort unateiy. while t h e  surface salinity recovered toward 

the end of t h e  deployment. currents and Reynolds stresses were measured over only 

t h e  single neap tide. making it difficult to drarr- firm conclusions regarding either 

t he  temporal or  spatial variability of the  observed spring-neap cycle in the  turbulent 

n ~ i s i n g .  
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Chapter 8 

Conclusions 

Tlic along-channel circulation in partially-mised estuaries is fairly well under- 

stood. Salinity in the  brackish upper outflow increases in the  downstream direction 

duc- to entrainment and diffusive fluxes. while saltier oceanic water f l o ~ s  into the 

cstuary at depth. In Juan  de Fuca Strait. this estuarine flou- is highly seasonal. as ev- 

idenced by historical current meter and hydrographie data .  Maximal eschange floivs. 

for esample. occur after the summer freshet. 

Historical current meter  da t a  from a number of deployments \\*ere used to  

demonstrate that  the  upper t o  lower layer differences in along-channel currents \t-ere 

consistent with the thermal wind equation over a large range of stratifications. im- 

plyi ng significant seasonal and inter-annual variability in t lie cross-cliannel isopycnal 

slopcs. The cross-channel difference in the  depth of the  mean along-channel fiow was 

found to  be consistent with tha t  of the  isopycnals. 

Llonthly al-erage sea level and atmosphcric pressure da ta  reveal that  surface 
- 1  

pressure gradients inside Juan  de  Fuca S t rait reach about 5 x 10-* Pa rn senward in 

.A ugust. Ho~cever. upper layer currents arc  fairly constant in the seaivard direct ion. 

implying that friction between the  two layers partly offsets the  prcssiire term. .A 
2 - 1  

momentum balance suggests that  the  vertical eddy viscosity .AL, Z= 0.07 m s a t  

interfacial depths in Ma-  and larger values may be more appropriate in summcr. 

.A breakdown in the  geostropliic balance. a result of friction acting on shear. 

Icads to transverse currents. Historical current meter d a t a  rel-eal strong cross-channel 

flows of up to  0.06 m 5-' a t  rnid-depths in Juan de Fuca. although vertical resolutions 

have been insufficient to properly resolve them. Laboratory esperiments (.Johnson and 

Olilsen l99-l) have demonst rated t hat s t  rong transverse currcnts exist at the interface 

of a two-Iayr rotating Aow. allowing water masses formcd at the  sidc~valls to  sprcad 



into the  interior. Iimiting t h e  along-channel eschange. and aiding in the dispersal of 

tracers. The structure of cross-channel flows in real estuaries is considerably more 

complex t han in the laboratory. however. owing t o  continuous stratification and the 

prcsence of tides and interna1 waves. and the- remain poorly understood. 

Turbulence, which elevates mising rates and enhances stresses which can affect 

t h e  mean flott-. is aIso associated wi t h strong friction. Tradi t ional current meters 

nwasure only t h e  horizontal component of the velocitg and record only aftcr significant 

averaging. Xcoustic Doppler Current Profilers. on the  othcr hand. sample the thrce- 

climensional velocity much more rapidly. enabling the  Ructuating componcnts to be 

nieasured. This provides a n  additional tool in the  study of the  effect of Reynolds 

st rcsses on the dynamics of geophysical flows. 

A Iletter understanding of the  cross-channel flows. turbulence. and mixing 

\vit hin Juan de Fuca Strait was the  motivation for the  obsen-ational programme of 

1996. Spccifically. 1 was interested in adequately resolving the  interfacial region. par- 

t iciilar1~- the transverse currents. and in examining the  forcing terms which drive the  

dynamics in a partially-mixed estuary. An additional a im was t o  measure Rcynolds 

stresses in a stratified fluid t o  complement the dj-namical study. 

Timed to  coincide with the  expected maximal estuarine flow due  to  the summer 

freshct. a bottom-mounted ADCP Iras deployed in the central section of .Juan de Fuca 

Strait in .July for 21 days. Currents were sarnpled every 30 seconds \vit h two-mctre 

vertical resolution over a large portion of the water column. capturing the  mid-depth 

rcgion containing the  interface between the brackish surface layer and the  return flow 

heneat h. Conductivity-Temperature-Depth (CTD) profiles were obtained over the  

course of t lie deployment t o  determine the  hydrography. 

a )  'krf ical 17elocilies 

Vertical currents are the most difficult velocity cornponent t o  measurc. mainly 

I~ccause theu are generally small in magnitucie. Difficulties include the  risk of con- 

tamination by horizontal \relocities through errors in the measurcd :lDCP tilt angles. 

spatial intiomogeneity over the width of the beam separation. and contamination due 
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to  the active migration of zooplankton. A minimisation of the energy contained in zc 

for pitch and roll corrections revealed t hat t here is no obvious bias in eit her tilt angle. 

and the difference in vertical velocity estimates from orthogonal beam pairs was small 

compared to  the mean vertical velocity. At times and depths outside zooplankton 

migration routes. interna1 n-a\-e induced undulations in bands of anomalously large 

I~ackscatter intensity were used as independent confirmation of the reliability of the 

L-ert ical veIoci ty esti mate. Slopes of vert icaI velocity versus backscat ter intensity. as 

well as composite anomalies of u: and the intensity suggest that  the diurnal zooplank- 

ton migration did not have a significant bias on the measured i.ertical \docitu. even 

t hoiigh the migrating zooplankton clearly show up in the backscatter intensity data. 

This is in contrast to Plueddemann and Pinkel (1989). who found that the vertical 

vclocities measured with a 67 kHz 'lDCP in a n  oceanic environment iwre consistent 

ivi  t h the backscatter signal. The  differences. which may be the resiilt of the f'requency 

iised or of the populations of zooplankton. warrant furt her esaminat ion. 

6 )  Tidcs 

The effect of bottom friction in reducing the magnitude of the near bottom 

currents ivas clearly seen in the tidal constituents. This mot ivated a l og - l a~w analysis 

of the total dong-channel current. and the results suggest that the drag coefficient kvas 
-3 

onlj- sliglitly larger on flood tide than on ebb. with CD = 2.9 x 10 and CVD = 2.S x 

IO-'. rcspectively. For rectilinear currents. one ivould espect the bottom roughncss 

parametcr to be independeiit of the freestream velocity. The  da ta  showed very srnaIl 

correlation ( r  = -0.023) betrveen zo and Li , ,  for Rood tide. and sornewhat larger 

correlation ( r  = 0.21) for ebb. 

The flip in rotation sense of the AI 2 current vector jiist above the bottom wac 

demonstrated to be the  result of different boundar~.  layer thickncsses for tlic clockwise 

and anticlockwise rotating components. The  momentum balance analysis proposcd 

by Soulsby (1983) predicted the shear of the magnitudes for the two components 

fairly well in the bottom 1.5 m. In contrast. agreement between the theoretical and 

measiirecl phases was poor. A fuller numcrical modcl. i.c. involving a timc-varying 
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eddy viscosity. should improve the prediction. but tri t hout modelling the  effects of 

stratification cannot be expected to  do so above the  bottom well-mixed layer. T h e  

presence of internal tides. as evidenced by the  baroclinicity of the  tidaI magnitudes 

above the  bottom boundary layer. is a further complication. and a proper analysis 

would necessarily include the  topography of J u a n  d e  Fuca Strait .  and possibly the  

shelf  break as well. 

Energ?; spectra showing that  considerable energjp is present nt ncar-tidal fre- 

yuencics atso suggests tha t  the tides within .Juan d e  Fuca Strai t  contain internai 

modes. T h e  vertical structure of these modes can be signif icantl~ altered in the  

presence of a mean current. Furthermore. incoming and outgoing waves are  affected 

differentlv - bv - t he  estuarine flow within the  channeI. Thus. without horizontal reso- 

lution of the  tidal currents. a decomposition of the  total t ide into its barotropic and 

t~aroclinic components is a difficult task. 

The vertical s tructure of the  internal modes in a non-rotating fluid is given 

11'- t h e  Taylor-Goldstein equation. T h e  Rossby radii for the barotropic tides and 

t iie first baroclinic tide a t  diurnal frequencies a re  much Iarger than the  width of the  

strait . and t hc tides a re  rectilinear. For higher modes. however. cross-channel t idal 

components are not constraincd to be zero, and t hc Taylor-Goldstein equation ma'- 

not be appropriate. The modal fits to  the  measiired tidal currents did not alloiv 

modes highcr than the  first baroclinic t o  be identified though. so this \vas not an  

issue in t h e  present study. 

X modal fit t o  the  observed M2 tide siiggests tha t  the  barotropic tide has a 

niagnitiide of about  0.47 m s-l. The  first baroclinic mode has maximum associateci 

currents of hetir-een 0.05 and 0. LO m s-l. Horizontal resolution of the  tidal structure 

\vit hin .Juan de  Fuca Strait  is required t o  properly determine t his. Unfortunately. 

historical d a t a  sets tvhich contain some degree of horizontal resolution suffer from a 

lack of i-crtical resolution. 
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C) The Mean Flow 

The  vertical s tructure of the  currents at mid-dept h \vas resolved. revcaiing 

large cross-channe1 currents and strong shears in the interfacial region. The  rnean 

along-channei fiow is typical of estuarine circiiiation. with outflow in t he  upper l a ~ e r .  

and return Aow beneath. T h e  measured currents are generally larger a t  al1 depths 

t lian geost rophic currents based on the  rneasured hydrography. suggest i ng t hat t h e  

4 -namics  affecting the flow may be sufficiently locaiised t hat tliey do not affect the  

h>-drography at the  nearest CTD stations. Currents are particularly strong at mid- 
-1  

depth (i.e. near the  interface). with means reaching -0.0ï m s . and are robust t o  

sniall rotations of the  ( x , y )  axes. 

The  tliree-dimensional mean residual flow in Juan d e  Fuca Strait agrees in 

a qualitative sense with results from a laboratory experiment of two-layer rotaring 

cschange fiow (Johnson and Ohlsen 1994). although the spring-neap and inter-anniial 

\-ariations measured suggest t hat the  dynamical processes may not be similar. Both 

t h e  along- and cross-channel mean currents were significantly larger during neap tide 

t han a t  spring tide. The fort nightly modulation of the estuarine exchange fiow can bc 

understood in terms of elevated mising levels in the Gulf Islands upstream of .Juan de 

Fuca Strait during spring tides. which enhances the verticaI exchange of momentum. 

rcducing t h e  estuarine exchange. Occasionally. northwester!y winds in the Strait of 

Gcorgia during neap tides result in an  additional increase in the  eschange floiv. and 

surface salinity da ta  from Race Rocks suggests that such a n  event occurcd O\-er the 

t ime of the ADCP deployment. 

O) intcrfacial Mixing 

Direct measurements of the Reynolds stress were made in a stratified environ- 

nicrit and temporal variabili ty  was clearly seen. bot h on semidiurnal and fortnightly 

timescales. The spring-neap cycle in the  turbulent mising matchcd that of the  sliear 

in that elevated mixing Ievels were associated with lower gradient Richardson num-  

bers. The  dccrease in the gradient Richardson number during neap t ide implies t hat 

the  exchange fiow is more unstabie to  shear instability. and the  prcvalence of loir 
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Richardson numbers during the transition from ebb to tlood a t  interfacial depths sug- 

gests t hat critical layer absorption of internal waves may be dynamically important. 

The magnitudes of the measured Reynolds stresses were quali ta t  ively consis- 

tent  wi t h the observed spring-neap ~sariations in the mean along and cross-channe1 

currentç. While t h e  fortnightly modulation in the estuarine eschange arises upstream 

in the narrow and shallow constrictions between the Gulf and San Juan Islands. the 

additional mixing inside Juan de Fuca Strait dliring neap tide enhances the  vertical 

transfer of momentum. and likely acts as a brake on the spring-neap cxcle of the 

dong-channel flow. 

d )  fit ur-e 14iork 

EfForts to further study the spring-neap variation in turbulence and the  asso- 

ciated effects on the mean currents would benefit from a more thorough analysis of 

the hydrographic and current structure within Juan de Fuca Strait. 4Iost of the  CTD 

prof les neai- the ADCP site. including the only t ime series. were takcn over a single 

two-da. period, a t  neap tide. In addition to increased measurement of t hc  spring- 

neap hydrograpliic cycle. higher resolut ion in the horizontal direction is needed. The 

spacing hetween CTD stations near the ADCP site \vas too large to rneasure the  el- 

fect of an? IocaIised dynamic processes which were occuring. X series of hydrographic 

moorings would accomplish both of these objectives. and the synoptic coïerage would 

also allow internal waves to  be rneasured. 

There is also some uncertainty as to  whether the spatial t-ariability in t h e  

obscrt-cd current structure and Reynolds stresses is part of the regular spring-neap 

cycle in Juan de Fuca Strait or if it was a result of the  frcshwater event which occurecl 

in latc July. Measurernents over several spring-neap cycles are requircd t o  more 

fiilly understand the degree to which rnising within the strait is modulated b ~ .  the 

fortnightiy tidal cycle. 
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