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A bstract

E stua ries ,  th e  regions w here runoff of f reshw ater ,  soil, and  c o n ta m in a n ts  first 

enco u n te r  th e  o cean ,  a re  also p r im ary  fishing a n d  rec rea tio n  areas. It is th e re fo re  

im p o r ta n t  to  u n d e r s ta n d  th e  dynam ics  associa ted  w ith  m ix ing  a n d  c u r ren ts  w ith in  

these  bodies of w ate r .  P o llu tan ts  and  freshw ater from  river  runoff flow o u t  to  sea  in 

th e  upper  layer, w hile  nu tr ien t-ca rry in g  oceanic w a te r  re tu rn s  b en ea th .  W h ile  th e re  

have been m a n y  s tu d ie s  of th e  processes involved in th is  exchange  flow, th e  d y n a m ic s  

and  vertical s t r u c tu re  of transve rse  flows are  m uch  less u n d ers to o d ,  d esp ite  t h e  role 

these  cu rren ts  p lay  in red is t r ib u t in g  w ater p ro p e rt ie s  a n d  m o m e n tu m  th ro u g h o u t  th e  

estuary .

O ne such e s tu a ry ,  J u a n  de Fuca S tra i t ,  is an  ideal location in w hich to  s tu d y  

es tu a r in e  exch an g e  a n d  th e  resu lting  cross-channel flows induced  by in te rna l fr ic tion , 

p rim arily  because  its len g th  and  sm ooth  topo g rap h y  reduce  th e  topog raph ic  s tee r in g  

of curren ts .  H istorical cu r ren t  m e te r  d a ta  from a  n u m b e r  of dep loym en ts  in J u a n  de 

Fuca S tra i t  reveal t h a t ,  while m ean  along-channel c u r re n ts  a re  roughly  co ns is ten t w ith  

th e  th e rm al w ind e q u a t io n ,  cross-channel flows a re  no t.  p a r t icu la r ly  a t  m id -d e p th s  

where tran sv e rse  c u r re n ts  a re  largest.

A m o m e n tu m  b a lance  using historical sea level an d  cu r ren t  m e te r  d a t a  suggests  

th a t  the  vertica l ed d y  viscosity A^. % 0.02 m ^s~’ a t  in terfacia l d ep th s  in May. T h e  

m ean c ircu la t ion  in J u a n  de  Fuca S tra i t  is highly seasonal in n a tu re ,  however, and  

larger values m a y  be m o re  ap p ro p r ia te  in su m m e r  w hen  th e  e s tu a r in e  exchange  peaks  

due  to the  freshet.  S tro n g e r  friction is in tu rn  assoc ia ted  w ith  e levated  m ix in g  ra te s  

and  increased t ra n sv e rse  velocities.

An .Acoustic D opp le r  C u rren t  Profiler dep loyed  in Ju a n  de  Fuca  S tr a i t  in 

th e  su m m e r  of 1996 resolved th e  vertical s t ru c tu re  of th e se  velocities. C o n c u rre n t  

C u r re n t-T e m p e ra tu re -D e p th  d a ta  reveal th a t  n e i th e r  th e  along- nor th e  cross-channel 

cu rren ts  are  in geos troph ic  ba lance with the  h y d ro g ra p h ic  s t ru c tu re ,  sugges ting  th a t



Ill

th e  physical processes assoc ia ted  w ith  these cu rren ts  a re  m o re  localised th a n  th e  five 

k ilom etre  scales over w hich  th e  hydrography  was m easured .

Z oop lank ton  w ith in  .Juan d e  Fuca S tra i t  com prise  a  s ignificant pa r t  of th e  

sca tte r ing  cross-section u p o n  w hich th e  . \D C P  depends .  D u r in g  th e i r  d u sk  m igration  

in to  the eupho tic  zone to  feed an d  dawn descent to  e scape  p re d a t io n ,  th ey  do not 

ac t as passive b a c k s c a t te r  ta rg e ts  for the  .Acoustic D oppler  C u r r e n t  Profiler. Vertical 

m igration  velocities, m e asu re d  from th e  b ack sca tte r  in te n s i ty  reco rd , reached 0.0-3 

m s ' ,  suggesting th a t  s ignificant biases in th e  m easu red  v e r t ica l  velocity  could be 

in troduced . L ittle  effect was a c tu a l ly  seen in th e  velocity  fields, how ever, even though  

th e  cross-sectional f rac t ion  of th e  zooplank ton  was an  o rd e r  o f  m a g n i tu d e  larger th a n  

th e  background.

M ean cu rren ts  in J u a n  d u  Fuca S tra it  reveal s trong  t ra n sv e rse  flows a t m id ­

dep ths .  suggestive of in te rfac ia l  E k m a n  layers. T h e  a long-channel e s tu a r in e  exchange 

is significantly e n h a n c e d  a t  neap  tide ,  consistent w ith  w eaker m ix in g  u p s tream . T h e  

cross-channel flows a t  in te rfac ia l d ep th s  are also su b s ta n t ia l ly  la rger  d u r in g  neap tide ,  

im plying a fo r tn igh tly  m o d u la t io n  of mixing ra tes  w ith in  th e  s t r a i t .

T h e  A D C P  was also used to  m easure th e  Reynolds s tresses  d irectly . T hese  

were found to  be m o re  th a n  an o rd e r  of m a g n itu d e  la rger a t  neap  t id e  th a n  du ring  

spring tide an d  were con s is ten t  w ith  changes in th e  m ean  c u r re n t  over th e  spring-neap  

cycle. Reynolds s tresses  were m a x im a l at m id -d ep th  on th e  t r a n s i t io n  from ebb  to  

flood, a t which t im e  th e  g rad ie n t  R ichardson nu m b ers  were s m a l le s t ,  suggesting  th a t  

critical layer ab so rp tio n  of in te rna l waves are im p o r ta n t  dynam ica l ly .



I V

Dr. C hris  G a r r e t t  
Superv isor (Schoqj,«C nd  Ocean Sciences)

,f Lueck.
entail M e m b e r  (School o f  E arth  and  O cean  Sciences)

Dr. Andrew W eaver
D e p a r tm e n ta l  M e m b e r  (School o f  E arth  an d  O cean  Sciences)

Dr. P a tr ick  C u m m in s
O u ts ide  M em b er  ( I n s t i t u te  of O cean  Sciences)

Dr. W ayne R. G ey er  
External E x a m in e r  (W ood| ^ o l e  O ceanographic  In s t i tu t io n )



T able o f C on ten ts

List of T a b l e s .....................................................................................................................................  viii

List of Figures .................................................................................................................................  ix

A c k n o w le d g m e n ts .................................................................................................................................xviii

C h a p te r  1. In t ro d u c t io n  an d  M o t i v a t i o n ........................................................................... I

C h a p te r  2. B a c k g r o u n d ............................................................................................................. 4

2.1 E s t u a r i e s ....................................................................................................................  4

2.1.1 C lass if ica tion  S c h e m e s ..........................................................................  4

2.1.2 T h e  P a r t ia l ly -M ix ed  E s t u a r y ............................................................... 11

2.1.3 T h e  Effects of R o t a t i o n ..........................................................................  12

2.2 T u r b u l e n c e ................................................................................................................  15

2.2.1 R eyno lds  S t r e s s ......................................................................................... 16

2.2.2 T h e  R eyno lds  N u m b e r .......................................................................... 19

2.2.3 T h e  B o tto m -B o u n d a ry  L a y e r ............................................................... 20

2.3 S ta b i l i ty  in  th e  P resence  of S t r a t i f i c a t i o n .................................................  22

2.3.1 S h e a r  I n s t a b i l i t y ......................................................................................... 23

2.3.2 B aroc lin ie  I n s t a b i l i t y ..............................................................................  25

2.4 T i d e s ............................................................................................................................  28

2.4.1 T id es  in C h a n n e l s .....................................................................................  29

2.4.2 In te rn a l  T i d e s ............................................................................................. 31

C h a p te r  3. J u a n  de  F u ca  S t r a i t .............................................................................................  36

3.1 B a c k g r o u n d ............................................................................................................. 36

3.2 A  P re l im in a ry  A n a l y s i s ...................................................................................... 44

3.2.1 R ean a lv s is  of Historical D a t a ...............................................................  44



VI

3.2.2 M o m e n tu m  B a l a n c e .................................................................................  51

3.2.3 S tab i l i ty  to  In te rna l  M i x i n g ............................................................... 55

3.2.4 S u m m a ry  ....................................................................................................  56

C h a p te r  4. O bse rva tions  from  1996 ....................................................................................... 57

4.1 H y d r o g r a p h y .............................................................................................................. 57

4.1.1 D ensity  Profiles in .Juan de Fuca S t r a i t ........................................ 59

4.1.2 Surface S a l i n i t y ........................................................................................  63

4.2 .Acoustic D opp ler  C u r re n t  P r o f i l e r ................................................................... 63

4.2.1 A D C P  T h e o r y ............................................................................................  64

4.2.2 A D C P T e m p e ra tu re  M e a s u r e m e n t s ................................................  72

4.2.3 A D C P  C o m p ass  an d  Tilt Angle M e a s u r e m e n t s ........................  74

4.2.4 C a lc u la te d  E a r th  V eloc itie s ..................................................................  76

C h a p te r  5. T h e  Vertical V e l o c i t y ..........................................................................................  SO

5.1 S pa tia l  I n h o m o g e n e i t y ......................................................................................  SO

5.2 H orizonta l C o n ta m in a t io n  of Vertical Velocities ....................................  S2

5.3 B ack sca tte r  In ten s i ty  an d  Target S t r e n g t h .................................................  S4

5.3.1 C o rrec t io n  o f  B acksca tte r  In tensity  M e a s u r e m e n t s ................  S5

5.3.2 T h e  D iu rn a l  Zooplank ton  .V lig ra tion ...............................................  S7

5.4 In te rn a l  W aves ...................................................................................................... 94

5.5 S u m m a ry  .................................................................................................................  96

C h a p te r  6. T i d e s ............................................................................................................................  97

6.1 T id a l  C o n s t i tu e n ts  ..............................................................................................  99

6.2 B o tto m  F r i c t i o n ...................................................................................................... 101

6.2.1 Log-Layer F i t t i n g ..................................................................................... 102

6.2.2 T h e  B o t to m  B o u n d ary  L a y e r ..............................................................  106

6.3 In te rn a l  T i d e s .........................................................................................................  113

6.3.1 T h e  .A long-Channel M 2  T ide  ..........................................................  US



VII

6.3.2 T h e  C ross-C hanne l A/2 T i d e ..............................................................  122

6.3.3 T h e  V ertica l A/2 T i d e .........................................................................  123

C h a p te r  7. M ean a n d  N on-T ida l F l u c t u a t i o n s .....................................................................  126

7.1 R esidual E s tu a r in e  C i r c u l a t i o n ............................................................................  126

'.1.1 C o m p a riso n  to  G eostrophic  Flow ....................................................  126

'.1.2 V o lum e tr ic  O u t f l o w ..................................................................................  130

7.1.3 D aily  M e a n s .................................................................................................  132

7.2 S t a b i l i t y .......................................................................................................................  132

.2.1 B aroclin ie  I n s t a b i l i t y ............................................................................... 134

.2.2 S h ea r  I n s t a b i l i t y .........................................................................................  135

7.3 R eynolds  S t r e s s ........................................................................................................  138

'.3.1 V aria t ion  w ith  A veraging T i m e ........................................................  139

.3.2 T h e  S p ring -N eap  C y c l e ........................................................................... 142

.3.3 T h e  V ertical E d d y  V i s c o s i t y ...............................................................  147

.3.4 Effect on th e  M ean  F l o w .......................................................................  149

C h a p te r  8. C o n c l u s i o n s ............................................................................................................... 152

References 158



V I 11

List o f  T ables

3.1 Seasonal V ariab ility  of th e  M ean  E s tu a r in e  Flow in J u a n  de  F uca  S tra i t  49

6.1 T id a l  C o n s t i tu e n ts  Used in T ida l A n a l y s i s .......................................................  98

6.2 O sc il la to ry  B o u n d ary  Layer M odel for th e  A/2 t i d e ..................................... 112

6.3 M odal F i t  (in m s ~ ')  to  th e  .A long-Channel A/2 T id a l  A m p l i tu d e  . . 118

6.4 RM S a n d  Largest Difference (m  s~*) to  th e  A long-C hannel M o d a l F i t  119

6.5 A/2 P a ra m e te rs  from 1973 d a t a  (w i th  95% confidence in terva l)  . . . .  120

6.6 M odal F it  (in m  s~*) to  th e  1973 A /2  T i d e .......................................................  121



I X

List o f F igures

2.1 L ab o ra to ry  resu lts  of ro ta t iona l  exchange flow (Jo h n so n  a n d  O hisen

1994). T h ic k  arrow s ind ica te  E km an layer flows w hile  th in  arrows 

ind ica te  in te r io r  flows....................................................................................................  14

2.2 W edge of in s ta b i l i ty  (shaded  region) between s lop ing  isopycnals  (solid

lines) a n d  ho r izo n ta l  (dashed  line). D isp lacem ents  from  one reg ion  to 

a n o th e r  re lease  p o te n tia l  energy, allowing for th e  g ro w th  of baroclin ie  

in s ta b il i t ie s .............................................................................................................................  25

3.1 G eography  of J u a n  de  Fuca S tra i t  and  th e  S tra i t  o f  G eo rg ia  with

h y d rog raph ic ,  m eteoro log ical,  sea level gauge, an d  c u r re n t  m e te r  sites. 37

3.2 T h e  seasona l cycle  in th e  volum etric  flow of th e  F rase r  R iver, as m ea­

sured  a t  H ope. T h e  th ick  solid line is th e  m ean  an d  th e  th ick  dashed  

line is th e  m e a n  plus s ta n d a rd  devia tion  over th e  years  1912 to  1996.

T h e  fre sh w a te r  in p u t  in to  th e  S tra i t  of G eorgia  is a b o u t  30% larger

th an  th e  a m o u n t  m easu red  a t  Hope........................................................................... 38

3.3 Mid channe l  d en s ity  (cr ,̂ in kg m~^) along J u a n  de  Fuca S tra i t  in

J an u ary .  May, a n d  J u ly  (C rean  and .Ages 1971)................................................... 41

3.4 .Annual cycle  of a long-channel difference in m ean  t id a l  he igh t,  a tm o ­

spheric  p ressu re ,  an d  to ta l  surface pressure. T h e  d ifference in the  

m o n th ly  average  sea  level height between P o rt  Angeles a n d  N eah  Bay 

con ta ins  b e tw een  8 to  11 years of d a ta  from 1984 to  1992 for each 

m on th : th e  d o t t e d  line ind icates  the  s ta n d a rd  dev ia t io n .  T h e  a tm o ­

spheric  p ressu re  difference uses hourly surface p ressu re  values over a 

tw o y ea r  p e r iod .  T h e  net along-channel surface  p ressu re  g ra d ie n t  is 

a ssum ed  to  be  zero  in N ovem ber .................................................................................  45



3.5 Average, d e - t id ed  along- and  cross-channel velocities in J u a n  de  Fuca 

S tra i t  based  on  1973 dep loym ents  between P illa r  P o in t  an d  Jo rd an  

River (d ep lo y m en t I: M arch  6 to  April 16: d ep lo y m e n t  2: A pril IT 

to  J u n e  14). S ta n d a rd  dev ia tions  are ind icated  by th e  sh ad ed  regions 

for a long-channel cu rren ts  and  by th in  lines for c ross-channel flows.

T h e  b o t to m  panel also shows 32-day te m p e ra tu r e  averages (degrees 

Celsius), a t  locations  m a rk e d  with small squares, from  records  s ta r t in g  

on 15 May, 1973...............................................................................................................  48

4.1 1996 C T D  a n d  A D C P  m ooring  locations in J u a n  d e  F uca  S tra i t  and 

a d e ta iled  sec tion  near  th e  A D C P  mooring show ing th e  b a th y m e try

in m e tre s ..............................................................................................................................  58

4.2 M ean h yd rog raph ic  profiles a t  C T D  s ta t ions  .A1 ( th ick  solid). .A8 

(th ick  dash ) ,  C'4 ( th in  solid), and  C8 ( th in  dash ):  a) te m p e ra tu re  

(°C). b) sa l in i ty  (psu).  c) density  (cr .̂ kg m~^). a n d  d) T S  d iag ram , 

w ith  plus signs a n d  circles ind icating  dep ths  of 20 a n d  100 m . respec­

tively. and  c o n s ta n t  shown as d o tted  lines, w ith  values given in kg

m “ ^........................................................................................................................................  60

1.3 C ontours  of for a) an  along-channel tran sec t ,  b) a  cross-channel 

transec t,  and  c) th e  t im e  series taken at th e  A D C P  s ta t io n .  T he  

con tour  in terval is 0.5 kg m  with the  num bers  to  th e  righ t of each 

plot co rrespond ing  to  th e  solid lines. T h e  b o t to m  is in d ic a te d  by the  

th ick  line. P lu s  m ark s  in c) indicate  ind iv idual profiles in th e  tim e 

series and  th e  t id e  (pos itive  to  the  east)  at 80 m  d e p th  is shown in d). 61

4.4 Daily surface sa lin ity  recorded  a t Race Rocks for 1996, w ith  deta iled

section d u r in g  th e  cu r re n t  m ooring d ep lo y m en t............................................... 62

4.5 T h e  effect of non-zero  t i l t  angle  on bin height. N om ina l b in  centres

(plus signs) a re  m oved (crosses) higher and  lower for sm a l le r  an d  larger 

declinations, respectively . N um bers ind ica te  th e  he igh t of th e  bin 

cen tre  above th e  A D C P  un it ,  in m e tres ...............................................................  68



XI

4.6 T h e  effect o f  th e  b in  m a p p in g  a lg o ri th m  on  c a lcu la ted  velocities. For 

th e  th re e -d im e n s io n a l  velocity  shown in a ) ,  b ) .  an d  c). th e  co rresp o n d ­

ing biases a re  show n in d). e) . and  f). w i th  dashed  lines for th e  RDI 

nearest n e ig h b o u r  b in  m ap p in g  an d  solid lines for l inear  in te rpo la t ion .

All c u rren ts  a re  in u n i ts  of 10” ^ m  s ” ’ ...................................................................... 70

4.7 T e m p e ra tu re  reco rd  from  the  .ADCP. in degrees  Celsius; a) th e  24 

hour ru n n in g  m e an ,  b) the  residual (i.e. a c tu a l  t e m p e r a tu r e  - runn ing  

m e a n ) .......................................................................................................................................... 72

4.8 C om pass  h e a d in g  of th e  .ADCP. in degrees clockwise from  t ru e  north : 

a) th e  24 h o u r  ru n n in g  m ean, b) th e  re s id u a l  (i.e. a c tu a l  head ing  - 

runn ing  m e a n ) .......................................................................................................................  74

4.9 T ilt  angle records  from  th e  ADCP, in degrees  a) p itch , b) ro ll .....................  75

4.10 T w en ty  m in u te  m e an s  of east,  no r th ,  a n d  v e r tica l velocities on .Julian

day 213, m a x im u m  sp r in g  t id e ......................................................................................  77

4.11 T w en ty -fou r  hou r  ru n n in g  m ean  of tw o-hou r  averaged  e a s t ,  n o r th ,  and 

vertical c u r r e n t s ....................................................................................................................  78

4.12 Square  of b o t to m  cu rren t :  a) th e  48 hour ru n n in g  m ean , b) th e  resid­

ual (i.e. a c tu a l  - ru n n in g  m e a n )   79

5.1 C u m u la t iv e  f rac tion  for the  value of th e  e r ro r  velocity  e to  vertical 

velocity w  ra t io :  a) con tours  for en t ire  reco rd ,  w ith  c o n to u r  labels  at 

the  b o t to m ,  b) m e an  cu m u la tiv e  fraction  below  u n i ty  an d  4 for th ree  

days af te r  n e a p  t id e  (.Julian days 206 to  208. th ick  lines) an d  th ree  

days af te r  s p r in g  t id e  (Ju lian  days 213 to  215. th in  lines). T h e  three- 

day  m eans  a re  in d ic a te d  by solid lines, w h ile  d o t te d  lines d e n o te  the 

m ean  plus s t a n d a r d  d ev ia t io n ........................................................................................ 81



X I I

5.2 M in im isa tion  of th e  ro o t-m e a n -s q u a re  vertical velocity  to  d e te r m in e  

th e  .A.DCP ti l t  ang le  biases: a) th e  d e p th  varia tion  in roll (so lid  line) 

an d  pitch  (dashed  line) an g le  “corrections" which m in im ise  th e  rm s  

vertica l velocity, b) th e  re su l t in g  rm s  w,  w ith th ick  line in d ic a t in g  th e  

rm s  vertical velocity  us ing  th e  recorded  t i l t  angles. T h e  d o t t e d  lines 

in a) are  the  best l inear  fit to  th e  calcu la ted  angles over th e  d e p th  

ranges 50 to  60 m  an d  110 to  120 m ....................................................................... 82

5.3 B ack sca tte r  in ten s ity  on .Julian d ay  213. m a x im u m  sp r in g  t id e .  T h e  

solid line ind icates  th e  d e p th  above  which the  u n co rrec ted  b a c k s c a t te r

is less than  60 c o u n t s ) ..................................................................................................... 84

5.4 T h e  slopes of to ta l  vertica l velocity  versus corrected  b a c k s c a t te r  in t e n ­

s ity  sca tte rp lo ts  w ith  t im e : a )  in 20 m in u te  sections over all d e p th s  for 

all 20 days com bined , a n d  d e p th  average  with ±  1 s ta n d a rd  d e v ia t io n

from  b) 50 to  70 m a n d  c) 70 to  90 m .................................................................... 88

5.5 S ta n d a rd  dev ia tion  in b a c k s c a t te r  in ten s ity  and  vertica l ve loc ity  fields

over th e  en tire  20-day d e p lo y m e n t ...........................................................................  92

5.6 B ack sca tte r  in ten s ity  an d  v e r t ica l  velocity  anom aly  fields for .July 31.

1996 an d  com posi te  a n o m a ly  fields over the  20-day d e p lo y m e n t .  . . .  93

5.7 B acksca tte r  in tens ity  a n d  in te g ra te d  velocity surfaces. In a) th e  m e a ­

su red  vertical velocity  is u sed ,  w hile in b) the  ver tica l ve loc ity  is c o n ­

ta m in a te d  w ith ho rizon ta l cu r re n ts  by ro ta t in g  it 0.5° degrees  from

th e  vertica l............................................................................................................................ 95

6.1 T id a l  ellipse p a ra m e te rs  for th e  M 2  (upper  panels) a n d  A 1 (low er 

panels)  co n s ti tu en ts  o f  th e  ho rizon ta l velocity. D ashed lines in d ic a te  

th e  95% confidence in te rva ls .  T h e  inclination  is th e  an g le  b e tw ee n  

th e  sem i-m ajo r  axis a n d  d u e  eas t ,  w ith  positive angles im p ly in g  a n t i ­

clockwise. N egative  re la t iv e  phases  ind ica te  th e  c u r re n t  a t  d e p t h  lags 

t h a t  a t  the b o t t o m ...........................................................................................................  100



X l l l

6.2 Log-layer fit to  th e  b o t to m  cu rren t :  a) the  friction velocity  versus th e  

reference velocity  (m e a su re d  1 1 m  above the  b o t to m ) ,  b) th e  ro u g h ­

ness p a ra m e te r  versus th e  m a g n i tu d e  of the  reference velocity, c) his­

tog ram  of th e  log-layer he igh t,  an d  d) h is togram  of th e  roughness  

p a ram e te r .  F i ts  for which exceeds 0.1 m have been  o m i t te d ,  leav­

ing 1002 log-layer fits o u t  o f  th e  1440 20-m inute  m e an  c u r re n t  profiles. 104

6.3 O scilla tory  b o u n d a ry  layer fit to  th e  sem i-m ajo r  axis o f  th e  M 2  t idal 

ellipse. In a), log-layer fits to  th e  m easured M 2  (solid line) yield  

u_ =  0.024 m  s  ̂ an d  =  0.003 m  (dashed line) w hen  z^ is u n co n ­

s tra ined  a n d  u ,  =  0.026 m  s~* w hen z^ is set to  0.006 m  ( d o t te d  line).

T he  resu lt ing  m a g n i tu d e  a n d  phase  of the  Soulsby (1983) o sc il la to ry  

b o u n d ary  layer so lu tion  to  th e  t ide  is shown in b) a n d  c), respectively . 108

6.4 O scilla tory  b o u n d a ry  layer fit to  th e  anticlockwise ( th ick  lines) an d  

clockwise ( th in  lines) ro ta ry  com ponen ts  of th e  M 2  t ida l  ellipse: a) 

m ag n itu d e  and  b) phase. Solid lines are  da ta ,  d ash ed  lines rep resen t 

the best m odel fit, a n d  d o t te d  lines represent th e  fit for z^ se t  to  0.006 

m. T h e  sh o r te r  lines in a) rep resen t th e  log-layer fit to  th e  m a g n i tu d e  

only, used to  d e te rm in e  u ,  an d  z^ ...................................................................  I l l

6.5 Variation in th e  m e an  d en s ity  profiles in the  a) cross-channel d irec tion : 

Sta tions C6 ( th in  solid), C7 ( th ick  solid), and  C8 ( th in  d a sh ) ,  a n d  b) 

along-channel d irec tion : A4 ( th in  solid). A5 ( th ick  solid), a n d  A 6

(th in  d a s h ) ..................................................................................................................  114

6.6 Variation in th e  vertica l s t r u c tu re  of the  second a long-channel m ode  

at th e  M 2  frequency. T h e  m odes are  ca lcu la ted  by in te g ra t in g  th e  

Taylor-G oldste in  eq u a t io n  w ith  no background flow a t  each  C T D  S ta ­

tion: 0 7  ( th ick  solid). 0 8  (solid), 0 6 ( th in  solid), A5 ( th ick  d a sh ) .  A4 

(dash), a n d  A6 ( th in  d a s h ) ................................................................................. 115



X I V

6.7 Variation in vertica l s t r u c tu re  of A/2 baroclinie m o d e s  a t  C T D  s ta t io n  

0 7 :  a) first a long-channel,  b) first vertical, c) second  a long-channel. 

and d) second vertica l .  T h e  m odes are ca lcu la ted  by in teg ra tin g  th e  

Taylor-G oldstein  e q u a t io n  for no background flow ( th ick  solid), for 

waves trave lling  in th e  positive  x-direction (eas tw ard )  in th e  presence 

of the  m ean  e s tu a r in e  flow ( th in  solid), and  for waves trave lling  in th e  

negative x -d irec tion  ( th in  d a s h e d ) ........................................................................... 116

6.8 Tidal p a ra m e te rs  for th e  A/2 cons ti tuen t of th e  ver t ica l  velocity (w ith

95% confidence in te rv a ls ) ............................................................................................. 123

6.9 M agn itude  of th e  a )  ho r izon ta l and  corresponding  b) b a ro trop ic  and  

c) baroclinie vertica l m odes  (from  the  T ay lo r-G oldste in  equa t ion )  a t  

s ta tion  C7. For a  t id a l  wave travelling  in th e  pos itive  (negative)  d irec ­

tion. th e  vertica l velocities show n occur a  q u a r te r  p e r io d  afte r  (before)

the  horizontal ve loc ities ................................................................................................  124

7.1 Mean residual (i.e. d e t id ed )  cu rren ts  in .Juan de  Fuca  S tra i t  over th e  

en tire  dep loym en t.  T h e  ( x . y )  axes are ro ta te d  10° clockwise from 

(e a s t ,n o r th ) .........................................................................................................................  127

7.2 Variation of m e asu re d  a) along-channel an d  b) cross-channel cu rren t  

(thick) w ith  axes ro ta t io n  (degrees clockwise from  eas t-n o r th ) :  10

(solid). 15 (dash ),  a n d  5 (do t-dash ) .  .Also show n a re  th e  geostrophic  

velocities ( th in ) .  T h e  a long-channel geostrophic velocity  is based on 

th e  s tra t if ica tion  a t  C T D  s ta t io n s  C4 and  C8. using  th e  cross-strait 

surface slopes shown, while th e  cross-channel geo s tro p h ic  velocity is 

based on th e  h y d ro g rap h y  a t  th e  pairs of C T D  s ta t io n s  shown. T h e  

a long-stra it su rface  s lope  used. =  2 x 10 ' .  is t h a t  for which th e  

geostrophic a n d  m e asu re d  cu r re n ts  m a tch  a t  th e  to p  o f  th e  E k m a n  

layer (105 m ) ...................................................................................................................... 128



X V

7.3 Daily m eans of residua] c u r re n t  in a) a long-channel.  b) c ross-channel,  

and  c) vertical d irec t io n .  P lus  signs ind ica te  zero velocity , a n d  the  

±0 .1  m s * scale is d e n o te d  n ea r  the  to p  of each  p lo t .  T h e  first 

profile, cen tred  a t  .Julian d ay  200.5. rep resen ts  th e  m e a n  for .Julian

day 200, .July IS ................................................................................................................. 133

7.4 a) D ensity  a t  C T D  s ta t io n  .A.DCP-S on J u ly  17 (d a y  199. th in  solid, 

m ean o f  th ree  profiles). J u ly  25 (day 207. th in  d a sh ,  m e an  o f  six 

profiles), A ugust 6 (d a y  219, th in  dot, m e an  of th r e e  profiles), and  

overall m ean  ( th ick  so lid ) ,  an d  b) buoyancy frequency  o f  m e an  profile.

Spring tid e  occurs a t  J u l ia n  days  199 an d  213...................................................  134

7.5 Low frequency osc il la t ions  in th e  cross-channel c u r r e n t .  T h e  overall 

m ean  a t  each  d e p th  is s u b t r a c te d  from th e  48-hour ru n n in g  m e a n  of

the  residual c u r r e n t ..........................................................................................................  135

7.6 V ariation w ith  d e p th  a n d  over th e  spring-neap  cycle  o f  th e  frequency  

(%) w ith which th e  g ra d ie n t  R ichardson  n u m b e r ,  defined  over 2 m . 

falls below 0.2-5. In a ) ,  th e  th ick  and th in  lines in d ic a te  th e  per iod  

ju s t  a f te r  neap  t id e  ( J u l ia n  days 206 to 208) a n d  s p r in g  t id e  (Ju l ia n  

days 213 to  215). respective ly . T h e  solid lines a re  th re e -d a y  averages 

and th e  dashed  lines in d ica te  th e  m ean ±  th e  s t a n d a r d  d e v ia t io n  of 

the  m eans for each day . In b), th e  m ean  c u m u la t iv e  f requency  {%)  

for th e  d ep th s  be tw een  80 a n d  90 m over days 206 to  208 an d  213 

to  215 are  deno ted  by  th ick  a n d  th in  lines, respectively . T h e  dashed  

lines again ind ica te  t h e  m e an  ±  th e  s ta n d a rd  d e v ia t io n  over  th e  th re e  

days and  6 d ep th  b ins .  P anel c) plots th e  m ean  d a i ly  f requency  w ith  

which R i  <  1 /4 over t h e  d e p th  range  SO to  90 m (solid) an d  th e  m e an

±  th e  s ta n d a rd  d e v ia t io n  of th e  m eans a t  each  d e p th  ( d a s h ) ...................  136



XVI

7.7 S hear  in s ta b i l i ty  on  J u l ia n  days a) 207 (neap  tide)  a n d  b) 214 (sp r in g  

tide) .  S haded  regions in d ica te  dep ths  an d  t im e s  for w hich  th e  ca lcu ­

la ted  R ichardson  n u m b e r  fell below 0.25. T h e  solid ho rizon ta l profile 

is th e  a long-channel t id a l  velocity a t  SO m  d e p th ,  w ith  th e  ±  I m  s~^ 

scale p lo t te d  on th e  r ight.  T h e  vertical profiles a t  0900. 1200. a n d  

2200 in a) a n d  a t  0300, 1100. and  1500 in b )  a re  th e  h ou rly  average  

to ta l  (i.e. t id a l  a n d  res idual)  along-channel c u r re n ts  w ith  th e  ±  1 m

s ' scales p lo t te d  ab o v e ................................................................................................  138

7.8 V aria t ion  o f  a u to -  an d  cross-correlations o f  velocity  f luc tua tions  w ith  

averag ing  t im e ,  T ,  over th e  d ep th  range  50 to  130 m  for J u l ia n  d ay

207. ju s t  a f te r  n eap  t id e ................................................................................................  140

7.9 V aria tion  o f  au to -  an d  cross-correlations of velocity  f lu c tu a tio n s  w ith  

averag ing  t im e .  T .  over th e  d ep th  range 50 to  130 m  for J u l ia n  day

214. ju s t  a f te r  sp r ing  t i d e .............................................................................................  141

7.10 M agn itudes  o f  th e  da ily  m e an  Reynolds s tress  a f te r  n eap  t id e  ( Ju l ia n  

day  207) a n d  sp r ing  t id e  (Ju lian  day  214). w ith  v pos it ive  in th e  

d irec tion  of th e  o r ie n ta t io n  of .A.DCP beam  3. 335° from  t ru e  n o r th .

T h e  dashed  lines rep resen t  th e  95% confidence in tervals  d e te rm in e d  

from a  b o o ts t r a p  te c h n iq u e .........................................................................................  143

7.11 V aria tion  of u'w '  a n d  v 'w '  Reynolds s tress  th ro u g h o u t  th e  sp r in g -n eap  

cycle. In each  case, th e  solid lines rep resen t th e  daily  averages  over 

the  d e p th  ranges  show n an d  the  dashed  lines in d ica te  th e  s ta n d a rd  

dev ia t ion  over th e  d e p th  range. T he  (u, c) axes are  r o ta te d  such th a t

u is positive  u p -c h a n n e l ................................................................................................. 144

7.12 Reynolds s tresses  a t  neap  (Ju lian  day  207) an d  sp r in g  ( Ju l ia n  day

214) tide. S tresses  of m a g n itu d e  less th a n  1 0 " '  m^ s  ̂ a re  not show n. 145



X V I I

7.13 M e a n  vertica l Reynolds s tress  a n d  ver t ica l  derivative over th re e  days  

a t  n e a p  (Ju lian  day 206 to  208. th ick  lines) an d  spring t id e  ( Ju l ia n  

day  213 to  215, th in  lines). T h e  d a sh ed  lines ind icate  th e  s ta n d a rd  

d ev ia t io n  over the  th ree  d a y s ..................................................................................... 146

7.14 M ean  res idual a) a long-channel an d  b) cross-channel cu rren t  w ith  c) 

and  d )  associa ted  shears. T h e  vertica l e d d y  viscosities, p a ra m e te r ise d  

as (2.6) are  p lo tted  in e) an d  f). T h ick  lines are  the  th ree  day  averages  

a t  n e a p  t id e  (Ju lian  day  206 to  208) a n d  th in  lines du ring  sp ring  t id e  

( J u l ia n  day  213 to 215)................................................................................................. 148



X V I I I

A ck n ow led gm en ts

I w ould like to  th a n k  m y  superv isor Dr. C h r is  G a r r e t t  for his gu idance  a n d  g e n ­

erous su p p o r t ,  as well as m y  ex te rna l e x am in e r .  D r. W ayne G eyer.  an d  the  m e m b e rs  

of m y c o m m it te e .  Dr. Rolf Lueck. Dr. .Andrew W eaver, and  Dr. P a tr ick  C u m m in s ,  

for th e ir  c o m m e n ts  a n d  suggestions. I w ould also like to  th a n k  Dr. R ichard  D ew ey 

for m any  helpfu l d iscussions a n d  for lend ing  m e  his library. I a m  very  g ra te fu l to  m y  

paren ts .  Bill an d  A tie  for th e ir  cons tan t e n c o u ra g e m e n t  a n d  su p p o r t .  My wife L a u ra  

has been a  g rea t  source  of com fort and  e n c o u ra g e m e n t  for m e a n d  has been w onderfu l 

su p p o r t  d u r in g  th e  research  an d  w riting  of th is  d is se r ta t io n .



1. In troduction  and  M otiva tion

C hapter 1

In trod u ction  and M otiva tion

C o as ta l  w ate rs  have, since ea r ly  times, been  very im p o r ta n t  in shap ing  h u m a n  

dev e lo p m en t an d  lifestyle. N earshore  up welling regions a re  a m o n g  th e  m ost biolog­

ically p ro d u c t iv e  a rea s ,  a cco u n tin g  for nearly -50% of th e  g loba l m a r in e  food ca tch  

with  on ly  10% of th e  ocean ic  su rface  area. C o m m erc ia l sea  traffic  is increasing as th e  

world econom ies  b eco m e  fu r th e r  in teg ra ted .  R ecrea tiona l use o f  coas ta l  seas is also 

in tensify ing  as u rb a n  p o p u la tio n s  con tinue to  grow, as do th e  p ressu res  associa ted  

w ith w aste  d isposa l a n d  c o n ta m in a n t  runoff.

E s tu a r ie s ,  t h e  regions w here  runoff of freshw ater, soil, a n d  c o n ta m in a n ts  first 

en c o u n te r  th e  ocean ,  f requen t ly  experience  large f luc tua tions  in en v iro n m e n ta l  con­

d itions  over sm all  t im e  scales. V aria t ions  in t ida l he igh ts  o ften  c re a te  large in te r t id a l  

zones, w hile t id a l  c u r re n ts  an d  w ave action  result in c o n s ta n t ly  chang ing  salin ities , 

te m p e ra tu re s ,  n u tr ie n t  a n d  gas concen tra tions , a n d  sed im en t loads. In add i tion  to 

these  f luc tua tions ,  th e  o rgan ism s  which inhab it these  reg ions , a n d  upo n  which we 

depend  for m u c h  o f  o u r  food supply , m ust increasingly  cope w ith  th e  effects of p o llu ­

tion which is leached  from  th e  land  or d u m p e d  d irec tly  in to  th e  sea. acc iden ta lly  or 

o therw ise .

.A.long-channel c u r re n ts ,  which u lt im a te ly  con tro l th e  sa lin ity , n u tr ien t ,  an d  

c o n ta m in a n t  c o n c e n tra t io n s  w ith in  coasta l channels  v ia  ex ch a n g e  w ith  th e  open  ocean , 

have been  s tu d ie d  to  a  far g rea te r  e x te n t  than  vertical a n d  t ra n sv e rs e  flows. V ertical 

velocities b r in g  n u t r ie n ts  up w ard  in to  th e  eupho tic  zone w here  biological p roduc tion  

occurs a n d  lead to  ex ch a n g e  an d  e n t r a inm ent betw een  th e  u p p e r  fresher surface layer 

an d  lower ocean ic  w a te r .  C ross-channel flows te n d  to  slow th e  a long -channe l exchange  

by tran s fe r r in g  m o m e n tu m  to  th e  sidewalls. T h ey  also e n h a n c e  diffusion w ith in  an  

e s tu a ry  by ex p o s in g  t rac e rs  to  cross-channel differences in th e  a long -channe l velocity.



1. In troduction  a n d  M otivation

T ransverse  c u r re n ts  can  be  significant in regions w here  friction is im p o r ta n t ,  such  as 

in th e  b o t to m  b o u n d a ry  an d  a t  the  in terface b e tw ee n  inflows an d  outflows.

Fric tion  is assoc ia ted  w ith  tu rbu lence , th e  sm all-sca le  h igh-frequency c u r re n t  

f luctuations by w hich  energy  th a t  is con tinuously  supp lied  to  th e  oceans by g r a v i t a ­

tional a t t r a c t io n ,  so lar  ir rad ia tion ,  and  wind s tress  is rem oved . T u rbu lence  en h an c es  

diffusion by inc reas ing  th e  exposed surface a rea  of trac e rs  over which m o lecu la r  p ro ­

cesses can  act.  C ross-corre la tions  in tu rb u le n t  velocities, o r  Reynolds s tresses, can  

d irec tly  m odify  c u r re n ts  a t  longer tim escales.

b e t t e r  u n d e r s ta n d in g  of tu rbu lence  an d  o f  d y n am ics  in general is im p o r ta n t  

not on ly  for local e s tu a r ie s  bu t also for m any  differen t types  o f  global geophysica l 

flows over a  w ide ran g e  of leng th  and  t im e  scales. .-\s a  sem i-enclosed bas in  w hich 

is long, s t ra ig h t ,  a n d  has rela tively  sm oo th  topog raphy . .Juan de Fuca S tra i t  is an  

ideal la b o ra to ry  in w hich to  exam ine  som e of th e se  p h en o m en a .  In th e  s u m m e r  of 

1996. an  obse rv a tio n a l  p ro g ram m e in th e  m idd le  sec tion  of Ju an  de Fuca S tra i t  was 

u n d e r ta k en  to  s tu d y  exchange  flow, p ar ticu la r ly  th e  fric tion a n d  dynam ics  a sso c ia ted  

with th e  in terface  be tw een  th e  inflow a n d  outflow layers.

C h a p te r  2 p rovides  th e  theore tica l backg round  for the  thesis, and  inc ludes sec­

tions on e s tu a r ie s ,  tu rb u len ce ,  and  tides. Various e s tu a r in e  classification schem es a n d  

non-d im ensional p a ra m e te rs  a re  in troduced , as a re  an a ly tic a l ,  num erica l,  an d  labo­

ra to ry  m odels  w hich a t t e m p t  to  explain  som e of th e  d ynam ics .  T h e  N avier-S tokes  

equa tions  a re  used to  review th e  concepts  of R eynolds  s tress , non-d im ensional in s ta ­

bility p a ra m e te rs ,  a n d  log-layer dynam ics. T h e  last section  considers  the  s t r u c tu r e  of 

baro trop ic  and  in te rn a l  tides in a  channel.

C h a p te r  3 focuses on J u a n  de Fuca S tra i t  specifically, de ta i l ing  h is to rica l w ork 

and h igh ligh ting  so m e  of th e  scientific questions ra ised . T h e  1996 observational p ro ­

g ra m m e  is m o t iv a te d  by d em o n s tra t in g  th a t  an  a rea -averaged  along-channel m o m e n ­

tu m  b a lan ce  of th e  u p p e r  layer current requires s t ro n g  in terfacial friction an d  im plies  

s trong  tran sv e rse  c u r re n ts  a n d  tu rbu lence. T h e  hy d ro g rap h ic  an d  cu rren t m e te r  d a t a  

collected to  e x a m in e  th e  dyn am ics  of J u a n  de  Fuca  S t r a i t  a re  discussed in C h a p te r  4.
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A short t re a tm e n t  of th e  erro rs  assoc ia ted  w ith  th e  m easured  velocities a n d  Reynolds 

stresses is also included.

Since the  vertica l velocity  is significantly  sm aller th a n  th e  h o r izo n ta l  co m p o ­

nen ts . possible biases an d  errors  in th e  m easu red  vertical velocity m u s t  be  ex am in ed  

before Reynolds stresses can be ca lcu la ted .  T h e  difficulties in m e asu r in g  th e  vertical 

velocity  are discussed in C h a p te r  5. an d  a t t e m p t s  are m ade  to  va lida te  th e se  cu rren ts .  

T h is  is done prim arily  by using th e  b ack sca t te r  intensity, a  m easu re  o f  th e  s c a t te r ­

ing cross-section upon which th e  .Acoustic D oppler C u rren t Profiler relies to  m easu re  

velocity. C on tam in a tio n  o f  th e  vertica l velocity  by horizontal c o m p o n e n ts  a n d  the  

p rob lem  of spatial inhom ogeneity  o f  th e  flow are  also considered.

T h e  vertical s t ru c tu re  of th e  t ides  is ana lysed  in C h a p te r  6. p a r t i c u la r ly  for 

th e  M 2  cons ti tuen t,  w here a t t e m p t s  are  m a d e  to  quan tify  th e  s t r e n g th  o f  th e  in te r ­

nal along-channel, cross-channel, an d  vertical com ponents .  B o tto m  b o u n d a ry  layer 

dy n am ics  are  also explored , inc lud ing  log-layer an d  ro ta ry  cu rren t  ana lyses .

In C h ap te r  7. non-tida l flows a re  ex am in ed .  T he  m ean  flow is c o m p a re d  to  

hy d rog raphy  and to  la b o ra to ry  resu lts  of a  two-layer ro ta t in g  flow. S im p le  m odels  

and cu rren t m e te r  d a ta  suggest th a t  the  along-channel cu rren t m ay  be  s u b je c t  to 

baroclin ie  instability. T h e  sp ring -neap  cycle of th e  shear in s tab ili ty  a n d  in th e  ob­

served Reynolds stresses a re  ex am in ed  an d  th e  results are  re la ted  to  changes  in the  

m easu red  m ean flow.
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C h ap ter  2

B ackground

2.1 E stu a r ies

In m os t  e s tu a r ie s ,  freshw ater from river runo ff  m ixes  w ith  w a te r  from th e  ocean .  

C am eron  an d  P r i tc h a r d  (1963) s ta te  th a t  an  e s tu a ry  is 'a  sem i-enclosed coas ta l  b o d y  

of w a te r  w hich has a  free connection  w ith  th e  o p en  sea  an d  w ith in  which sea w a te r  is 

m easu rab ly  d i lu te d  w ith  fresh w ater  derived  from  la n d  drainage."  N everthe less , th e re  

exist “nega tive"  e s tu a r ie s ,  in which ev ap o ra t io n  exceeds p rec ip ita tion  an d  runoff, 

leading to  surface  sa lin it ies  larger th a n  those  o f  th e  ocean . T he  dense  surface w a te rs  

w ithin th e se  basins s ink  and  flow ou t in to  th e  sea  a t  d ep th  and  are  rep laced  w ith  

oceanic r e tu rn  flow a t  th e  surface. T h is  thesis  will, however, focus on "positive"  

es tuaries ,  w here  ou tf low  of d ilu ted  surface w a te r  is co m p en sa ted  by r e tu rn  flow of 

dense ocean ic  w a te r  a t  d ep th .

2.1.1 C la ssifica tio n  Schem es

C atego ris ing  t h e  w orld 's  es tuaries  in to  d is t in c t  classes is a  difficult, if no t  im ­

possible. ta sk  given th e i r  widely varying geom etr ie s ,  b a th y m e tr ie s .  m ix ing  ra te s ,  a n d  

c ircu la tions . F u r th e rm o re ,  conditions w ith in  an  in d iv id u a l  e s tu a ry  can change  g re a t ly  

w ith loca tion  (e.g. re la t iv e  to  th e  head o r  m o u th ) ,  t im e  of year  (seasonal changes  in 

freshw ater in p u t ) ,  a n d  t id a l  phase  (m ix ing  levels). N evertheless, a  n u m b e r  of d iffer­

ent classification schem es  exist ,  based on to p o g rap h y ,  sa lin ity  d is t r ib u t io n ,  c i rcu la t io n  

type , o r  a  c o m b in a t io n  of these.

a) The Topography o f  Es tuar ie s

P r i tc h a rd  (1952) proposes a classification sch em e  based on to p o g rap h y  w hich  

has th re e  m a in  ca tegories : drow ned river valleys, fjords, and  bar-bu il t  e s tu a r ie s .  \
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fo u rth  g roup com prises  e s tu a r ie s  which do no t fall in to  th e  genera l ca tegories , and  

inc ludes  es tuaries  fo rm ed  by landslides o r  m o v e m e n t  a long  tec ton ic  fault lines.

T h e  m ost c o m m o n  ty p e  is th e  d row ned  r iv e r  valley, o the rw ise  know n as a  

coas ta l  plain e s tuary .  T h e s e  w ere form ed w hen  sea  levels rose d u e  to  th e  m e lt in g  of 

g laciers  and  thus  genera lly  have d ep th s  less th a n  30 m . In it ia lly  carved  by rivers, th e  

e s tu a r ie s  are o ften  s inuous  an d  th e  cross-sections t r ia n g u la r .  W id th  to  d e p th  ratios 

a re  typ ica lly  large, a n d  b o th  th e  w id th  and  d e p th  increase  tow ard  the  m o u th .  R iver 

flow (p e r  tidal per iod )  is ty p ica lly  sm all co m p a re d  to  th e  t ida l prism  ( th e  difference 

in vo lum e of an  e s tu a ry  be tw een  high and  low tides) .

Fjords, c re a te d  w hen  g laciers  su b s ta n t ia l ly  d e e p e n e d  ex is t ing  river valleys, of­

ten  have shallow sills a t  th e  m o u th  where glaciers d e p o s i te d  m ora ine . T h ese  e s tu a r ie s  

a re  up  to  SCO m  deep , a re  genera lly  s t ra ig h t  a n d  long (up  to  100 km ), an d  have a  

sm all  w id th  to  d e p th  ra t io .  R iver  inpu t p e r  t ida l  cyc le  is usually  large c o m p ared  to  

th e  t ida l  prism  since t id a l  ranges  are  often  r e s t r ic te d ,  bu t  a re  very sm all co m p ared  

to  th e  w ate r  vo lum e w ith in  th e  fjord.

In a  ba r-bu il t  e s tu a ry ,  sed im en t is d ep o s ited  a t  th e  m o u th ,  form ing a  b a r  across 

th e  es tuary . S e d im e n ta t io n  ra te s  a re  large a n d  th e  e s tu a r ie s  are  generally  only  a  few 

m e tre s  deep. O ccasionally , bars  a re  also fo rm ed  w ith in  th e  e s tu a ry  which m ay  c rea te  

lagoons, s tre tches  of s a l tw a te r  cu t  off from th e  m a in  es tuary .  R iver inpu t is large, 

an d  varies considerab ly  th r o u g h o u t  th e  year. D u r in g  per iods  of unusually  la rge  river 

flow, th e  ba r  m ay  be te m p o ra r i ly  moved or des tro y ed .

b) The Sal in i ty  S truc ture  Wi th in  Estuaries

T h e  hyd ro g rap h y  o f  e s tu a r ie s  ranges from  v e r t ica l ly  hom ogeneous th ro u g h  con­

tin u o u sly  s tra t if ied  to  e ssen tia lly  two-layer. . \ s  m e n t io n e d ,  th e  s tra t if ica tion  w ith in  

an ind iv idual e s tu a ry  can  vary over seasonal a n d  t id a l  cycles, and  even a long  its 

leng th .  P r i tc h a rd  (I95Ô) a n d  C am ero n  an d  P r i tc h a rd  (1963) d istinguish  four m ain  

ty p e s  of es tuaries  based  on  th e  observed  sa lin ity  s t ru c tu re :  hom ogeneous ( w ell-m ixed), 

p a r t ia l ly -m ix ed  (p a r t ia l ly -s t ra t i f ied ) ,  fjords, an d  sa l t  wedge, w here  th e  la t te r  two are  

so m e t im e s  collectively te rm e d  h igh ly-stra tif ied .
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For es tuaries  of sm all d e p th ,  tu rb u le n c e  associated  w ith  b o t to m  friction ac t ing  

on th e  t ides  m ay  be  sufficient to  ve r t ica l ly  m ix  the  en t ire  w a te r  co lum n . T hese  v e r t i ­

cally  hom ogeneous es tuar ies  can  b e  e i th e r  la tera lly  hom ogeneous, w hich occurs when 

th e  w id th  is sm all enough  th a t  fr ic tion  la te ra l ly  mixes th e  es tuary , o r  inhom ogeneous. 

in which case th e  flow m ay  be ho rizon ta lly  separa ted .  In th e  fo rm er case, flow is o u t ­

w ard  a t  all d ep th s ,  an d  th e  o u tw a rd  advec tion  of salt by th e  m e an  flow is ba lanced  

by th e  inw ard  tu rb u len t  diffusion o f  sa lt  due  to  eddies. In la te ra l ly  inhom ogeneous 

e s tu a r ie s ,  horizontal c ircu la t ion  te n d s  to  t r a n sp o r t  salt u p -e s tu a ry  a long  th e  left side 

of th e  channel (in th e  N orthe rn  hem isphere )  d u e  to ro ta t ion .

T h e  par tia lly -m ixed  e s tu a ry  is charac te r ised  by l im ited  vertica l  s tra t if ica tion : 

tu rb u le n t  m ixing, while in tense, is no t sufficient to  com ple te ly  hom ogenise  th e  w a te r  

co lum n . Salt and  w ate r  are  e n t ra in e d  in to  th e  upper  layer, inc reas ing  bo th  surface 

sa l in i ty  a n d  w ater  t ra n sp o r t .  T h e  re su lt ing  density  s t ru c tu re  d rives  a  re tu rn  flow in 

th e  lower layer to  balance th e  sa lt loss in th e  u pper  layer.

T h e  highly-stra tified  e s tu a ry  is su b d iv id ed  into two types: th e  sa lt-w edge  and  

th e  fjord. In salt-w edge flow, r iver flows a re  considerably  la rger th a n  tida l flows (D yer 

197.3). and  th e  sea w ate r  in trudes  u p s t re a m  as a  wedge below th e  fresh layer. T h e  

position  of this salt wedge d ep en d s  on th e  s tren g th  of th e  river flow, and  oscillates 

ho rizon ta lly  w ith  th e  tide. Salty  w a te r  will be en tra ined  in to  th e  u p p e r  layer, inc reas­

ing th e  d ischarge ra te  as th e  m o u th  is reached  and  requ iring  a  la n d w ard  flow in th e  

sa lt  wedge to balance the  salt loss. T h e  sa lin ity  inside th e  salt wedge does not change 

in th e  along-channel d irec tion  since th e re  is no e n tra in m e n t  in to  th e  lower layer. T h e  

fjord e s tu a ry  is s im ilar  to  th e  sa lt-w edge  flow, except th a t  th e  lower layer is often  

m uch  deepe r ,  and  a sill usually  ex ists  a t  th e  m o u th  of th e  es tuary . O ccasionally , th e  

sill is shallow  enough to  cu t off th e  r e tu rn  flow, and  th e  lower layer in th e  e s tu a ry  

s ta g n a te s .  Renewal som etim es  occurs  only  annually , when th e  river flow is a t  its 

peak . .At these  tim es, e n t ra in m e n t  is large, an d  th e  dens ity  difference betw een  th e  

lower layers of th e  e s tu a ry  and  th e  ocean  is g rea tes t .
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c) Es tuar ine  Param eters

M any  a t t e m p t s  have  been  m a d e  to develop a  classifica tion  schem e based  on ly  

on e x te rn a l  p a ram e te rs  such  as the  t idal cu rren t  s t r e n g th ,  th e  freshwater in p u t ,  a n d  

d im ens ions  of th e  e s tu a ry .  T h e  goal, essentially, is to  iden tify  th e  physical processes 

leading  to  the  observed  sa l in i ty  s truc tu re .

P erhaps  the  s im p le s t  schem e is th a t  proposed  b y  S im m ons  (I9Ô5) a n d  based  

on th e  ra t io  of the  river in p u t  p e r  t ida l  cycle to  th e  t id a l  prism . T h e  fo rm er is Q j T .  

w ith  Q /  th e  freshw ater v o lu m e tr ic  inpu t ra te  an d  T  th e  t id a l  period . T h e  t id a l  p r ism  

for an  e s tu a ry  of w id th  IF  an d  d e p th  H  a t  th e  m o u th  is =  W H u j - T . w h ere  Uj- 

is th e  m e an  tidal flow. For S i  =  Q j / { W H u - p )  of o rd e r  unity , a rres ted  (sa lt-w edge) 

flow is usually  found, a  s i tu a t io n  in which a  th in  layer  of fresh w ater overlays  a  

s ta t io n a ry  layer of o cean ic  w ater ,  w ith  l i t tle  to  no e n t r a in m e n t  or m ixing  be tw een  

th e  two layers. R atios  of 10  ̂ an d  I 0 ~^ correspond to  par tia lly -s tra tif ied  an d  well- 

mi.xed es tuaries ,  respectively . However, in o m i t t in g  g ra v i ty  an d  th e  density  d ifference 

betw een fresh and  ocean ic  w ater ,  th e  s tabilis ing influence of buoyancy has not been 

p roperly  considered.

Civil engineers have  long used the  "estuary n u m b e r ' .  E^ =  P p F ~ / { T Q for 

a t ida l channel,  w here E^ =  U p jy / g H  is the  ex te rn a l  F ro u d c  num ber,  " to  co r re la te  

m odel ex p er im en ts  an d  field d a ta "  (T urner 1973). W i th  th e  above definitions for th e  

S im m o n s  p a ra m e te r  a n d  th e  t id a l  prism . E^ = F ^ / S i  =  IF n ^ /(< /Q y ). Values of 0.03 

to  0.3 define the  tra n s i t io n  betw een s tratif ied  and  w ell-m ixed  estuaries , w ith  la rge r 

E^ im p ly in g  g rea te r  v e r tica l hom ogeneity  (T u rne r  1973).

re la ted  p a ra m e te r ,  based  on the "p ipe  R ich ard so n  n u m b e r‘d (Ellison and  

T u rn e r  1960) is the  " 'estuarine R ichardson  n u m b er ' '  Ri^ .  T h is  is the  ra t io  o f  th e  

buoyancy  inpu t (due to  a  river) p e r  un it  w id th  { A p g Q j / W .  w here  A p  is th e  d e n s i ty  

difference between fresh an d  ocean  water) to  th e  m ix in g  pow er of the  tides (u'^). 

Using th e  m ean  dens ity  p^ to  non-dim ensionalise .
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E s tu a r in e  observa tions  sugges t th a t  “tran s i t io n  from a  w ell-m ixed  to  a  s trong ly  s t r a t ­

ified e s tu a ry  occurs in th e  ran g e  0.08 <  Ri^  <  0.8" (F isch e r  et al. 1979).

T h e  e s tu a ry  n u m b e r  a n d  e s tu a r in e  R ichardson  n u m b e r  a re  closely re la ted : 

Ri^ = A p / . W i th  th e  d e n s ity  ra t io  ù^p/p^  % 0.02 in m ost es tuaries  (T u rn e r  

1973). th e  t ran s i t io n  regions for th e  tw o p a ra m e te rs  a re .  no t  surprisingly, a lm o s t  

iden tica l.  O n  th e  o th e r  h a n d ,  th e  ra t io  between th e  e s tu a r in e  R ichardson  n u m b e r  

an d  th e  p a ra m e te r  proposed  by S im m ons  (I9ÔÔ) is R i ^ / S i  =  g ' R / =  A F r ~ ^ .  

w here  F r  is th e  in te rn a l  F ro u d e  n u m b e r  based on th e  t id a l  speed  an d  the  in te rn a l  

wave speed  for a  tw o-layer flow w ith  freshw ater of d e p th  Hj'2  above  oceanic w a te r  o f  

equal d e p th .

In his analysis  of e s tu a r in e  a d ju s tm e n t  to  changes in r iv e r  flow an d  tidal m ix ing  

M acC rea d y  (1999) considers  th e  th re e  fundam en ta l  ve loc ity  scales in an  es tuary : th e  

river velocity  TT =  Q j / { W H ) .  th e  roo t m ean sq u a re  ( rm s)  t ida l  velocity u ^ .  a n d  

th e  m a x im u m  in te rna l wave speed  =  y j g 'H / A. ]\xsX. as H ansen  an d  R a t t ra y  (1966) 

had  d one  earlier. F rom  th ese  th re e  velocities, two no n -d im en s io n a l  p a ram e te rs  can  be  

defined. W hereas  H ansen  a n d  R a t t r a y  (1966) chose th e  " d e n s im e tr ic  Froude n u m b e r"  

= Ti(C^.  and  th e  flow ra t io  P  =  Tl/uj. .  M acC ready  found  it m ore  convenient to  

use a n d  F =  u- f /C^ .  as the se  yield  independen t m easu re s  of th e  river flow an d  

tida l  a m p li tu d e ,  respectively . O f  course, these  choices are  a r b i t r a r y  an d  the resu lt ing  

p a ra m e te rs  a re  clearly  re la ted : F =  F ^ / P .

It is also not su rp r is in g  th a t  these  p a ra m e te r  pairs  a re  re la ted  to  the earl ie r  set 

(R i^ .  F r ' ) .  w ith  =  R i ^ F r ^ / A  an d  F =  F r .  T h is  begs th e  q u es tio n  of the n u m b e r  

of s e p a ra te  non-d im ensional p a ra m e te rs  needed to  a d e q u a te ly  descr ibe  the  range  of 

e s tu a ry  types .  T he  work of H ansen  a n d  R a t t ra y  ( 1966) an d  M a c C re a d y  ( 1999) suggest 

th a t  th e re  are  two. unless th e y  a p p e a r  in only one  c o m b in a t io n  in the  governing 

eq u a t io n s .  In this case, w hich m ay  o ccu r  only for sim plified  form s o f  th e  equa t ions ,  

on ly  one p a ra m e te r  m ay  be  needed .
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Ignoring  th e  effects of w ind  stress , th e  charac te r is t ic  e x te rn a l  p a ra m e te rs  for 

an  e s tu a ry  a re  Q^. W. H ,  L.  u ^ . g .  an d  A p . w here  L is th e  leng th  o f  th e  e s tua ry .  N o t­

ing th a t  it is the  f reshw ater  in p u t  per  u n it  w id th  w hich defines th e  local buoyancy  

ano m aly ,  th a t  A /5 needs  to  be  d iv ided  by a  background dens ity  as it is th e  only  

p a ra m e te r  involving m ass, a n d  th a t  th e  leng th  of the  channe l shou ld  not affect th e  

t id a l  c u r re n ts  or freshw ater  in p u t ,  non-d im ensional p a ra m e te rs  classify ing e s tu a r ie s  

shou ld  b e  based on Q ^ j W .  H. u-j-.g. an d  A p / p ^ .  F u rtherm ore ,  g ra v i ty  ac ts  u p o n  th e  

d en s i ty  difference, so th e  la t t e r  tw o te rm s  shou ld  be com bined  as g'  =  g2^pjp^ .  the  

e s tu a ry  n u m b e r  n o tw ith s ta n d in g .  T h e  four rem ain ing  p a ra m e te rs  involve only  two 

d im en s io n s  (leng th  a n d  t im e ) ,  im ply ing  tw o non-d im ensional n u m b e rs .  N everthe less , 

■'the idea  of being ab le  to  p red ic t  e s tu a r in e  s t ru c tu re  from a  few s im p le  e x te rn a l  

p a ra m e te rs  rem ains  elusive" (M ac C re a d y  1999).

R a th e r  th an  using  e x te rn a l  p a ra m e te rs ,  Hansen an d  R a t t r a y  (1966) proposed  

a classifica tion  schem e which u ti lises  p a ra m e te rs  involving th e  m e asu re d  h y d ro g rap h y  

an d  c u r re n t  s t ru c tu re  w ith in  an  es tuary . Tw o dim ensionless p a ra m e te rs ,  based  only  

on sa l in i ty  a n d  velocity, classify e s tuar ies  a long  a  con tinuum  r a th e r  th a n  in to  d is t in c t  

classes. T h e  tw o-dim ensional p a ra m e te r  space  is divided in to  c h a ra c te r i s t ic  regions, 

s im ila r  to  those  proposed  by P r i tc h a rd  ( 1955). based on th e  ra tio  o f  th e  t id a l  diffusion 

sa lt  flux to  th e  to ta l  u p -e s tu a ry  salt flux. T h e  s tra t if ica tion  p a ra m e te r  is S S / S ^ .  

w here  6 S  is th e  surface  to b o t to m  difference in sa lin ity  an d  is th e  m ean  cross- 

sec tional salinity. T h e  c ircu la t ion  p a ra m e te r  u ^ / u ^ .  w ith  th e  net su rface  cu r ren t  

averaged  over a  t ida l cycle, a n d  th e  m ean  cross-sectional velocity  (i.e. IT. th e  river 

in p u t  d iv id ed  by th e  cross-sectional a rea ) ,  is a  m easure  of th e  a m o u n t  of e n t ra in m e n t  

in to  th e  u p p e r  layer. For p a r t ia l ly -m ix e d  es tuar ies  of re c ta n g u la r  cross-section , th e  

c ircu la t io n  an d  s tra t if ica tion  p a ra m e te rs  can  be rela ted  to  th e  e x te rn a l  p a ra m e te rs  

and  P.



2. Background  10

d) Estuar ine Models

Hansen an d  R a t t r a y  (196-5) ana ly tica lly  modelled two-layer flows in par tia lly -  

m ixed  es tuaries  an d  expressed  the  c ircu la t ion  as th e  sum  o f th ree  m odes: r iver d is ­

charge, th e  g rav ita tional-convection  m ode , and  wind-stress flow. W hile  on ly  th e  flow 

associa ted  w ith  r iver d ischarge produces a  net tran sp o r t  of w ater, each  m ode  affects 

th e  salin ity  d is t r ib u t io n  w ith in  the  es tuary . G rav ita tiona l convection  is a  resu lt  of 

th e  horizontal sa lin ity  g rad ien ts  caused  by en tra in m e n t  as the  river d ischarge  flows 

d ow nstream : heav ier  w a te r  s lum ps b e n e a th  lighter u p s tream  w ater, p rov id ing  an u p ­

s t r e a m  salin ity  flux a n d  tend ing  to  c re a te  vertical salin ity  grad ien ts ,  ,A.s a  resu lt of 

th is  in te rac tion  be tw een  sa lin ity  and  velocity, salinity g rad ien ts  in an e s tu a ry  a re  s t a ­

bilised against large varia tions  in river in p u t .  The large increase in sa lin ity  g rad ie n ts  

ex p ec ted  from increased  outflow is offset by  increased up s tream  salt a d v ec tio n  in th e  

presence of vertica l varia tions in salinity. Thus, while e s tuar ine  velocities an d  th e  

sa lin ity  field are  s trong ly  coupled, advec tion  of salinity  implies th a t  velocities c an n o t 

be  reliably  d e te rm in e d  from th e  s tra t if ica tion . T he  au thors  suggest t h a t  "deep  e s tu a r ­

ies in p a r t icu la r  ma\- have well-developed g rav ita tiona l convection even  th o u g h  tida l  

m ix ing  nearly des troys  th e  vertical sa lin ity  gradien t"  (H ansen and  R a t t r a y  1965). In 

ad d i t io n ,  even for sm all horizonta l sa lin ity  gradients , deeper es tuaries  a re  m ore  likely 

to  have a m ean  u p s t re a m  flow a t  d ep th .

T he  H ansen  a n d  R a t t r a y  (196-5) analysis  involved finding s im ila r i ty  so lu tions  

for two d im ensional flow in a  la tera lly  homogeneous e s tu a ry  w here th e  m o m e n tu m  

ba lance  is =  (A ^.u,). and  p . / p  =  —g in th e  along-channel and  vertica l d irec tions ,

respectively, w ith  th e  subscrip ts  x  an d  z indicating spa tia l deriva tives an d  .4 . th e  

vertica l eddy  viscosity. T h e  m odel inc luded  conservation of w ater, ( B i c ) .  =  0,

and  sa lt ,  B { u S ^  -h w S , )  =  { B h \ S ^ ) ^  -h ( B as well as a  linear e q u a t io n  of s ta t e  

p =  Py(l -f k S ) .  w here  B  is th e  channel w idth, 5  th e  salinity, p j  th e  den s ity  of 

freshw ater, an d  w ith  A'^ an d  A\. th e  horizontal and  vertical tu rb u le n t  diffusivity, 

respectively, A^. was no t allowed to  vary  spatially, th e  b o tto m  s tre a m fu n c tio n  was 

set to  to  zero ( th e  no-slip cond ition), stresses at the  free surface were m a tc h e d  to
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th e  w ind  s tre s s ,  th e  net t ran sp o r t  was forced to  eq u a l th e  river inflow, an d  th e  w id th  

B  was a s s u m e d  c o n s ta n t .  T h e  s im ila r i ty  so lu tions  were then  m a tc h e d  w ith  o bse rved  

m e a n  ve loc ity  a n d  salin ity  profiles to  e s t im a te  th e  th re e  exchange coefficients (.4^,. 

A . an d  A\,)- In J u a n  de Fuca S tra i t ,  th e y  find .4 .̂ % 0.0075 m^ s~*. based  p r im a r i ly  

on d a t a  by H erlinveaux  (1954) and  VValdichuk (1957). a lthough  th e y  no te  t h a t  th e re  

a re  no d e ta i le d  d y n am ica l  s tudies of J u a n  de  Fuca  S tra i t  to  su p p o r t  th is  o r  to  suggest 

how .4^ m a y  vary  spatially.

M a c C re a d y  (1999) used ana ly tica l  an d  n u m erica l  models to  s tu d y  t im e  d e p e n ­

d en t  tw o-layer e s tu a r in e  flow. In p a r t icu la r ,  he  was in te res ted  in th e  response  o f  e s tu ­

aries  to  ch an g es  in fresh w ater d ischarge, a n d  n o te d  th a t  results d ep en d e d  on ch an n e l  

d e p th .  H o ld ing  all o th e r  param ete rs  (i.e. th e  r iver  discharge, sa lin ity  d ifference, t ida l  

s t r e n g th ,  a n d  ch an n e l  w idth) c o n s tan t ,  he found th a t  the  diffusive f rac tion  o f  th e  

u p -e s tu a ry  sa lt  flux decreased as th e  d e p th  inc reased . T h a t  is. for deepe r  e s tu a r ie s ,  

th e  p r im a ry  b a lan ce  in the sa lt budget is be tw een  th e  m ean flow (d o w n -e s tu a ry ) an d  

th e  ex ch a n g e  flow (up -es tuary ) .  w hereas  in shallow er es tuaries  th e  p r im a ry  b a lan ce  

is be tw een  th e  m e an  flow and diffusion b ro u g h t  a b o u t  by longitudinal t ida l  m ix ing .

T h e  diffusive fraction of th e  u p -e s tu a ry  sa lt  flux is zero in a  perfect tw o-layer 

e s tu a r in e  flow, a n d  increases con tinuously  th ro u g h  th e  sa lt  wedge, p a r t ia l ly -s t ra t i f ied  

and  w ell-m ixed  e s tu a r in e  regimes un til  it is u n i ty  for th e  vertically  an d  ho r izo n ta l ly  

hom ogeneous  case. T h e  trad itional e s tu a r in e  R ichardson  num ber  also spans  th e  ran g e  

of the se  e s tu a r y  types .  However, su p e r im p o s in g  lines of constan t Ri^  on th e  diffusive 

f rac tion  versus  ( F . F ^ )  phase space d ia g ra m  of M acC ready  (1999) reveals t h a t  th e  

diffusive f rac t io n  is not constan t for a  given value o f  Ri^.  im plying th a t  th e  e s tu a r in e  

R ichardson  n u m b e r  is not sufficient to  a d e q u a te ly  d e te rm in e  the  e s tu a ry  ty p e .

2 .1 .2  T h e  P a r tia lly -M ix ed  E stu ary

.Along-channel flow is th e  d o m in a n t  m e an  (i.e. excluding  tides) c i rc u la t io n  in 

an  e s tu a ry  w i th  app rec iab le  freshw ater in p u t  from  la n d  dra inage , an d  has been  s tu d ie d  

ex ten s iv e ly  ( R a t t r a y  an d  Hansen 1962: F ischer  et al. 1979: Labrccque  el at. 1994:
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M ertz  and  G ra t  to n  1995) in a  w ide varie ty  of e s tu a r ie s .  F resh w a te r  in p u t  from rivers 

c rea tes  a  d y n am ic  head  w hich  drives an upper- layer  outflow . W ith in  th e  channel, th is  

w a te r  en tra in s  su rface  seaw a te r ,  resulting in a n  e x p o r t  o f  sa lt  from  th e  e s tu a ry  in th e  

u p p e r  layer. M ix ing  also e n su re s  th a t  isopycnals b eco m e  m ore  shallow  in the  seaw ard  

d irec tio n ,  causing  a  baroc lin ie  pressure  g rad ien t w hich  opposes  th e  surface p ressu re  

g ra d ie n t .  .At d e p th ,  th e  n e t  p ressure  g rad ien t is reversed , forcing a  re tu rn  flow of 

s a l ty  ocean w ate r  in to  th e  es tuary .  This  flow m a in ta in s  th e  overall s a l in ity  con ten t  of 

th e  es tuary . For a  tw o-layer e s tu a r in e  flow in th e  ab sen ce  of diffusive fluxes, vo lum e 

an d  sa lt conservation  im p ly  th e  well-known K nudsen  e q u a t io n s

0  =
1 -  S , / S ,

a n d  Q 2  =  Q i  S 1 / S 2  ( 2 .2 )

w hich express th e  v o lu m e tr ic  outflow and inflow ra te s  (Q i  a n d  Ç ,-  respectively) as 

functions  of th e  salin ities  in  th e  u p p e r  and lower layers (5", a n d  S^- respectively ),  and  

th e  freshw ater in p u t .

2 .1 .3  T h e E ffects o f R o ta tio n

C ross-channel ti l ts  in th e  isopycnals are  e s tab l ish ed  to  geostroph ica lly  b a lance  

th e  along-channel flow. S ea  surface  slopes set up by  th e  outflow  in th e  up p er  layer 

a re  typically  very  sm all ,  ow ing  to  th e  large dens ity  d ifference be tw een  a ir  and  w ater .  

T h e  isopycnal slopes, requ ired  to  coun te r  th e  sea su rface  s lope an d  b a lance  th e  lower 

layer inflow, a re  of th e  o p p o s i te  sign and are  m uch  la rger  in m a g n i tu d e ,  as d en s i ty  

differences w ith in  th e  fluid a re  two to  th ree  o rders  o f  m a g n i tu d e  sm alle r .

T h a t  a long-channel c u r re n ts  in the  u p p e r  layer a re  re la t ive ly  c o n s tan t  from 

th e  m o u th  to th e  head  o f  .Juan de  Fuca S tra i t  d e s p i te  th e  p resence  of a  d y n a m ic  

head  requires th a t  fr ic tional forces be significant. T h e  re su lt in g  breakdow n in th e  

geostrophic  balance im plies  t h a t  subs tan tia l  c ross-channel flows, in add it ion  to  those  

aris ing  from local b a th y m e t r i c  s teering  and t ida l rec t if ica tion , should  result. N ev ­

er the less .  secondary  flow has  been  s tud ied  to  a m u ch  lesser e x te n t  th a n  th e  m a in
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es tu a r in e  c ircu la t ion , a n d  a l th o u g h  various m echan ism s  have been  proposed , it re­

m ains  poorly  u n d e rs to o d .

Sidewall friction induces m ixing  an d  th e  re su lt in g  w a te r  would be ex p ec ted  

to  spread in to  th e  in te r io r  a long th e  ap p ro p r ia te  isopycnals. In terfac ia l friction of a  

sufficient m a g n i tu d e  would im p ly  mixing betw een th e  u p p e r  fresher and  lower sa lt ie r  

w aters , which a l te rs  th e  along- an d  cross-channel s lopes o f  isopycnals  a t  the  m ix ing  

d ep th s ,  lead ing  to  t ran sv e rse  cu rren ts .  A th ird  m ech an ism  leading  to  cross-channel 

cu rren ts  is E k m a n  layer dy n am ics ,  bo th  a t  solid b o u n d a r ie s  (T ru m p  1983: Johnson  

an d  Sanford 1992) a n d  a t th e  in terface  betw een inflow a n d  outflow (C san ad y  1972). 

J u s t  above th e  in terface, reduced  along-channel flows lead to  an  im b a lan ce  betw een 

th e  Coriolis force an d  th e  cross-channel pressure  g ra d ie n t ,  induc ing  a  flow to th e  left 

( N orthern  hem isphere)  across th e  s tra i t .  J u s t  below th e  in terface , one would expect 

cross-channel flows in th e  oppos ite  d irection  in th e  in terfac ia l  E k m a n  layer.

•Mertz an d  G ra t ton  (1995) exam ined  cross-channel flow in th e  St. Lawrence 

River, an d  found th a t  while near  surface c u r ren ts  were all very close to  along-channel 

a l ignm en t,  d eep e r  cu rren ts  d ev ia ted  considerably. E x a m in in g  th e  ba lance  betw een 

pressure, fr ic tional,  and  Coriolis forces in a long-channel m o m e n tu m ,  th e y  considered 

th e  cross-channel flows aris ing  from pressure and  fr ic t ional effects separate ly . T h e  

"pressure  g rad ie n t  velocity" and  "frictional s teering  velocity"  a re  given by

i d p  1 <9 /  da

W ith o u t  know ledge of th e  along-channel sea surface slope, th e y  were only  ab le  to 

d e te rm in e  th e  vertical sh ea r  in th e  pressure velocity a n d  could not co m p are  it to  th e  

frictional s tee r ing  velocity. However, th rough  a  scale  analysis , th e y  d e m o n s tra te d  

th a t  bo th  m ay  be im p o r ta n t  in genera ting  la te ra l flows. T h e y  also perfo rm ed  a 

linear regression betw een th e  observed cross-channel flow and  th e  second vertical 

deriva tive  of th e  m e asu re d  along-channel flow to  e s t im a te  th e  vertica l ed d y  viscosity. 

.Although th e re  was no significant rela tionship  when th e  second der iva tive  was weak, 

th ey  found .4̂ , % 0.004 m^ s \  N evertheless, it  m ay  n o t  be  a p p ro p r ia te  to  consider
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Fig. 2.1. L abo ra to ry  resu lts  of ro ta t io n a l  exchange  flow (.Johnson a n d  O h lsen  1994). 
T h ick  arrow s ind ica te  E km an  laver flows while th in  arrows in d ica te  in te r io r  flows.

these  effects separate ly , as friction an d  th e  along-channel pressure g ra d ie n t  a re  rela ted: 

th e  presence of friction crea tes  in terfacia l E k m an  layers, lead ing  to  a  change  in the  

cross-channel isopycnal slopes an d  hence to  along-channel flow. T h is  requ ires  cross­

channe l in te r io r  flow which m u s t  be in geostroph ic  balance w ith  th e  along-channel 

p ressure  g rad ien t .

Johnson  and  O hlsen (1994) found significant secondary  c ircu la t ion  (F ig u re  2 . 1 ) 

in la b o ra to ry  experim en ts  of fr ic tionally  modified ro ta t in g  hydrau lic  channe l exchange 

flow. T h ey  d e te rm in e d  th a t  th e  cross-channel flows lim ited  th e  m a g n i tu d e  of the  

along-channel exchange flow. E k m an  layers were found a t the  b o t to m  a n d  sidewalls, 

as ex p ec ted  in a  frictional b o u n d a ry  layer w here th e  balance be tw een  th e  pressure 

g rad ien t and  Coriolis force is broken. In add i t ion ,  interfacial E k m a n  layers were seen 

bo th  above an d  below th e  in terface  be tw een  th e  two layers of differing density .

T h e y  found th a t ,  a t  th e  deep  side of th e  channe l (defined as th e  s ide w here  the  

pycnocline is deeper),  th e  cross-channel flow of w a te r  on bo th  sides of th e  in terface  is 

in to  th e  in terio r .  In the  lower inflow layer, b o t to m  friction causes a  b o t to m  E km an 

layer flow tow ard  the  sidewall on th e  deep  side, which is forced in to  th e  in terior 

ju s t  below th e  interface, and  in th e  u p p e r  outflow layer, in terfacial fr ic tion  d irec tly  

causes the  E k m an  layer seen. T h is  convergence of w ater resu lts  in a t ig h ten in g  of 

the  isopycnals a t  the  deep side. In c o n tra s t ,  th e  interfacial E k m an  layer of th e  upper  

layer and  th e  b o t to m  E k m an  layer of th e  lower layer diverge a t  th e  shallow  side of
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th e  channe l,  causing  a  decrease  in s tra t i f ic a t io n .  This process is a id e d  by th e  E k m a n  

in terfac ia l  layers, which induce  a  c ross-channel shear in th e  in terface .

T h e i r  analysis  d id  not a t t e m p t  to  ex p la in  a t w hich p o in t  a long  th e  in te rface  

th e  c ross-channel flows ju s t  below th e  in te rface  converge, w ha t d y n a m ic s  occurs  th e re ,  

o r  w h a t im p lica tion  th is  has for m ix ing  ra te s .  T h ey  did find, how ever, th a t  th e  u p p e r  

layer in te r fac ia l  E km an  layer increased  sidew all friction by b r ing ing  th e  h ig h e r  along- 

ch an n e l  velocities of m id -channe l c loser to  th e  wall. T h ey  conc luded  th a t  b o th  friction 

a n d  ro ta t io n  a re  im p o r ta n t  in channe l d y n am ics ,  and  th a t  th e  E k m a n  layers also 

l im it th e  exchange  th ro u g h  th e  channe l by d riv ing  s tro n g  cross-channe l c ircu la t io n s  

w hich b r ing  w a te r  with reduced  a long-channel velocities from th e  b o u n d a r ie s  in to  th e  

in te r io r .

2 .2  T u rb u len ce

.-\way from  solid boundarie s  a n d  th e  interfaces of w a te r  m asses ,  m o lecu la r  fric­

t iona l forces a re  weak co m p ared  to  Coriolis  an d  pressure forces. T h a t  m u c h  o f  th e  

o cean 's  c u r re n ts  are in geostrophic  ba lan ce  provides c o n f irm a tio n  th a t  " th e  d irec t 

effect [of friction] on large-scale m o tio n  has been shown . . .  to  be  u t te r ly  negligi­

ble" (P cd losky  1979). N evertheless , th e  fact th a t  bo th  o cean ic  c u r re n ts  a n d  e x te rn a l  

forcing (such as solar rad ia tio n  and  w ind  s tress) are s te a d y  in t im e ,  w hen  averaged  

ap p ro p r ia te ly ,  ind icates  t h a t  friction is v ita l  in rem oving energy  from  large scale  flows.

.Although global cu rren ts  are to o  large in scale for m o lecu la r  fric tion  to  work 

ag a in s t  d irec tly ,  the  leng th  scales in an y  geophysical flow cover th e  s p e c t ru m  from 

th a t  of th e  m a in  flow to th e  scales sm all  enough  th a t  m olecu la r  diffusion is im p o r ta n t .  

In an  average  sense, energy  is con tinuous ly  rem oved from  sh ea r  in  large-scale  flows, 

cascaded  th ro u g h  tu rb u le n t  eddies of ever  decreasing size, a n d  e v e n tu a l ly  d is s ip a ted  

in to  h ea t  energy  a t m olecu la r  scales.

Recognising  b o th  t h a t  frictional effects need to be  cons idered  in th e  d y n am ics  

of ocean ic  flows and th a t  th e  range o f  leng th  scales involved is to o  la rge  to  allow for 

reso lu tion  of th e  sm all-scale tu rb u le n t  eddies them selves, th e re  is c learIv  a  need to
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pa ra m e te r ise  th e se  v iscous effects. T h a t  is. th e  d is s ip a t io n  o f  energy  (a t  sm a l l  scales) 

ta k en  from th e  la rge-sca le  flow m ust be  re la ted  to  p ro p e r t ie s  of th e  m a in  flow a n d  of 

th e  b o u n d a ry  only.

.A s im ilar  p ro b le m  ex ists  for g rad ien ts  of t e m p e r a tu r e ,  salinity , an d  s c a la r  p ro p ­

e r ties  of the  flow such  as nu tr ien t and  dissolved gas co ncen tra tions .  T h e  g ra d ie n ts  

w hich exist in th e  la rge-sca le  flow are in itia lly  inc reased  th ro u g h  th e  a c t io n  of t u r b u ­

lent eddies w hich s t r e t c h  regions of high c o n c e n tra t io n s  in to  th in  f ilam ents ,  e n ab l in g  

m o lecu la r  diffusion to  a c t  over a  very large su rface  area . T h e  flux o f  a  s c a la r  due  

to  ran d o m  m o lecu la r  m o tio n s  is from regions o f  h igh to  low c o n ce n tra t io n ,  a n d  is 

m od e led  as —k ^ S 7 S  (B a tch e lo r  1967). w here is th e  diffusion coefficient a n d  

th e  sca la r  g rad ie n t  o f  th e  sca la r  q u an t i ty  S .  T h is  p a ra m e te r i sa t io n  is used as a  m odel 

for th a t  of ed d y  "diffusion" due  to tu rbu lence .

2 .2 .1  R eyn o ld s S tress

T h e  m o m e n tu m ,  o r  Navier-Stokes. e q u a t io n s  re la te  th e  to ta l  change  in velocity  

(w ith  t im e  and  by a d v e c t io n )  to  the  pressure g ra d ie n t ,  g rav ity ,  th e  Coriolis  force, a n d  

horizon ta l and  v e r t ic a l  diffusion. W ith  u =  { u . v . u ' )  th e  th ree -d im en sio n a l  velocity. 

/  th e  Coriolis p a r a m e te r ,  p  pressure, p th e  density ,  p^ an  average density , su b sc r ip ts  

X .  //. z. and  t d e n o t in g  p a r t ia l  d ifferentiation, i/ t h e  k in e m a t ic  m olecu la r  viscosity , an d  

g g rav ity , the  m o m e n tu m  equations  can be w r i t te n

—  1 2
u +  u  ■'Vu — f v  = ------ -----p -f- u V  u

P o  "

—  I 2
V 4 - u - V v  -f- f u  = ------ -----p  4 - t /V  L' (2.4)

I  p  y
'  o

_  —  1 _ 2
w +  u  ■ V w  + g =  -----p  4- f/V ic

P '

w here  th e  d e p th -d e p e n d e n t  density  is kept (i.e. in s te a d  o f  th e  reference d en s i ty )  in 

th e  th i rd  eq u a t io n  t o  allow for the  effects of g rav ity .  T h e  last te rm  in eac h  of th e
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m o m e n tu m  eq u a t io n s  is th e  g rad ien t of m olecu la r  diffusion of m o m en tu m , w ith  th e  

d y n am ic  m olecu la r  v iscosity  g. = pu  held cons tan t .

To e x am in e  th e  effect of tu rb u len t  flow on th e  m ean ,  a Reynolds decom position  

of th e  curren t ,  density , an d  pressure is used, in w hich each variable  is s ep a ra ted  in to  a 

m e an  and a t im e-v a ry in g  com ponen t.  T he  p ressure ,  for ex am p le ,  becom es p = p p  . 

w here  p = <  p > .  a n d  <  p > =  0 . w ith  < >  d e n o t in g  an  average over a su itab le  

t im e  period. S u b s t i tu t in g  in to  the  u -m o m e n tu m  e q u a t io n  (2.5) and averaging, th e  

resu lt ing  equa t ion

- I
u +  u - V u  -h ( u u ) -f (u c ) +  (u u' ) — f v  =   p -f- ;/V  u (2.5)

^  o

shows th a t  th e  m a te r ia l  deriva tive  of u changes no t on ly  in response to  m ean forces, 

b u t  also due to  th e  g rad ie n t  of velocity f luc tua tion  corre la tions. T he  corre la tions

them selves, w hen m u lt ip l ied  by density  (e.g. pu w  ). a re  called Reynolds stresses; 

th e re  are s im ilar  te rm s  in th e  v and  ic m o m e n tu m  equa tions .  Except near  solid 

boundaries  w here tu rb u le n t  fluctuations are  sm all,  th e  effect of these  stresses is m uch 

la rger  than  th a t  of th e  viscous te rm , which is con seq u en tly  o m it te d .

T he  nine R eynolds  stress  te rm s need to  be re la ted  to  m ean  flow values in o rd e r  

to  close the  sy s tem , a n d  th e  sim plest p a ra m e te r isa t io n  is analogous to  th a t  for th e  

m olecular diffusion o f  m o m en tu m . T h a t  is. th e  tu rb u le n t  diffusion of m o m e n tu m  is 

re la ted  to th e  m ean  sh e a r

— { u u . u v ' . u w )  =  { A  u . ,4 II . A n )  (2.6)

w here  the  eddy  viscosities (.4^. ,4^. ,4 ) are  th e  p ro p o r tio n a li ty  constan ts . .Assuming 

th a t  .4 % .4 =  .4, ( /f is sm aller owing to  s tra t if ic a t io n  an d  the  fact th a t  th e
r  y  h  '  V °

vertica l length scale is m uch sm aller th an  th e  ho rizon ta l scale) the  u -m o m e n tu m  

equ a t io n  becom es

11  ̂ +  u - V u  -  f v  = - ^ p ^  +  V ^ - ( .4 ^ V ^ u )  -f ( . 4 y , (2. 7)



2. Background___________________________________________________________________ ^

where =  { d j d x . d j d i j )  is th e  horizontal g rad ie n t  o p e ra to r .  ( .4^ ..4  ) are th e  (hori­

zon ta l.vertica l)  e d d y  viscosities, and  the  overbars  in d ic a t in g  average  q u an t i t ie s  have 

been d ropped .

.4 s im ila r  p ro ced u re  is followed for th e  eq u a t io n s  o f  conserva tion  of hea t ,  sa l in ­

ity. and o th e r  scalars. Reynolds flu.xes. the  m ean  m o v e m en t  of p roperties  by co rre ­

lations in velocity  an d  p ro p e r ty  fluctuations, a re  re la te d  to  backg ro u n d  g rad ien ts  o f  

those  p roperties .  For exam ple .

-  { T ' u . T ' v ' . T ' w )  =  ( A T  . A \ T  .A  T  ) (2.8) ̂  ̂ h r  h y V z ’ ^

w here T  are  t e m p e r a tu r e  f luctuations, and  ( A'^. A' ) a re  th e  (ho rizon ta l.ve r tica l)  e d d y

diffusivities of h e a t .  T h e  eq u a t io n  for heat,  neg lec ting  in te rn a l  sources such as th e  

absorp tion  of solar rad ia t io n .

r + u - V r  =  a Y ^ V  (2.9)

where is th e  m o lecu la r  diffusivity of hea t ,  becom es, upo n  use of the  Reynolds 

decom position  a n d  th e  above  p a ram eter isa tion  for R eyno lds  fluxes.

r, 4- =  V ^ . ( A \ V , T )  -b (A \T J ^  (2.10)

U nfortunate ly , while m olecular viscosities a n d  d iffusiv ities  a re  p roperties  of th e  

fluid, the ir  tu rb u le n t  co tm te rp a r ts  are  properties  of th e  flow. In ad d it io n ,  the  p a ra m ­

eterisa tion  itself “does not p roduce  very exact resu lts  excep t in special cases" (P ond  

and  Pickard 1983). such  as th e  b o t to m  bou n d ary  layer  w here  .4 has been shown to 

vary linearly w ith  he igh t.  N evertheless, the  p a ra m e te r i s a t io n  can often  be used to  

show th a t ,  in ce r ta in  cases, Reynolds stresses are sm a l l  co m p a re d  to  o th e r  te rm s  in 

th e  m o m en tu m  e q u a t io n  an d  can be om itted .
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2 .2 .2  T h e R ey n o ld s  N u m b er

T h e  non-linear  t e rm s  in th e  N avier-S tokes equa t ions  of m o tio n  can  cause  small 

p e r tu rb a t io n s  in th e  flow to  grow in to  large f luctuations, while m o lecu la r  fric tion  acts 

to  rem ove  th e m . T h e  sca led  ra tio  o f  th e  along-how advec tive  (i.e. non -linear)  te rm  

to  th e  te rm  rep re sen t in g  m o lecu la r  v iscosity  is the  Reynolds n u m b e r

A'/-
/?e =  - —  (2 . 1 1 )

w ith  i '  a typ ical c u r r e n t  speed  in th e  flow an d  L a  typ ica l leng th  scale , is a  non- 

d im en s io n a l  m e asu re  of th e  in s tab il i ty  to  tu rb u len ce  of flows in hom ogeneous  fluids.

T rans it ion  from  la m in a r  to  tu rb u le n t  flow does not o ccu r  a t th e  sam e  Reynolds 

n u m b e r  for all flows how ever. T h a t  is. th e  tran s i t io n  d ep en d s  on flow cond itions ,  such 

as th e  in tens ity  o f  th e  in i t ia l  p e r tu rb a t io n s ,  as well as on b o u n d a ry  cond it ions  such 

as roughness  an d  g e o m e try  (e.g. w a ll-bounded  flow versus je t  flow). In ad d i t io n ,  the 

t r a n s i t io n  is not in s ta n ta n e o u s ,  bu t occurs  in stages of increasing  com plex ity .  In the 

case of w all-bounded  para lle l  shear  flow, for exam ple , in s tab il i ty  first m an ifes ts  it­

self as tw o-d im ensional T o l lm ien-Schlich ting  waves "which grow an d  e v e n tu a l ly  reach 

e q u i l ib r iu m  a t  som e fin ite  a m p li tu d e "  (K u n d u  1990). Indeed , for hom ogeneous  fluids. 

S qu ire  (1933) proved th a t  "for each  u n s tab le  th ree-d im ensional wave th e re  is always 

a m ore  uns tab le  tw o-d im en s io n a l  one trave lling  parallel to  th e  flow", an d  Yih ( 195Ô) 

e x te n d e d  the  th e o re m  to  non-hom ogeneous fluids. T hese  tw o-d im ensiona l waves are. 

in tu rn ,  u n s tab le  to  th ree -d im e n s io n a l  waves of short w avelength .

N everthe less . R ey n o ld s  n u m b ers  for oceanic cond itions  are  well above  those 

found to  co rrespond  to  t h e  t ran s i t io n  to  tu rb u len ce  in th e  la b o ra to ry  (e.g. 1 0  for

free-shear layers o r  10^ for w all-bounded  flow (K u n d u  1990). For ex a m p le ,  in .Juan de
— I . . 2F uca S tra i t ,  w here T’ ~  0.1 m  s is a  typ ica l m ean along-channel flow. iL ~  10 m  is

th e  d e p th  scale of th e  flow, an d  t/ ss 1.4 x 10 ^ m^ s \  R e  % 10 . O n e  m ig h t therefore

ex p ec t  th a t  all ocean ic  flows a re  tu rb u le n t .  S tra t if ica tion , however, a c ts  to  s tabilise

flows, lowering th e  r a te  o f  t ran s fe r  of m o m e n tu m , te m p e ra tu re ,  a n d  concen tra t ions
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of scalars w ith in  th e  flow. .After a  brief discussion of th e  effect of tu rb u le n c e  in 

th e  w ell-m ixed b o t to m -b o u n d a ry  layer, th e  effect of s tra t if ica tion  on s tab i l i ty  will be 

considered .

2 .2 .3  T h e B o tto m -B o u n d a ry  Layer

F ric t ional c o n ta c t  between cu rren ts  an d  th e  b o t to m  boundary  im plies t h a t  

w ater  in d irec t c o n ta c t  w ith  the  b o u n d ary  has zero velocity, and  thus th a t  a  sh ea r  

layer ex ists  n e a r  th e  b o t to m . G eophysical flows a re  generally  tu rb u len t  a n d  th e  

eddies b r ing  fas te r-m ov ing  w ater closer to  th e  b o u n d a ry  and slower-moving w a te r  

fa r the r  away. T h e  resu lt ing  increase in th e  local velocity  g rad ien ts  enhances th e  role 

of v iscosity  as c o m p a re d  to  its role in la m in a r  flows: ed d y  viscosities a re  genera lly  

o rders  of m a g n i tu d e  la rger than  m olecular viscosities, g rea t ly  augm enting  m o m e n tu m  

transfe r  be tw een  th e  flow and  solid boundary .

T h e  m o m e n tu m  is d issipated  against th e  b o t to m  boundary  in a th in  sub laye r  

where viscosity  a n d  b o t to m  roughness a re  im p o r ta n t .  .Just above the  "viscous s u b ­

layer" is a  layer th ro u g h  which th e  m o m e n tu m  of th e  free-stream velocity is 

t ran sfe rred  to  th e  boundary . (In fully developed  tu rb u le n t  flow, the re  is a  co n s tan t  

cascade of energy  from  large to small scales.) T h e  velocity  gradient in th is  region 

should the re fo re  no t  d ep en d  on th e  viscosity, b u t  r a th e r  only  on the  height above  th e  

b o t to m  z. th e  d e n s i ty  p. and  the  m o m e n tu m  flux. T h e  flux is clearly re la ted  to  th e  

d iss ipa tion  a t th e  b o u n d a ry  which gives rise to  th e  b o t to m  stress r^. D im ensionally . 

th is im plies  a  velocity  profile of the  form

w here u_ is th e  "fric tion velocity", k is von K a r m a n 's cons tan t ,  is th e  b o t to m  

roughness, and  w here  T'(z) reaches zero a t  z =  z^, a  height above the  b o t to m  ecjual 

to th e  leng th  scale  o f  b o t to m  roughness. T h e  stress  across th e  "log-layer" is co n s tan t  

w ith  d e p th  b ecause  " th e re  is little  p roduction  o r  d iss ipation ; the re  is s im ply  an inert ia l
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t ran s fe r  . . .  " (K u n d u  1990). T h a t  is, the  log-layer lies ab o v e  the  viscous sub layer ,  

w here  m o m e n tu m  is d is s ip a ted  against the  wall, a n d  below  th e  main tu rb u le n t  flow, 

w here  tu rb u len t  energy  is d ra w n  from th e  m ean c u r re n t .

T he  log-layer lies b e n e a th  a  layer in which th e  s h e a r  w eakens to  th e  po in t w h ere  

th e  effects of th e  E a r th 's  ro ta t io n  becom e im p o r ta n t .  T h e  log-layer height shou ld  

there fo re  clearly d ep en d  on  th e  s t ren g th  of the  flow, For s teady  hom ogeneous

flow, one m easu re  of th e  b o u n d ary - la y e r  thickness (i.e. o f  th e  en tire  layer, an d  no t  

m ere ly  the log-layer region) is =  u _ / /  (Gill 1982). S ou lsby  (1983) found th a t  th e  

log-layer height was a sm all  f rac tion  of this (i.e. z^ =  0 .0 4 u _ / / )  in th e  C eltic  Sea. 

an d  Tennekes (1973) found s im ila r  results  {z^ =  0 .0 3 u _ / / )  in th e  a tm osphere .

Given th e  tu rb u le n t  n a tu re  of the  flow in th is  layer, th e  transfer  of m o m e n tu m  

is not regular, an d  th e  log profile will not accu ra te ly  d e sc r ib e  th e  in s tan tan eo u s  h o r ­

izonta l curren t.  To o b ta in  th e  co n s tan t  ra te  of m o m e n tu m  tran s fe r  needed  to  m a k e  

th e  log-layer a rg u m e n t  valid requ ires  averaging the  h o r izo n ta l  cu rren ts  in t im e . In th e  

a tm o sp h ere ,  "averaging  t im e s  required  are of th e  o rd e r  o f  m inu tes  for poin ts  a few 

m e te rs  above th e  g round ."  (G ill 1982). Longer averag ing  t im e s  are  needed to  sam p le  

th e  sam e  num ber  o f  eddies in th e  ocean because m e an  flows a re  smaller.

E xperim entally ,  c a l ib ra t io n s  of the  log fit w ith  d irec t  m easu rem en ts  of th e  

s tress  a t  the  b o t to m  b o u n d a ry  yie ld  a  value for von K a rm a n  s cons tan t of K % 0.41. 

T h e  log fit can then  be used to  e s t im a te  the  b o t to m  s tre ss  in geophysical flows, w here  

d irec t m easu rem en ts  a re  less p rac tica l .  The b o t to m  s tre ss  can  be re la ted  to  th e  flow 

speed a t a given height ab o v e  th e  b o tto m , f t h r o u g h  th e  use of a d im ension less  

d rag  coefficient C ^ .  D im ensionally ,

w here  is found e x p e r im e n ta l ly  to  depend on b o t to m  roughness, f  and  th e  

s tra t if ica tion . D rag coefficients a re  then  used in n u m e rica l  m odels to p a ra m e te r i se  

th e  friction on cu rren ts  a r is ing  from solid boundaries, a l th o u g h  th e  p roper m a g n i tu d e  

of th e  coefficient, as well as i ts  spa tia l  variation, is no t read i ly  agreed upon.
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In ad d it io n  to  t r a n s fe r r in g  energy  from la rge  to  sm all  scales, tu rb u len ce  ac ts  

to  m ix  w ater, r e d is t r ib u t in g  w a te r  p roperties  such  as t e m p e r a tu r e ,  salinity, dissolved 

gas. and  n u tr ien ts  in such  a  w ay as to  reduce th e i r  g rad ie n ts .  H ydrograph ic  profiles 

typ ica lly  reveal b o t to m  layers in which t e m p e ra tu r e  a n d  salin ity , for exam ple ,  arc  

nearly  cons tan t w ith  d e p th .  T h e  th ickness of th e se  layers varies w ith  the  s tre n g th  of 

th e  tu rb u len ce ,  which is in t u r n  d ependen t on th e  m a g n i tu d e  of th e  shear  an d  th e  

b o t to m  roughness, as well as  on th e  s tra t if ica t ion  itself. T h e  th ickness of th e  well- 

m ixed  layer should  be g re a te r  on  average than  th e  th ickness  o f  th e  d y n am ic  log-layer 

because  tu rb u len ce  ex is ts  o u ts id e  th e  log-layer. In  a d d i t io n ,  in regimes w here tidal 

flows are  im p o r ta n t ,  th e  w ell-m ixed  layer in d en s i ty  is m o re  p e rs is ten t  th a n  th e  log- 

layer for velocity. W h ile  th e  log-layer d isappears  a n d  re -es tab lishes  itself as th e  tide  

tu rn s ,  res tra t if ica tion  is un like ly  to  occur over m u c h  of th e  th ickness.

2.3  S ta b ility  in th e  P r esen c e  o f  S tratifica tion

Stab le  sy s tem s  a re  th o se  in which wavelike p e r tu rb a t io n s  do not grow by re­

m oving  energy  from th e  b ack g ro u n d  s ta te .  .Many geophysica l flows, on th e  o th e r  

h an d ,  are  u n s tab le ,  an d  in i t ia l ly  sm all d is tu rb a n ces  increase  in m a g n itu d e ,  leading 

to  f luc tua tions  in th e  m e an  c u r re n ts  and  hyd ro g rap h y  which a re  not in phase  w ith  

th e  seasonal and  d iu rn a l  cycle  of forcings of the  s u n .  m oon , an d  wind. T hese  fluc­

tu a t io n s  also affect th e  m e an  flow, so th a t  th e  o b se rv ed  flow is no t  th e  one which 

should  be properly  used in a  s ta b i l i ty  analysis. T h a t  is. " th e  tim e-averaged  s ta te  . . .  

is frequen tly  found to  be  m o re  s ta b le  th a n  the  re levan t in i t ia l  s ta te "  (Pedlosky  1979). 

a l th o u g h , in p rac tice ,  th e  m e a n  s ta t e  is often th a t  which is used.

T h ere  a re  m a n y  m e ch an ism s  which can lead to  in s ta b i l i ty  in geophysical flows, 

b u t  in most cases, w ith  w ave-w ave in teractions be ing  o n e  ex cep tio n ,  the  in s tab il i ty  

grows by e x tra c t in g  ene rg \ '  from  th e  background s ta t e .  In convec tive  ins tab ili ty  th e  

background  dens ity  field is s ta t ic a l ly  s tab le , bu t u n s ta b le  to  vertica l d isp lacem en ts  of 

w a te r  parcels. T h a t  is. th e  p o te n t ia l  density  is u n s tab le :  th e  in-situ  density  decreases 

less w ith height th a n  a  d isp laced  w a te r  parcel w ould  d u e  to  pressure  effects. Salt
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fingers grow as a  resu lt o f  th e  different m olecu la r  diffusion ra te s  of sa lt  and  hea t .  

B aro trop ic  in s tab ili t ie s  rem ove  energy from  horizon ta l v a r ia tions  in th e  m ain  flow. 

S hear  instab ili ty , in w hich energy  is removed from sh e a r  in th e  b ackg round  flow, an d  

baroclin ie  instab ili ty ,  for which the  energy source  is availab le  p o te n tia l  energy are  

considered in m ore  de ta i l .

2 .3 .1  S hear In sta b ility

In a  hom ogeneous fluid, th e  ratio  of th e  non -linear  to  viscous te rm s  in th e  

N avier-S tokes e q u a t io n  is a  m easu re  of instab ili ty . In a  non-hom ogeneous  fluid, how ­

ever. g rav ity  suppresses  tu rb u le n c e  by increasing th e  a m o u n t  of ene rgy  needed  to  raise 

heavier w ater .  T h e  sq u a re  root of th e  ra tio  of th e  scaled non -linear  te rm s  / L)

to  th e  buoyancy  te rm  { g ^ p  in a two-layer sy stem , w here  2s.p is th e  dens ity  difference 

betw een th e  u p p e r  a n d  lower layers) is F r  =  U j \ f g ' H .  w ith  H  th e  vertical length 

scale of th e  flow. For a  con tinuously  s tra tif ied  fluid, th e  in te rn a l  F roude num ber 

becom es F r  =  L ' / { N H ) .  w here

v '  .  (2 . 1-1 )
p a z
'  Û

is defined as th e  buoyancy  frequency. It is m ore  c o m m o n ,  how ever, to  use the  inverse 

sq u are  of th e  in te rn a l  F roude  num ber,  a non-d im ensiona l p a ra m e te r  know n as th e  

bulk  R ichardson  n u m b e r  { R i  =  T h e  g rad ie n t  R ichardson  n u m b e r

is th e  local value of th e  bu lk  p a ram e te r ,  i.e. using .V(c) an d  t  ( r ) .

.Another form of R ichardson  num ber arises from  cons ide ra tion  of te rm s  in th e  

equa t ion  of tu rb u le n t  k ine tic  energy. S u m m in g  th e  sca la r  p ro d u c t  of th e  three- 

d im ensional p e r tu rb a t io n  m o m e n tu m  equation  an d  th e  p e r tu rb a t io n  velocity u =  

(U j.U 2 .U3 ) an d  defin ing th e  f luc tua ting  s tra in  ra te  e.^ =  { d u . / d x ^  +  d u^ / dx ^ ) f 2 .  th e  

tu rb u le n t  k ine tic  energy  e q u a t io n  is
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d  \ 1 ___ d  f  1   1 ____  _
F t + âT  j 2 + 5 7 1 ,7 '’ “. + 2 ' =

 d c r  ___ _____
^  +  9 ^ ' P / P ,  -  (2-16)

J

where s u m m a tio n  over  th e  subscrip ts  i and j  is u n d e rs to o d .  U  is th e  m ean flow, a n d
2 2 2 2 . ,

q =  u u . =  u +  u +  u is tw ice the  tu rbu len t k ine tic  energy. T h e  first two te rm s
'  ■ 1 2  3

are recognised as th e  m a te r ia l  derivative, the  th ird  an d  fou rth  a re  the t r a n sp o r t  of 

energy by tu rb u le n t  p ressu re  gradients and tu rb u le n t  convec tion , respectively, an d  

the  last te rm  on th e  left side is viscous transpo rt.  T h e  first te rm  on the  right side is 

the  shear p ro d u c t io n  o f  tu rb u le n t  kinetic energy, i.e. th e  effect of th e  in te rac t ion  o f  

the  Reynolds s tress  w ith  th e  m ean  shear. This  te rm  is usually  positive, im p ly ing  a  

transfer of k ine tic  energy* from th e  mean to tu rb u le n t  flow. T h e  second te rm  is th e  

buoyant p ro d u c tio n  o f  tu rb u le n t  kinetic energy, which can  be of e i th e r  sign, an d  th e  

last te rm  is th e  viscous d iss ipa tion , e.

T he  flux R ich a rd so n  nu m b er

^  9 wpjp^
■ u w d U / d zR j  = - é J  (2.1T)J  —  » --------- l i  , i  - I  .

is tlie ratio  of th e  b u o y a n t  des truc tion  to shear p ro d u c tio n  (of tu rbu lence) te rm s  in 

the  tu rb u len t  k ine tic  energy  equation . stab le  den s ity  profile (for which R^. > 0 ) 

acts  to suppress  tu rb u le n c e ,  while unstable s tra t if ica tion  (Rj .  <  0 ) results in con ­

vection. W hen Rj. >  1, buoyancy  clearly removes tu rb u le n c e  a t a g rea ter  ra te  th a n  

it is produced by th e  shear .  However, dissipation also rem oves tu rbu lence: observa­

tions (Panofsky  a n d  D u t to n  1984) show th a t  tu rb u len ce  decays w hen R^ > 1 / 4 .

T h e  flux R ic h a rd so n  n u m b e r  is. however, difficult to  m easure . Using th e  eddy- 

coefficient a s su m p tio n  for m o m en tu m  (2 .6 ) and  a  s im ila r  a s su m p tio n  for density*, i.e. 

—TUp =  K  d p / d z  (c o m p a re  to  2.8), the  flux and  g rad ie n t  R ichardson  num bers  a re  

related as Ri  =  .4 / Â R ^ ,  w here A J is the  tu rb u le n t  P ra n d t l  num ber.  T h is  ra t io
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Fig. 2.2. W edge o f  in s ta b i l i ty  (shaded  region) be tw een  s lop ing  isopycnals  (solid lines) 
a n d  horizon ta l (d a s h e d  line). D isp lacem ents  from one  region to  a n o th e r  release p o ­
te n tia l  energy , a l low ing  for th e  grow th of baroc lin ie  in s tab il i t ie s .

is unity  in n e u t ra l ly  s ta b le  env ironm ents ,  b u t  can be  la rger  b u t  for s ta b le  s tra t if ica tion ,  

since m o m e n tu m  c a n  also be transferred  th ro u g h  in te rna l  waves. T h e  m o m e n tu m  

flu.x is no t red u ced  as m uch  as the  buoyancy  flux, im p ly in g  th a t  tu rb u len ce  can  

persist for g ra d ie n t  R ichardson  num bers la rger th e n  1 /1 . T h is  can  be true  even  for 

R i  >  I (T u rn e r  1981: B rad sh aw  and  W oods 1978). Indeed , " b ecau se  of non-un iform  

flow the  t ra n s i t io n  [from la m in a r  to  tu rb u le n t  flow] will o ccu r  a t  a  higher R i  [ than  

1/4]" (D yer 1973).

2 .3 .2  B a ro c lin ie  In sta b ility

W hereas  th e  k ine tic  energy  of th e  m e an  flow is th e  source  o f  energy in sh e a r  

instability , in b a ro c l in ie  in s tab il i ty  small d is tu rb a n c e s  grow a t  th e  expense  of po ­

ten tia l  energy  s to re d  in s loping  isopycnals. In th is  way. it is a  form  of convec tive  

instab ili ty , a l th o u g h  isopycnal slopes do not im p ly  th e  p resence  of available p o te n ­

tia l energy. O n ly  v e r tica l  d isp lacem en ts  falling w ith in  th e  w edge fo rm ed  betw een th e  

horizontal an d  lines o f  p o te n t ia l  density  (F igu re  2.2) do  no t feel a  res to r ing  force, b u t  

a rc  ra th e r  a c c e le ra te d  fu r the r .  Horizontal b o undarie s  lim it th e  horizon ta l scales o f  

m otion , w hich, in t u r n ,  lim it th e  ability of d is tu rb a n c e s  to  lie w ith in  th e  wedge.
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Pedlosky ( 1979) used  d im ensional a rg u m e n ts  to  show  t h a t  th e  req u irem en t th a t  

d isp lacem en t falls w i th in  th e  wedge (i.e. 0  <  t a n ( o )  < { d z f d y ) ^  w here  the  u p p e r  

bound  is th e  isopycnal slope) is equivalent to  Z, >  L ^ .  w h ere  L is th e  horizontal 

scale of m otion  a n d  Z , ,  =  N H / f  is the  Rossbv rad ius  o f  d e fo rm a t io n  based on th e
H  ' o

buoyancy frecjuency a n d  w a te r  d e p th .  For th e  basic s ta t e  o f  a long-channe l flow, th e  

isopycnals s lan t in t h e  c ro ss-s tra it  d irection, im p ly ing  th a t  th e  w id th  is the  relevant 

length scale in l im it in g  horizon ta l d isp lacem ent.

a] Two-Layer  Flow

In m ode lling  m a th e m a t ic a l ly  th e  tw o-layer baroclin ie  in s ta b i l i ty  seen in a sm all 

gap annulus. S te rn  (197-5) e x p a n d e d  th e  one-layer q u as i-g eo s tro p h ic  p o te n t ia l  vortic ity  

equation  in powers o f  th e  Ross by num ber.  Ro = U /  f W .  to  o b ta in

d
(g 7  +  “ / V )  (Ĉ  - - ^ 1 = 0  (2.1S)

J

to  first o rder, w here  c is th e  re la tive  vortic itv  in th e  ;’th  laver, h is th e  laver th ickness.; - J - J -
and  / /  is th e  m e an  layer th ickness . T h a t  is. frac tional e r ro rs  in neglecting h igher 

o rd e r  te rm s a re  o f  o rd e r  Ro.

I  sing th e  h y d ro s ta t ic  re la tions  for pressure, a n d  th e  g eo s tro p h ic  along-channel 

curren t as the  m e an ,  th e  so lu tion  to  th e  linearised p e r tu rb a t io n  fo rm  of th e  po ten tia l  

vortic ity  eq u a t io n  in each  layer is found to  be p ro p o r tio n a l  to

sin(n-y /H -')e '^^  (2.19)

where k- is th e  w av en u m b e r .  c(J th e  phase speed, an d  y / W  t h e  non-d im ensional cross-

channcl d is tance .  T h e  p a ra m e te r  c satisfies th e  q u a d ra t ic  re la t io n

1 1
(1-1----------- —-------r) ( l - i --------------) =  1 (2.20)

Qfj ( 1  -  c) Og c
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2 2 2 2 2 / j
where X = k  +  n ~ j W  a n d  =  f  / ( g  H^).  an d  has im ag in a ry  roots  i f 4 o ^ a ^  >  A . 

T he  sm allest value o f  A occurs  w hen n =  1 and  k  =  0. T h e  ins tab ili ty  c r i te r io n  th en  

becomes

>.2
and  with % //,, % H / ’2 an d  A’ % g2^ p jp^ /{H / '2 ) .  th e  req u ire m en t becom es 

II >  [ ~ / \ / S ) N H / f .  iden tica l to  th a t  of the  g e o m e tr ic  a rg u m e n t ,  as ide  from the  

factor ~ / \ /S .

b) Con tinuous  Strat i f icat ion

E ady  (1949) cons idered  th e  s tab ili ty  of a  quas i-geostroph ic  flow to  baroclin ie  

in s tab ili ty  for a  con tin u o u s ly  s tra t if ied  fluid. T h e  conserva tion  of quas i-geos troph ic  

vorticity  eq u a t io n  can  be  w r i t te n  as

a  _  a  \  ^ a  /  /
ai + '  I- -  I +

\  /  ( 2 .22 )

w here U  =  ( t ’̂ .0 .0 )  is th e  background  geostrophic flow, tp is the  p e r tu rb a t io n  s tre a m  

function, and  f  = +  S y  is th e  d -p lane a p p ro x im a tio n  to  the  Coriolis force. T h e

boundary  cond ition  for no vertical flow a t  th e  b o u n d a r ie s  is

d  d \  A  d Ç  /  d i  dc '  —A
. 2

a t r  =  0 and  r  =  H .  w hile  th a t  for no transverse flow a t  th e  sidewalls is v = d t i ' /O x  =  

0 a t  // =  0 an d  y  =  IT’. C onsidering  d is tu rbances  o f  t h e  form  C =  <&(/y)0(c)e'^^^ 

the  la t te r  cond ition  recjuires th a t  ^ ( y )  =  s i n ( n - y / ( T ) .  S e t t in g  th e  p o te n tia l  vo rtic ity  

to  zero, ignoring th e  /i effect, and  using a  c o n s ta n t  s tra t if ica tion  im plies 0 (c )  =  

.4 cosh(-/c) -4- B s inh (-yc) .  w here  7  =  ^ k^ -f j W ^  N J Finally, w ith  =  0  at 

c =  0  and  for c o n s ta n t  d U  I d z  =  U  . the b o u n d a ry  co n d it io n  of no vertica l cu rren t
o '  Z '

at th e  top and  b o t to m  requires  th a t
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4 co th (7 / / ’)
~ rH  i ‘, H y

1 ----------------------- -  7^772 (2.24)

T h e  frequency m ust  have  an  im aginary  co m p o n en t for in s tab il i ty  to  occur an d  for 

n — I and  k =  0 th is  requ ires

which, aside from a  fac to r  \ /S /2 .4 ,  is identical to  th e  resu lt  for th e  two layer flow. 

Flows in a channel o f  a  given w id th  are the re fo re  m o re  su scep tib le  to  baroclin ie 

ins tab ili ty  w ith  decreased  s tra t if ica tion , shallower d e p th s ,  an d  a t  h igher la t i tudes .

2.4 T id es

T ides  a re  caused  by th e  difference between th e  g ra v i ta t io n a l  forces of the  moon- 

su n -E a r th  sy s tem  a n d  th e  cen tr ifugal forces resu lt ing  from  th e  ro ta t io n  of these  bodies 

a round  the ir  co m m o n  c e n t re  of mass. While th e  vertica l co m p o n en t  o f  the  tidal force 

is negligible re la tive  to  th e  E a r th 's  gravity, th e  horizon ta l co m p o n en t  is com p arab le  

in m ag n itu d e  to  o th e r  ho rizon ta l forces acting on th e  ocean ,  such  as wind stress. T he  

resulting d is tu rb an ces  trave l as surface  longwaves (i.e. w ith  w avelength  much larger 

th a n  the  w ate r  d e p th ) .

Surface g rav ity  waves of th e  form e'^^^ in a  ro ta t in g  hom ogeneous fluid 

of constan t d e p th  H  m u s t  satisfy  th e  dispersion re la tion  =  g~ X.a.n\\(~, H ). w here 

u; is the  wave frequency a n d  7  is re la ted  to  th e  ho rizon ta l  w avenum ber k  by k^ =  

— R  ^7 / /  c o th ( 7 / / )  (Gill 1982). T h e  Ross by rad iu s  of d e fo rm a tio n .  R  =  \ / g I I  / / .  

is the  horizontal leng th  scale  a t which ro ta t ion  effects becom e  im p o r ta n t .  T h a t  is. 

for k  * =  A /2 -  <C R.  A: % 7 , an d  th e  dispersion re la t ion  reduces  to  th a t  of th e  non- 

ro ta t ing  case =  g k t a . n h { k H ) .  O n the o th e r  h an d ,  w hen  k  *>/?. k   ̂ ^  H  (since 

/ /  <C /? in th e  ocean),  a n d  w ith  7  ̂ ^  k^ + R  ^, th e  d ispers ion  re la tion  simplifies to
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vu" =  /  +  w ith  c =  \ / g H  th e  wave speed  in th e  ab sence  o f  ro ta t io n  effects.

T hese  waves, know n as P o in c a re  waves, take  th e  form

7; =  T]^cos{kx — ujt) (2 .2 6 )
u; t]

II =  j - ^ c o s { k x  — u:t)

f vV =  —-^ s in { k x  — u;t)
k r i

w =  —uJT] s i t i { k x  — Lct)

w here g is th e  su rface  e leva tion .  T h e  horizon ta l velocity vec to r  ro ta te s  an ticyclon i-  

cally. trac ing  an ellipse o f  re la t iv e  axes lengths o f  uj and  /  para l le l  a n d  p e rp e n d ic u la r  

to  th e  d irec tion  of p ro p a g a t io n ,  respectively.

2.4 .1  T id es in C h an n els

. \w ay  from th e  c o as t ,  t ida l  cu r re n ts  a re  genera lly  less th a n  0 . 1  m  s * an d  tida l 

elevations are also sm all.  However, boundarie s  im pose res tr ic t io n s  on  th e  flows: n ea r  

th e  coast, tidal cu r ren ts  eas i ly  reach speeds of several m e tre s  pe r  second , an d  tidal 

am p li tu d es  of several m e tre s  a re  com m on . T h e  rela tive  m a g n itu d e s  a n d  phases of th e  

t idal cons ti tuen ts  d e te rm in e  th e se  local flow fields and e levations a n d .  while th e y  a re  

co n s tan t  in t im e , th e y  v a ry  w ith  loca tion , dep en d in g  on th e  local topog raphy .

Tides w ith in  sem i-enclosed  basins are  m a d e  up of th e  in d e p e n d e n t  t id e ,  th e  

resu lt of tidal forcing on t h e  w a te r  w ith in  th e  basin  itself, in a d d i t io n  to  th e  s y m p a ­

th e t ic  tide, th a t  im posed  on  th e  bcisin by th e  oceanic tide. In m ost sm a ll  basins , th e  

independen t t ide  is neglig ib le  re la tive  to  th e  oceanic  forcing.

.Although in d iv id u a l  P o inca re  waves can n o t satisfy th e  b o u n d a ry  cond ition  of 

zero norm al flow a t  a  c o as t ,  co m b in a tio n s  can. In pa r t icu la r ,  for a  un ifo rm  channe l 

of w id th  VV. th e  s u p e rp o s i t io n  of two P o incare  waves o f  w avevecto r  =  ( k . l )  a n d  

= (k.  —I) an d  of equal a m p l i tu d e  sa tisfy  th e  b o u n d a ry  cond it io n  c =  0 a t  y =  0. VV 

p rovided th a t  th e  c ross-channe l w avenum ber I =  rmr/VV  for non-zero  in teg e r  m .  T h e
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d ispers ion  rela tion is =  u;^ +  Ic^gH,  where k  is th e  a long -channe l w avenum ber.
C

an d

=  /  +  1% H  =  / ( I  +  (2.27)

is th e  m in im u m  frequency allow ed. For narrow  channels  (i.e. 11' <C R)  becomes 

large, an d  Poincare waves a t  t ida l  frequencies canno t ex ist .  B aro tro p ic  t ida l waves 

c o n ta in in g  cross-channel veloc ity  co m p o n en ts  which m ay  ex is t  in th e  o pen  ocean  are  

t herefore  evanescent w ith in  th e  channel.

Kelvin waves, w ith  c =  0 everyw here ,  also satisfy  th e  b o u n d a ry  conditions, 

an d  have th e  form (Gill 1982)

- y l R
T] =  Tj^e cos{kx  — ^'t)  (2.28)

-y /Ft
u =  y jg j f f r j ^e  ^ c o s ( k x — u:t)

-y/Ft
IX =  u,-77 e sin(A:x —

w here  R  is again th e  Ross by rad iu s  of deform ation . T hese  edge  waves trave l w ith  the 

coast on th e  right (in th e  N o r th e rn  hem isphere)  an d  have a m p l i tu d e s  which decay 

e x p o n en t ia l ly  w ith d is ta n ce  from  th e  coast.

T id a l  am p li tu d es  can  grow to  be very large w hen t id a l  periods  closely m atch  

th e  re so n an t period of th e  basin . For a  rec tangu la r  channel o f  leng th  L which is open 

to  th e  ocean  a t one end . th e  re sonan t period  is given by T  ~  A L / \ / g H ■ w here  g is the  

g rav i ta t io n a l  accelera tion , a n d  H  is th e  w ate r  d ep th .  R esonances  can also occur  in 

th e  cross-channel d irec tion: th e  resonan t period  for a  channe l o f  w id th  IF .  w here  bo th

en d s  a re  closed, is T  =  2 I F / y / g H .  In a s im ple  channel of len g th ,  w id th ,  an d  d e p th  on 

th e  o rd e r  of those of .Juan d e  Fuca S tra i t ,  these  resonant p e r io d s  are  ap p ro x im a te ly  

four hours  an d  15 m in u tes ,  respectively .

For channels of finite e x te n t  w here one end  is closed ( re p re se n ta t iv e  of a  sim ple 

e s tu a ry ) .  Kelvin waves of t id a l  frequency  en te r  from th e  o cea n  an d  a re  reflected at 

th e  o p p o s i te  end. following th e  boundarie s  of the channel in  a  cyclonic sense. .At
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th e  closed end. Po incare  waves a re  genera ted  to  satisfy th e  b o u n d a ry  cond ition  of no 

no rm al flow. O ceanic P o incare  waves also en ter  th e  channel from  th e  open  end. In 

narrow  channels, th e  m a g n itu d es  o f  these  Poincare waves decay  cjuickly w ith  distance 

from  th e  source regions. However, transverse  curren ts  of significant m a g n i tu d e  are  not 

p rec luded  a t t idal frec{uencies in "real" (i.e. s tratified) channe ls  d u e  to  th e  presence 

of baroclin ie  tides.

2 .4 .2  Internal T id es

J u s t  as surface waves ex is t  on  th e  boundary  betw een o ce a n  and  a tm osphere ,  

waves on the  b o u n d ary  be tw een  w a te r  masses can be found w ith in  th e  fluid. .Much 

sm a lle r  in terior dens ity  differences suppo rt  waves of s ignificantly  larger am plitude . 

In te rna l waves also have g re a te r  w avelengths and sm aller  phase  speeds  th a n  those on 

th e  surface.

A lthough th e  processes w hich  cause them  are  not fully u n d e rs to o d ,  a variety 

of m echanism s th ro u g h o u t th e  w a te r  co lum n have been ex am in ed .  .At th e  surface, 

the se  include trave lling  a tm o sp h e r ic  pressure fields, space- t im e  varia tions  in the  wind 

s tress  field (leading to  p u m p in g ) ,  m oving buoyancy fiuxes d u e  to  p rec ip ita tion  and 

solar heating, and  resonant in te rac t io n  of surface g rav ity  waves. P en e tra t iv e  con­

vection (Stull 1976) and  geos troph ic  ad ju s tm en t (Rossby 1938: B lum en  1972) arc 

know n to genera te  in te rna l  waves in th e  a tm osphere  an d  m ay  also  be im p o r ta n t  in 

th e  ocean interior. T h e  large a m p li tu d e s  of in ternal tides over th e  con t inen ta l  shelf 

an d  slope have inspired a g rea t dea l of s tu d y  of flow over topog raphy , in pa r t icu la r  of 

th e  baro trop ic  tidal c u rren t  over th e  con tinen ta l shelf and  slope. E s tua ries ,  especially 

th o se  w ith strong  tides an d  sills, a re  also s trong  generation  regions ow ing to  irregular 

and  shoaling b a th y m etry .  Passing  over a  step-like shelf, for ex a m p le ,  a  barotropic  

t id e  genera tes  in ternal tides (i.e. of th e  sam e frequency) which a re  b o th  reflected 

back into the  ocean a n d  t r a n s m i t t e d  landw ard .

Internal waves in a  tw o-layer system  are res tr ic ted  to  p ro p a g a te  horizontally  

along  th e  interface, w ith  velocities and  am plitudes  decay ing  w ith  d is ta n ce  from the
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in te rface  to  zero  a t  th e  b o t to m  an d  to  nearly  zero a t th e  su rface . In a  con tinuously  

s tra t if ied  m e d iu m , in te rna l waves w hose w avelengths are  sm all  c o m p a re d  to  th e  w ate r  

d e p th  a re  ab le  to  p ro p ag a te  in d irec tions  o th e r  th a n  th e  ho rizon ta l,  tran s fe rr in g  energy  

th ro u g h o u t  th e  w ater  co lum n . H owever, in te rn a l  waves of long w aveleng th , such as 

baroclin ie  t ides ,  feel th e  b o u n d ar ie s ,  a n d  vertica l velocities a t  t h e  free surface an d  

b o t to m  m u s t  again vanish. F u r th e rm o re ,  th e  b o u n d a ry  cond itions  re s tr ic t  the  vertical 

w av en u m b e r  to  d iscre te  values for fixed frequency  and s tra t if ic a tio n .  For each of these  

vertica l w avenum bers  th e re  is a  co rresp o n d in g  vertical profile, o r  m o d e ,  of th e  wave 

a m p li tu d e .

In an infinitely long channe l of c o n s ta n t  rec tan g u la r  c ross-sec tion  with w id th  

sufficiently narrow  th a t  t ran sv e rse  c u r re n ts  a re  everyw here  zero , so lu tions  to  th e  in- 

viscid linear m o m e n tu m  eq u a t io n s  for waves o f  th e  form e a r e  know n as in terna l 

K elvin waves and  are given by (D efan t 1961)

q =  f j{z) e cos{u;t — kx )  (2.29)
df j {z)  -y/n„

u =     —  e cos(^Z — k x )
k  a z

c =  0

- / \ yl . .  . .w = T]{z) e  s\n(u;t — k x )

w ith  q th e  d isp lacem en t,  an d  q{z)  th e  vertica l dependence . H ere  =  c ^ / f  is th e  

in te rna l  Rossbv radius of d e fo rm a tio n  for th e  vertical m o d e ,  w here  c is th e
n

co rrespond ing  phcise speed.

D efant ( 1961) also showed t h a t  co m b in a tio n s  of in te rna l P o in ca re  m odes which

satisfy  th e  b o u n d ary  cond ition  u =  0  a t  y = 0. W  take  the  form

q =  ^ i n ( a y )  — cos(oy) '^  q( z )  cos{u;t — k x )  (2.30)

■ r \ \  dq{z )  , , , ,
U =  I — sin(Qÿ) -  J  ^ 2  ^ ^ 2  cos{ay )  I cos(u,f -  k x )
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w ith  Q =  m i z / W  for non-zero  in tege r  m .  F je ld s tad  (1935) show ed th a t  rf{z) in b o th  

ty p e s  of waves satisfies

7 (.-) =  0 (2.31)
a z  c

s u b je c t  to  th e  b o u n d ary  cond itions  r/(0) =  t]{H)  =  0. an d  th a t  t h e  w avenum bers  a re  

g iven  bv k  =  c^'/c for in te rna l  K elv in  waves and^ n ’ n

2 2 2 2 
k  =  (ct: — y  ) /c  — Q (2.32)

nm n m

for in te rn a l  Poincare  waves, w here  th e  l a t t e r  a re  possible on ly  for u: > f  an d  for 

real k ^ ^ .  For the  baro trop ic  m o d e  (i.e. n =  0). where = g H .  real k ^ ^  im plies  

th a t  th e  m in im u m  frequency is given by (2.27). .At a  la t i tu d e  o f  49°. for ex am p le ,  

re p re s e n ta t iv e  of bo th  J u a n  de F uca S tra i t  and  the  St. L aw rence  R iver, in te rna l  

P o in ca re  m o d es  are  no t possible a t  d iu rn a l  frequencies (u; <  / ) .  a n d  the se  tides  m us t  

be  co m p rised  only of b a ro trop ic  a n d  baroclin ie  Kelvin waves. A l th o u g h  th e  uz > f  

c r i te r io n  is satisfied for sem id iu rna l  frequencies, not all c o m b in a t io n s  o f  vertica l an d  

la te ra l  m odes  are  p e rm i t te d  (i.e. k ^ ^  is no t real).

L s in g  hydrography  d a t a  from  th e  S t.  Lawrence River. F o rre s te r  (1974) found 

th a t  no in te rn a l  Po incare  m odes for n  =  1 (i.e. th e  first in te rna l m o d e )  w ere allowed 

an d  th a t  on ly  th e  first la te ra l  m o d e  (m  =  I) was possible for n =  2. He used a  

s t r in g  of along- and  cross-channel c u r re n t  m e te rs  to m easu re  th e  t ida l m a g n itu d e s ,

d e te rm in e d  th e  best fit w av en u m b er  to  th e  d a ta ,  and  co m p ared  th e se  to  th e  prev ious

th e o re t ic a l  resu lts .  For b o th  th e  along- an d  cross-channel m a g n i tu d e s  an d  phases , th e  

baroc lin ie  M 2  t ide  is very  well rep resen ted  by a  seaw ard p ro p a g a t in g  P o in ca re  ty p e  

wave of second vertical and  first la te ra l  m ode . .Although th e  re su lts  for th e  m e asu re d  

d iu rn a l  co n s t i tu e n ts  were not as conclusive, he found a  peak  in th e  w a v en u m b e r  near  

th a t  p re d ic te d  for a  K elvin wave of th e  first vertical m ode.

F o rres te r  ( 1974) noted  th a t  th e  sho rt  w avelength of in te rn a l  m o d e s  m e an s  bo th  

th a t  o bse rved  tidal cu rren ts  can ch ange  rap id ly  over short  d is ta n ces  in th e  horizon ta l
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and  vertical d irec tions  a n d  th a t  th e re  "m ust be re la tive ly  s t ro n g  convergence and  di­

vergence between th e  c res ts  a n d  troughs."  He fu r th e r  re m a rk e d  th a t  seasonal changes 

in th e  tides m ight be s ignificant owing to  th e  sen s it iv i ty  to  in (2.31).

However. Fo rres te r  (1974) d id  not consider th e  effect th a t  background  cur­

ren ts  have on b o th  th e  s h a p e  and  propagation  of in te rn a l  waves. For a  m ean  flow 

OÏ U =  ( f '( r ) .O .O )  and  p e r tu rb a t io n  velocity u  =  [ u . v ' . w ) .  th e  "non-linear"  te rm s 

involving the  m ean  flow an d  p e r tu rb a t io n  q u an t i t ie s  in th e  inviscid p e r tu rb a t io n  mo­

m e n tu m  equations

/  ,  /  t  r  t

u -f- Uu  -f- U w — f v  =  —p I p
t T - X ^

V + U v  + f u  =  —p I p  (2.33)
t X y
I I  I  I

+ - \ -gp f p^  = - p j p ^

a n d  in the  conservation o f  m ass  an d  con tinu ity  equ a t io n s

p -{-Up p w = 0  (2.34)
t X

/  t  /

u 4 - e  4 - ic =  0
X  y z

are  re ta ined . T hese  five eq u a t io n s  in five unknow ns {u . v . ic . p . p ) a rc  solved for 

a rb i t r a ry  f ’( r )  and  P^{~)-

Using th e  n o n -ro ta t in g  ( /  =  0). tw o-dim ensional {v =  =  0 ). non­

hyd ros ta t ic  (i.e. re ta in in g  all te rm s  in the  i r -m o m e n tu m  eq u a t io n )  form of these 

equa t ions ,  and again  em p lo y in g  th e  separa tion  of variables te chn ique ,  th e  z depen ­

dence  of XU =  tc(z) is found to  satisfy th e  re la tion

^  = 0
(2.3.5)

which is known as th e  non-B oussinesq  form of th e  T ay lo r-G o ldste in  equaU on. Using 

th e  chain rule this can  be  w r i t te n  as
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(2.36)

where clifTerentiation w ith  respect to  z is d e n o te d  by a  subscrip t.  T h e  Boussinesq 

form is o b ta ined  by  ignoring vertical differences in th e  reference dens ity ,  p^.  ex cep t  

where th ey  are  m u l t ip l ied  by gravity, g.  Using th e  Boussinesq a p p ro x im a t io n ,  a n d  for 

m ean  flow f  =  0. (2.36) reduces to  (2.31). T h e  vertica l s t ru c tu re  o f  th e  t ides  given 

by the  T ay lo r-G oldste in  equation  w ith  and  w i th o u t  background flow is c o m p a re d  in 

C h a p te r  6 . w here  th e  theore tica l m odes are  fit to  th e  m easured  tida l a m p l i tu d e s .
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C h ap ter 3

Juan de Fuca S tra it

J u a n  de Fuca S t r a i t  (F igure  3.1) is a  160 k m  long e s tu a r in e  channe l,  a p p ro x i ­

m a te ly  22 km  w ide a n d  200 m  deep in th e  ce n tra l  sec tion ,  increas ing  to  40 k m  w ide 

an d  abou t 250 m deep  a t  th e  western end . It is o r ie n te d  in a  VVXVV'-ESE d ire c t io n ,  is 

fairly s tra igh t ,  an d  h as  re la tive ly  sm oo th  b a th y m e try ,  e x c e p t  for a  sh a rp  n o r th w a rd  

tu rn  a t th e  ea s te rn  e n d .  T h e re  is also a  sill, s o u th  o f  V ic to r ia ,  which e x te n d s  across 

m ost of the  s t r a i t  a t  a  d e p th  of less th a n  100 m . Off th e  w estern  end .  a  s u b m a r in e  

canyon o r ien ted  to  th e  sou thw est d rops to  over 300 m  d e p th  w ith in  30 k m  o f  th e  

coas t,  allowing d ee p e r  Pacific Ocean w ate r  in to  t h e  lower d e p th s  of th e  s t r a i t .

3.1 B ackground

J u a n  de  Fuca S t r a i t  is th e  principal o u tle t  for th e  S t r a i t  of G eorg ia  a n d  P u g e t  

Sound , and  th u s  for m o s t  of th e  p rec ip ita tion  falling over m uch  of s o u th e rn  B rit ish  

C o lum bia  and  n o r th e rn  W ash ing ton  S ta te .  T h e  r ive r  runoff  in to  th is  th re e -bas  in sy s ­

te m  is highly seasonal in n a tu re ,  varying from a b o u t  -5.000 m^ s * in w in te r  to  25.000 

m^ s ' du r in g  th e  s u m m e r  freshet (from snow m elt  in th e  m o u n ta in s ) ,  w hich u sua lly  

reaches a m a x im u m  in J u n e ,  a lthough  th e re  is co n s id e ra b le  in te r -an n u a l  v a r ia t io n  in 

b o th  the  m a g n i tu d e  a n d  t im in g  of th is peak . F raser  R iver d ischarge  (F ig u re  3.2) is 

th e  m a jo r  c o n t r ib u to r  to  th is  buoyancy in p u t ,  e sp ec ia l ly  d u r in g  th e  freshe t,  w hen  it 

acco u n ts  for a b o u t  50% of  th e  to ta l freshw ater  fo rc ing  (G riffin  and  L eB lond  1990). 

T h e re  is also river  runoff  d irec t ly  into J u a n  de  F uca  S t r a i t ,  m o s tly  from w es te rn  V a n ­

couver Island d u r in g  th e  heavy  winter rains: averages  of 500 m s a re  e s t im a te d  

(LeB lond et al. 1983). J o rd a n  River is one of th e  la rg e r  sources  in th e  m id d le  sec tion  

of th e  s tra i t  u n d e r  co n s id e ra t io n .
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Fig. 3.1. G eo g rap h y  o f  .Juan de Fuca S tra i t  a n d  th e  S tra i t  of G eorgia  w ith  hydro- 
g raph ic .  m eteo ro log ica l,  sea  level gauge, and  c u r re n t  m e te r  sites.

T idal c u r re n ts  in  .Juan de Fuca S tra i t  a re  p a r t ic u la r ly  s trong  in th e  shallow  

constr ic tions  a ro u n d  th e  G u lf  Islands an d  th e  San .Juan Islands, where vigorous m ix ing  

of sa l ty  Pacific O cean  w a te r  and  brackish F raser R iv e r  outflow  occur. D o w n s tre am , in 

c en tra l  .Juan de  F uca  S t r a i t ,  flows are not as v igorous, a l th o u g h  m a x im u m  ho rizon ta l  

c u r ren ts  still reach  1.8 m  s * during  spring  tides , w ith  rm s  tidal speeds of a b o u t  0.-5 

m  s ' typ ical w ith in  th e  s t ra i t .  T h e  tides are  c o m p rise d  m ain ly  of s t ro n g  d iu rn a l  

a n d  sem i-d iu rnal c o m p o n e n ts :  Holbrook et al. (1980) found th a t  6ô% to  8 8 % of th e  

variance in th e  a long -channe l  flow could be  a c c o u n te d  for by ju s t  these  c o n s t i tu e n ts .

B uoyancy in p u t  in to  J u a n  de Fuca S tra i t  i tse lf  is largest du ring  n eap  tides ,  

w hen vertical m ix in g  in  th e  islands is reduced . G riffin  a n d  LeBlond (1990) s t a t e  t h a t  

th is  m ix ing  region a c t s  as a  periodic b arr ie r  s e p a ra t in g  J u a n  de Fuca S t ra i t  from 

th e  S tra i t  of G eorg ia ,  "because  the  vertical ex ch a n g e  of m o m e n tu m  (d u r in g  sp r in g



■3. Juan de Fuca S tra it 38

9000

8000

7000

1973
1975

3000 1996

2000 -  

1000 Julian Day: 200 220

Feb Apr May JunMar Aug Sep OctJan Jul Nov Dec

Fig. 3.2. T h e  seasonal cycle in th e  volum etric  flow o f th e  Fraser River, as m e asu re d  
a t  Hope. T h e  th ick  solid  line is th e  m ean  an d  th e  th ick  dashed  line is th e  m ean  plus 
s ta n d a rd  dev ia t ion  over  th e  years  1912 to  1996. T h e  freshw ate r  inpu t in to  th e  S tra i t  
o f  G eorgia is a b o u t  30% larger th a n  the  a m o u n t m e a su re d  a t  Hope.

tides) inh ib its  th e  sh ea red  flow th a t  would co m m en ce  if m ix ing  were to  cease." T h e  

spring-neap  cycle is reduced  in s tren g th  in a u tu m n  a n d  spring  due to  th e  sm alle r  

so lar  declinational t id e ,  a n d  Fraser River runoff is la rgest in sum m er,  so th e  g rea tes t  

fluctuations of b u oyancy  in p u t  in to  .Juan de Fuca S tra i t  shou ld  occur in early  su m m e r ,  

pa r ticu la r ly  w hen n o r th w es te r ly  winds occur in th e  S tra i t  of Georgia. Using surface  

sa lin ity  records b e tw een  1967 an d  198-5. Griffin and  L eB lond (1990) show th a t  sa lin ity  

fluctuations  a t  R ace R ocks are  indeed  greates t in th e  s u m m e r ,  and  th a t  m ore  th a n  47% 

of the  variance can  b e  accoun ted  for by the  (per iod  27.55 days), and M S ^  (14.76 

days)  com ponen ts .  T h e  an d  M S ^  frequencies a re  shallow -w ater co m p o n en ts ,  

resu lting  from non -linear  in terac tions  between th e  M 2  an d  \  2. an d  M 2  and  5 2  

com ponen ts ,  respectively .

M ean w inds in  J u a n  de  Fuca S tra i t  are  along th e  channel ab o u t 30% of th e  

t im e  th roughou t th e  y ea r  (T h o m so n  1981), cons tra ined  by th e  m oun ta in  ranges n ea r  

th e  coast on b o th  s ides of th e  s tra i t .  These blow to w ard  th e  ocean d u ring  th e  fall
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and  w inter, and  la n d w ard  d u r in g  th e  sum m er.  T h is  seasonal d iffe rence  is re la ted  to  

th e  a tm o sp h er ic  p ressu re  sy s tem s  th a t  d o m in a te  th e  N o rth  Pacific  O cean : th e  N orth  

Pacific High d u r in g  th e  s u m m e r ,  a n d  th e  .Aleutian Low in w in te r.  W in d s  a re  generally  

s tronger in w in te r  an d  in t h e  w estern  p a r t  of .Juan d e  Fuca  S t r a i t .  A t T a to o sh  Island 

(F igure  3.1). w inds exceed  8.5 m  s * a b o u t  40% of th e  t im e  from  N o v em b er  th rough  

.January, an d  less th a n  10%, from  M ay th rough  .August, while a t  P o r t  .Angeles, winds 

exceed 8.5 m  s ' a b o u t  5% in th e  w in te r  and  nearly  10% in .June a n d  .July. T h e  

CO.ADS (D aSilva et al. 1995) up- an d  cross-channel (pos itive  tow ard  V ancouver 

Island) surface w ind s tresses  vary from —0.025 an d  -1-0.05 N m  respectively, in 

w inter, to -1-0.03 a n d  —0.015 N m  in July.

Offshore w inds a n d  p ressu re  system s also affect th e  c i rc u la t io n  w ith in  J u a n  de 

Fuca S tra i t .  Holbrook ef ai. (1980) found th a t  su b tid a l  m o tions  w ere  h ighly  corre la ted  

w ith  th e  forcing o f  la rge  scale  coas ta l  winds, and not w ith  w inds w i th in  J u a n  de Fuca 

S tra i t .  N orthw ard  co as ta l  w inds d u e  to  occasional pass ing  s to rm s  d r iv e  an  onshore 

E k m an  t ra n sp o r t ,  lead ing  to  surface in trusions of Pacific w a te r  in to  th e  s tra i t .  In 

w inter, coasta l w inds a re  genera lly  no rthw ard : th is  can reverse th e  sea surface  slope 

an d  lead to  a  reversal in th e  e s tu a r in e  circu lation  (H olbrook  an d  Hal pern  1982). In 

su m m e r,  coasta l w inds a re  from  th e  northw est an d  d r ive  coas ta l  upw elling . bringing 

colder, sa lt ie r  w a te r  from  th e  c o n tin en ta l  shelf in to  J u a n  de  F u ca  S tra i t  a t  dep th . 

C rean  and  .Ages (1971). for ex am p le ,  found th a t  th e  m ean  sa l in i ty  below 80 m dep th  

a t S ta t ion  72 (F ig u re  3.1) was ap p ro x im a te ly  33.5 psu in J u ly  c o m p a re d  to  33 psu in 

J a n u a ry  of 1968.

T h e  fresh w a te r  in p u t  is also g rea te r  in s u m m e r  d u e  to  th e  freshet (Q^  % 

1.8 X 10' m^ s ' co m p a re d  to  0.3 x 10* m^ s * in w in te r) .  H owever, th e  m e a n  salin ity  

in th e  u p p e r  layer (i.e. above  80 m) is sim ilar (C rean  a n d  .Ages (1971) found a  

m ean  sa lin ity  of a p p ro x im a te ly  31 psu in bo th  J a n u a ry  an d  J u ly ) ,  im p ly in g  g rea te r  

e n t ra in m e n t  in to  th e  u p p e r  layer. T h e  ne t result is th a t  exchange  ra te s  a re  m uch  larger 

in sum m er.  W hile  s t r ic t ly  valid on ly  for two-layer flow, th e  K n u d se n  re la tions  (2.2) 

suggest th a t  for th e  J u ly  cond it ions .  % 0.3 Sv, w here  1 Sv (S v e rd ru p )  =  10^ m \  *.
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L sing d a ta  from  a  s t r in g  o f  c u r re n t  m eters across J u a n  de  Fuca  S tra i t  from M ay 16 

to  J u ly  15, 1975. L ab recq u e  et al. (1994) found a  v o lu m e  flux o f  0.27 Sv. In w in te r,  

on th e  o th e r  h a n d ,  % 0.06 Sv. W hile  th e  a m o u n t  o f  d e e p  w ater  en tra in ed  in to  th e  

u p p e r  layer (Q^  —Q^) was a b o u t  five tim es larger in Ju ly ,  th e  surface was fresher (30.5 

psu com pared  to  31 in J a n u a ry ) .  G rea te r  buoyancy  fo rc ing  in th e  s u m m e r  in h ib its  

m ix ing  n ea r  th e  surface , re su l t in g  in larger s t ra t i f ic a t io n  in th e  u p p e r  layer.

P a r t ly  d u e  to  th e se  seasonal differences, th e re  has  h is to r ica lly  been som e d e b a te  

as to  which ty p e  of e s tu a r y  J u a n  de  Fuca S tra i t  is. A l th o u g h  genera lly  th o u g h t  to  

be  a p a r tia lly -m ixed  e s tu a ry .  D yer (1973) considers  it a  s t ra ig h t ,  deep fjord, w hile  

S to m m el (1952) s ta te s  t h a t  it does not fall in to  any  o f  th e  m ain  categories. In th e  

su m m e r ,  th e  e s tu a r in e  R ic h a rd so n  num ber  (2.1) is Ri^  ~  2. well above th e  t ra n s i t io n  

region from w ell-m ixed  to  s trong ly  s tra tified . In w in te r ,  on  th e  o th e r  hand . Ri^  ~  

0.5. which classifies J u a n  de  Fuca  S tra i t as a  p a r t i a l ly  m ixed  es tuary . Using th e  

two non-d im ensional p a r a m e te r s  (Section 2 . 1 . 1 ) p ro p o sed  by M acC rea d \’ (1999), th e  

den s im e tr ic  F roude  n u m b e r  F  % 1 0  ^ i n  s u m m e r  an d  a b o u t  one-fifth th a t  in w in te r ,  

while the  F roude  n u m b e r  F % 0.1 during bo th  seasons. T h is  places J u a n  de  Fuca 

S tra i t  in th e  p a ra m e te r  sp ace  for which the  u p -e s tu a ry  sa l t  flux is d o m in a te d  by th e  

exchange  flow. T h a t  is. th e  diffusive fraction of th e  u p -e s tu a ry  salt flow is s ligh tly  

g re a te r  th a n  0.1 in w in te r ,  an d  less than  0.1 in s u m m e r ,  im p ly ing  th a t  J u a n  de  F uca 

S t ra i t  is a p a r t ia l ly -s t ra t i f ie d  to  well-stratified es tuary .

Indeed, r a th e r  th a n  being  an  area  of significant v e r t ica l  m ixing. Ju a n  de Fuca 

S tra i t  m ay  be  a  region in which res tra tif ica tion  o ccu rs .  T id a l  cu rren ts  a rc  m uch  

s tro n g er  an d  w a te r  d e p th s  a re  sm alle r  a round  th e  is lands  in th e  eas te rn  po r t io n  of 

th e  s tra i t ,  an d  one w ould  e x p ec t  a  well-mixed c o n d i t io n  to  exist there . M ixing  in 

th e  m idd le  of J u a n  de  F u c a  S tra i t  is not cis effective a n d  th e  density  of the  b rack ish  

w a te r  e x p o r te d  from  th e  S tra i t  of G eorgia rem ains  fa ir ly  c o n s ta n t  th ro u g h o u t J u a n  

de  Fuca S tra i t  (F ig u re  3 .3). .Any increase in s tra t i f ic a t io n  w ould ac t  to fu r th e r  reduce  

in s tab ili ty  m ix ing  a t  th e  inflow /outflow  interface, re in fo rc ing  s tra t if ica tion . D ensity
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Fig. 3.3. M id channe l d e n s i ty  (cr ,̂ in kg m ) along J u a n  de  F uca S tra i t  in January . 
May. and Ju ly  (C rean  a n d  .Â ges 1971).

profiles (F igure  3.3) seem  to  suggest a slight tigh ten ing  of th e  pycnocline  from m id ­

s tra i t  to th e  m ou th .

T he  Ju ly  profile sugges ts  th a t  there  is also significant e n t ra in m e n t  into the  

lower layer, co n tra ry  to  th e  p ic tu re  of one-way e n t ra in m e n t  for h ighly-stratified  es­

tuaries  (D yer 1973). W ere  e n t ra in m e n t  into  th e  lower layer to  exceed  th a t  into  the  

u p p e r  layer, the  vo lum e t r a n s p o r t  would decrease tow ard  th e  m o u th .  C urren t m e te r  

d a ta  (Labrecque et al. 1994) a t  th e  m iddle and  m o u th  of th e  s t ra i t  from 1975 and 

1984. respectively, in d ic a te  th a t  th e  volume flu.x decreased  from  0.27 Sv to 0.16 Sv 

at the  m ou th .  However, th e  1984 curren ts  a re  m eans over th e  period  from J u n e  20 

to  N ovem ber 25. w hile  th o s e  of 1975 are  m eans over th e  pe r iod  from  M ay 26 to  Ju ly  

15. .Although the  v o lu m e tr ic  F raser River d ischarge is very s im ila r  for 1975 and 1984 

between early  J u n e  an d  la te  N ovem ber, th e  freshw ater in p u t  d rops  a b o u t  70% over 

th a t  tim e, which should  re su lt  in a  much weaker e s tu a r in e  c ircu la t ion .  C oncurrent 

m easu rem en ts  a t m id -s t ra i t  a n d  a t  th e  m outh  of Ju a n  de F uca  S tra i t  a re  needed to 

d e te rm in e  w h e th e r  rec i rcu la t io n  is indeed occuring  w ith in  th e  s t ra i t .
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Labrecque et al. (1994) also found tilts in th e  in terface , w hich th e y  defined as 

th e  level of zero m ean  a long-channel m otion, betw een th e  u p p e r  a n d  lower layers. In 

th e  along-channel d irec tion , th e  in terface  on th e  cen tra l  ax is  of th e  channe l was found 

a t  a  dep th  of 75 m  in th e  m id d le  of th e  channel and 65 m  a t  th e  m o u th .  T h e  in terface 

s lan ted  in th e  cross-channel d irec tion , from 70 m d ep th  a t  th e  so u th e rn  side to  over 

90 m  at the  no rthern  side, cons is ten t w ith  the  Coriolis force.

Fissel (1976) e x am in ed  th e  feasibility of using b o t to m  p ressu re  m easu rem en ts  

to  d e te rm ine  cu rren ts  flowing th ro u g h  Ju an  de Fuca S t r a i t ,  b o th  for th e  d o m in an t 

t id a l  curren ts  and  for th e  sm alle r  low frequency residual cu r ren ts .  For th e  to ta l  c u r ­

ren t .  he found th a t  cross-s tra it  p ressure  differences and  average  a long-s tra it  cu rren ts  

were well correlated  and  th a t  th e  "gain" agreed with th e  th e o re tic a l  value p f W  (w ith  

i r  th e  channel w id th ) ,  w ith in  ex p er im en ta l  accuracy  ( ± 2 0 % of a long-s tra it  speed).  

.At bo th  20 and  120 m d e p th .  80% of th e  variance in average a lo n g -s tra i t  speeds could 

be  de te rm ined  from th e  p ressu re  records. For th e  residual cu r ren ts  (low-pass filtered 

w ith  a cut-off frequency of 0 . 8  cycles per  day), correlation  be tw een  cu rren ts  and  p res­

su re  differences a t 120 m  d e p th  was found to  be poor; Fissel (1976) a t t r ib u te d  th is  

to  th e  inaccuracy of th e  p ressu re  gauges and inadequa te  sp a t ia l  sam p lin g  of th e  c u r ­

ren ts .  .At 20 m d ep th ,  co rre la tion  coefficients ranged from 0.75 to  0.9-3. a lthough  th e  

m easured  "gain" was 18% to  42% lower than  th e  theore tica l value. T h is  reduction  

m a y  be the result of reduced  cu r ren ts  due  to  sidewall friction. He also no ted  th a t  th e  

residual curren ts  a t  each  d e p th  were poorly corre la ted  w ith  one  a n o th e r  ( the  c u rren t  

m e te r  separation was typ ica lly  4 km ).

Numerical m odels m ay  be  of benefit in answ ering som e of th e  questions s u r ­

round ing  cross-channel flow by provid ing  some ideas a b o u t  th e  along-channel evo lu­

tion . Masson and  C u m m in s  (1999) used the  P rince ton  O cean  M odel (P O M ) w ithou t 

tida l  forcing to  exam ine  th e  role of buoyancy forcing in th e  d y n am ics  of the  s u m m e r  

coas ta l  coun tercu rren t found off th e  west coast of V ancouver Island. T hey  found 

th a t  the  coastal cu rren t  is d r iven  by a  baro tropic  p ressure  g rad ie n t  a t  th e  m o u th  of 

J u a n  de Fuca S tra i t  due  to  th e  outflow of brackish w ater  from  th e  channel. B o tto m



■3. Juan de Fuca Stra.it______________     ^

fr ic t ion  and a  baroc lin ie  p ressu re  g rad ien t  ac t to  t r a n s fo rm  th e  coasta l c u r r e n t  in to  a  

surface-in tensified  flow.

M asson a n d  C u m m in s  ( 1999) exam ined  th e  possib le  effects of e n h a n c e d  ver tica l 

m ix in g  due to  tidal effects by increasing th e  ver tica l coefficients of v iscos ity  an d  

diffusion over th e  sill so u th  of V ic to ria  above th e  b ack g ro u n d  values found e lsew here  

in th e  S tra i t  of G eorg ia  - J u a n  de  Fuca S tra i t  basin . T h e y  note t h a t  a l th o u g h  th e  

co as ta l  cu rren t away f rom  th e  m o u th  of th e  s t r a i t  is la rge ly  unaffected , h y d ro g ra p h y  

w ith in  Ju an  de  Fuca  S t r a i t  is changed  considerably . U nfortuna te ly ,  no d e ta i ls  of th e  

in te r io r  flow w ith in  th e  s t r a i t  for e i th e r  th e  nom ina l  o r  enhanced  m ix ing  cases  were 

re p o r te d ,  a l th o u g h  a t  th e  m o u th  b o th  th e  spa tia l  s t r u c tu r e  of th e  e s tu a r in e  flow as 

well as the  vo lum e flux o f  b rack ish  w ater  co m p are  well w ith  observations.

M otiva ted  by d a t a  which reveal th e  presence  o f  fo rtn igh tly  f re sh w a te r  pulses 

b o th  w ith in  J u a n  de  F u ca  S tra i t  (Griffin an d  LeB lond 1990) and  in th e  coas ta l  c u r re n t  

i tse lf  (Hickey ef al. 1991). a  la te r  s tu d y  (M asson a n d  C u m m in s  2000) e x a m in e d  th e  

effects of a sp r ing -neap  cycle in t id a l  m ixing  over th e  V ic to r ia  sill an d  in H aro  S tra i t .  

T h e y  were ab le  to  rep ro d u ce  b o th  the  m a g n itu d e  o f  th e  spring-neap  cycle  in th e  

su rface  salin ity  a t R ace  Rocks, a b o u t  1 psu. an d  its  p hase  re la tive  to  th e  t id e ,  w ith  

lowest salinities occu ring  2  days  a f te r  neap tide. M asson an d  C u m m in s  (2000) show ed 

th a t  th e  volum e t r a n s p o r t  across th e  cen tra l  section  o f  J u a n  de  Fuca S tra i t  is largest 

a p p ro x im a te ly  two days  a f te r  n eap  tid e  an d  sm alles t  a f te r  springs, w ith  a  fo r tn ig h t ly  

m o d u la t io n  of nearly  2 0 % of th e  m ean.

T he m odel resu lts  also suggest th a t  m ix ing  w ith in  J u a n  de Fuca S t r a i t  itse lf  

is la rger  du ring  neap  t id e  (P a tr ic k  C u m m in s ,  personal c o m m u n ica t io n .  2000), likely 

d u e  to  the  larger shears  assoc ia ted  with th e  inc rease  in e s tu a r in e  exchange . In th e  

following section, a  m o m e n tu m  ba lance  based in h is to rica l d a t a  suggests t h a t  fr ic tion  

is indeed  large a t  th e  in te rface , m o tiv a t in g  th e  fu r th e r  ex am in a t io n  of m ix in g  over a 

sp r ing -neap  cycle.
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3.2  A  P r e lim in a ry  A nalysis

T h e  e s tu a r in e  flow in J u a n  cie Fuca S t r a i t  is highly seasonal in n a tu re ,  as ev i­

denced  bo th  by c u r re n t  m e te r  d a t a  a n d  h y d ro g rap h ic  surveys. In th e  s u m m e r ,  when 

th e  exchange  is la rges t ,  friction be tw een  th e  layers  a n d  along th e  b o t to m  shou ld  be  sig­

nificant. lead ing  to  large values o f  th e  vertica l e d d y  viscosity an d  s t ro n g  cross-channel 

flows. .After e x a m in in g  h istorical c u r re n t  a n d  se a  surface  p ressure  d a t a ,  th e  vertica l 

ed d y  viscosity is d e te rm in e d  by vertica lly  in te g ra t in g  th e  a long-channel m o m e n tu m  

ba lance  over th e  to p  layer.

3 .2 .1  R ea n a ly s is  o f  H istorica l D a ta

In 1968. C re a n  an d  .Ages ( I9 7 I )  m a d e  12 m o n th ly  surveys of t h e  h y d ro g ra p h y  

of the  w aters  su r ro u n d in g  V ancouver Island. Each  survey lasted  th r e e  days  and  

m easu red  sa l in i ty  an d  te m p e ra tu re  a t  79 s ta t io n s  w ith in  .Juan de  F uca  S t r a i t  a n d  the  

S tra i t  of G eorg ia .  O xygen  profiles were also reco rded  a t  33 of th e se  s ta t io n s .  T h e re  

were 13 s ta t io n s  west of the  V ic to ria  sill, w ith  paralle l t ransec ts  r u n n in g  dow n the  

cen tra l  axis (F ig u re  3.1) an d  n o rthe rn  and  s o u th e rn  sides of .Juan de  F u c a  S t r a i t .  T he  

cen tra l  t ran sec t  is taken  as rep resen ta tive  of th e  m e an  hydrograph ic  c o n d i t io n s  in the  

s tra i t .  S trong  seasonafity  can be seen in th e  s tra t i f ic a t io n  (F igure  3.3).

a) Sea Level Data

M onth ly  average  sea level d a ta  betw een  1982 and  1994 from P o r t  .Angeles and  

X eah Bay. b o th  on  th e  sou thern  side of .Juan d e  Fuca S tra i t ,  were used to  d e te rm in e  

th e  seasonal v a r ia tion  in sea surface height a long  th e  s t r a i t  (F igure  3 .4). C o n c u rre n t  

sea  level records on th e  northern  side of th e  s t r a i t  were not of suffic ien t leng th . 

.About one q u a r t e r  of the  along-channel p ressu re  difference due to  sea  su rface  height 

{Sp =  qp 6h  % .500 Pa. for a  sea  level difference of Sh  % 0.05 m ) is offset bv
* s f : a  s e a  s e a  '

a difference in s e a  level a tm ospheric  pressure. T h e  a tm ospheric  p re s su re  difference 

<5n is from h o u r lv  m easu rem en ts  from  T a to o sh  Island  and a  buov  n o r th  of P o rt
'  a t m

.Angeles (F igu re  3.1) over a two y ea r  period . T h e  to ta l  surface p re s su re  g rad ie n t
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Fig. 3.4. A nnual cycle o f  a long-channel difference in m ean  t id a l  he igh t,  a tm ospheric  
pressure, and  to ta l  su rface  pressure . T he  difference in th e  m o n th ly  average sea level 
height between P o r t  A ngeles and  Neah Bay con ta ins  betw een  8  to  11  years of d a ta  
from 1984 to  1992 for each  m o n th :  the  d o t te d  line ind ica tes  th e  s ta n d a rd  devia tion . 
T h e  a tm ospheric  p ressu re  difference uses hourly  surface p ressu re  values over a  two 
\ ea r  period. T h e  ne t a long-channel surface pressure g rad ien t  is a ssu m ed  to be  zero 
in November.

p = Sp / D l  -t- 6p f  D2.  w ith  D l  % 90 km  as th e  d is ta n c e  betw een th e  tidal
* 1  ̂ ' * atm'

gauges and D'2 % 1 0 0  k m  as th e  d is tance  between th e  m eteoro logical s ta t ions ,  reaches 

a  m a x im u m  in m a g n i tu d e  of p^ % —5 x 10 ^ P a  m  in .August if th e  to ta l  surface 

pressure  g rad ien t in th e  N ovem ber  is equal to  zero (an a s su m p tio n  discussed la ter) .  

T h e  May surface g ra d ie n t  is a b o u t  half th a t  in A ugust.  T h is  p ressu re  g rad ien t m ust 

be balanced  bv e i th e r  la te ra l  o r  in ternal friction.
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bj \ t loci ty Data

C u rren t  d a t a  w ere collected  in two dep loym ents : from  M arch  6  to April 16 

a n d  from A pril 17 to  J u n e  14. 1973. T he  d a ta  for d ep lo y m en t 1 (he re ina f te r  referred 

to  as 73a) an d  d ep lo y m en t 2 (73b) were analysed  separa te ly , w ith  m e an  dates  (used 

in th e  com parison  of h y d rog raph ic  d a ta )  of M arch  27 and  M ay  16. respectively. Each  

dep loym en t consisted  of six m oorings across Ju a n  de Fuca S tra i t  (d en o te d  by crosses 

in Figure 3.1). loca ted  halfw ay along th e  s tra i t ,  roughly  be tw een  J o rd a n  River. B rit ish  

C o lum bia , and  P illa r  P o in t .  W ash ing ton . T h e  cu rren t  m e te rs  w ere of tw o  basic types ,  

-Anderaa record ing  c u r re n t  m eters  (RCM 4) an d  N eyrpic  c u r re n t  m e te r  and  d irec tion  

recorders  (C M D R ),  a n d  were p laced  a t  d ep th s  of 15. 50. 100, a n d  150 m at each 

s ta t io n ,  while som e s ta t io n s  had  add itional c u rren t  m e te rs  a t  170 a n d  ISO m dep ths .  

.At certa in  d ep th s ,  severa l o f  th e  s ta t io n s  recorded te m p e ra tu re ,  conductiv ity ,  a n d / o r  

pressure as well.

T h e re  was som e ques tion  regard ing  th e  reliability  o f  th e  com pass  m e asu re ­

m en ts .  p a r t ly  because , while th e  cu rren t speeds are ten  m in u te  averages of m e a ­

su rem en ts  tak en  every  30 s. th e  m e te rs  are  non vector-averaging: th e  d irection is 

m easured  only  once every  ten  m inu tes .  .A tidal analysis of th e  horizon ta l curren t was 

perform ed  a t  each d e p th  in d e p en d en tly  and  th e  m a g n itu d es  an d  re la tive  phases of 

th e  along- and  cross-channel tidal velocities were com bined  to  form  tidal ellipses for 

each tidal co n s t i tu e n t .  T h e  m a jo r  axes of these  t ida l ellipses were found to  align well 

(w ith in  2°) w ith  th e  o r ien ta t io n  of J u a n  de Fuca S tra i t ,  sugges ting  th a t  th e  com pass  

m e asu re m en ts  a re  accu ra te .

In ad d i t io n  to  occasions in w hich cu rren t m eters  ceased  w orking  or difficulties 

w ith  saving d a t a  to  t a p e  occurred , th e  mooring arrays  were know n to  e.xperience a 

large a m o u n t of porpo is ing  in s trong  curren ts  due  to  th e  size and  s h a p e  of the  floats. 

T h is  leads to  significant t i l ts  and  large d ep th  excursions, im p ly in g  th a t  the  ac tu a l  

d e p th s  for s tro n g  cu r re n ts  a re  g rea te r  th a n  th e  nom inal d e p th s  o f  th e  in s tru m en ts :  

u n fo r tuna te ly , p ressure  sensors were only a t ta c h e d  to  th e  b o t to m  of th e  arrays. W ith  

along-channel flows genera lly  decreasing  with d e p th  in th e  u p p e r  layer an d  increasing
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with d e p th  in th e  low er layer, th e  sensors a t  n o m in a l d e p th s  o f  50 m  p ro b ab ly  u n d e r ­

e s t im a te d  a long-channel velocities, while cu r ren ts  a t  1 0 0  m  a re  likely o v e re s t im a ted .  

T he  effect on m e asu re d  cross-channel flows is m uch  h a rd e r  to  p red ic t  as not m uch  is 

known a b o u t  th e ir  v e r tica l s t ru c tu re .

Overall  a nd  Tidal  Curren t s

C u rre n t  records  for periods  of longer th a n  five days  w ere used to ca lcu la te  

a long-channel (u . pos itive  seaw ard) and  cross-channel (v.  pos it ive  to w ard  W ash ing ton  

S ta te )  velocity  co m p o n en ts .  T h a t  is, th e  { x , y )  axes  a re  ro ta te d  166° an tic lockw ise  

from [east ,  nor t h )  to  align w ith  J u a n  de F uca S tra i t .  T h e  M 2  an d  AT tida l  con ­

s t i tu e n ts  (w ith  periods  12.4 an d  2.3.9 hours, respective ly )  were found to  be th e  largest 

co m p o n en ts  of th e  overall  t id a l  cu rren t (w ith  A 'l a b o u t  60% as la rge as M 2 ) .  T h e  

a m p li tu d e s  genera lly  decreased  w ith  d ep th .

M ax im u m  overall  speeds in th e  a long-channel d irec tion  o f  be tw een  1.0 an d  1.5 

m s * were found th ro u g h o u t  th e  top 1 0 0  m  a t  all locations , while deepe r  speeds 

never exceeded  0.6 m s  \  R m s speeds were typ ica lly  in th e  0.5 to  0.6 m s * range  

in the  u p p e r  100 m . a n d  betw een 0.2 and  0.4 m  s  ̂ below th a t .  In th e  cross-channel 

d irec tion , m a x im u m  speeds  were generally  near  0 . 6  m  s * on e i th e r  side of th e  in te r ­

face. and  0.3 to  0.4 m  s  ̂ c loser to  the  surface an d  b o t to m .  C ross-channel rm s  speeds 

were re la tive ly  c o n s ta n t  everyw here ,  a b o u t 0 . 1  m s

R esidual velocities (F igu re  3.5) were d e te rm in e d  by averag ing  th e  d e t id ed  c u r ­

rents. T h e re  is good ag ree m en t  between th e  two d e p lo y m e n ts  (73a an d  73b) in th e  

overall p a t te rn  an d  m a g n i tu d e s  of the  flows in b o th  th e  along- an d  cross-channel d i ­

rections. Labrecque  et al. (1994) used d a t a  from a  s im ila r  s tu d y  in 1975 be tw een  

M ay 16 a n d  J u ly  15 (h e re in a f te r  referred to  cis 75. w ith  a  m e an  d a t e  of J u n e  16). 

T h e  line of five m oorings  in th a t  survey was a  l i t t le  to  th e  eas t  of th e  1973 line, bu t 

cu rren t m e a su re m e n ts  were m a d e  only a t  2 0  an d  1 2 0  m d e p th s .  T h e y  do not d iscuss 

cross-channel flows, b u t  a long-channel flows were s im ila r  to  th o se  o f  1973.
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Fig. 3.5. A verage, d e - t id ed  along- and  cross-channel velocities in .Juan d e  F u ca  S t r a i t  
based on 1973 d e p lo y m en ts  between P illa r  P o in t  an d  J o rd a n  River (d ep lo y m en t  I: 
M arch  6  to  .April 16; d ep lo y m en t 2: .April IT to  J u n e  14). S ta n d a rd  d ev ia t io n s  a re  
ind ica ted  by th e  sh ad ed  regions for a long-channel c u r ren ts  an d  by th in  lines for c ross­
channe l flows. T h e  b o t to m  panel also shows 32-day te m p e ra tu r e  averages (degrees 
Celsius), a t  loca tions  m a rk e d  with sm all squares ,  from records s ta r t in g  on  15 May. 
1973.
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T able  3.1. Seasonal V ariab ili ty  of th e  M ean  E stuarine  Flow in J u a n  de Fuca S trait

March 6  - -\pril 16 .April 17 - June 14 Mav 16 - Julv 15
1973 (73a) 1973 (73b) 1975*

Maximum currents, m s * 0.15 0.18 0.24

Upper layer transport.  Sv 0 . 1 2 0.15 0.27

Interfacial depth,^ m 25-95 35-95 70-90

Measured kg 1 . 0 1.5 3.0

Geostrophic A u. m s“ ' -0.28 -0.36 -0.31

.Measured A u. m s~* -0.27 -0.33 -0..35

Labrecque et al. (1994) 

 ̂ cross-channel variation 

 ̂ Crean and Ages (1968)

Al ong-Channel  Res idual  Currents

Residual a long-channel velocities (F igure  3.5) genera lly  increased  from the 

sides to th e  m idd le  of th e  s tra i t ,  w ith  m a x im a  for bo th  th e  u p p e r  a n d  lower layers oc­

cu rr ing  ju s t  sou th  of th e  cen ter ,  in ag reem en t with th e  1975 d a ta .  T h e  in terface  (zero 

average a long-channel flow) increased  in d ep th  from a b o u t  25 m on th e  W ashington 

side to  SO m m id -s t ra i t  a n d  roughly  95 m on the north  side for th e  73a d a ta :  for the  

73b d a ta ,  th e  co rrespond ing  d e p th s  were roughly 35, 70. an d  95 m . T h e  cross-channel 

in terfacial slope (for zero velocity) was s teepe r  th a n  th a t  for th e  75 d a ta ,  where in­

terfacial d ep th s  (based on linear in te rpo la t ion  between th e  two cu r re n t  m e te rs  to 

d e te rm in e  th e  level of zero along-channel flow) were 70 a n d  90 m  on th e  so u th  and 

n o r th  shores, respectively: earl ie r  s tud ies  (H olbrook et al. 19S0) h ad  s im ila r  results.

F la t te r  cross-channel isopycnals are  geostrophically  cons is ten t w ith  slower along- 

channel flows. However, flows in J u n e  1975 (with an  overall outflow  in th e  to p  layer 

of 0.27 Sv) were q u i te  a  b it la rger th a n  in th e  spring  of 1973 (w hich had  outflows
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of 0.10 Sv. w ith in  a b o u t  30%. for b o th  73a a n d  73b). T h e  differences be tw een  th e se  

d a t a  (su m m arised  in T ab le  3.1) a re  d u e  to  th e  la rge  increase  in s tra t i f ic a t io n  from  

spring  to s u m m e r  as th e  F raser  R iver d ischarge increases. In teg ra tion  o f  th e  th e rm a l  

w ind balance yields M argu le 's  eq u a t io n

/  “  “ i) =  - 9  Ay (3.1)

assum ing  th a t  cross-channel isopycnal slopes equal th e  cross-channel in te rfac ia l  s lope  

with Uj and  th e  average velocities in th e  u p p e r  an d  lower layers, respec tive ly ,  

an d  g =  g{p^  — p ^ ) l p  th e  reduced  gravity. W ith  p^ — p^ taken  from  a lo n g -c h an n e l  

d en s ity  profiles (C rean  an d  Ages 1971) as 1.0 kg m  ^ (M arch),  1.5 kg m   ̂ (M ay ) ,  

an d  3.0 kg m  ^ (.June), p red ic ted  velocity  differences betw een  th e  u p p e r  an d  lower 

layers are  —0.28, —0.36, an d  —0.31 m s  for th e  73a. 73b. and  75 d a ta ,  respec tive ly .  

T h is  agrees well w ith  observed  values (Table 3.1). g iven  th e  poor reso lu tion  of th e  75 

d a ta .  In a d d i t io n ,  th e  C re a n  a n d  .Ages (1971) s t ra t i f ic a t io n  d a ta  do not allow for an  

evaluation  of in te r-annua l  variability . T hough  it has no t  been possible to  o b ta in  cross- 

channe l sea surface slopes, it a p p e a rs  th a t  th e  a long-channel flow is in g eo s tro p h ic  

balance.

Cross-Channel  Res idual  Current s

T he  1973 c u r re n t  m e te r  d a t a  ind ica te  th a t  cross-channel flows in th e  n o r th e rn  

ha lf  of the  u p p e r  layer a re  genera lly  sou thw ard , a l th o u g h  th e  m a g n itu d e  o f  th e  c u r ­

ren ts  depends  on th e  choice of along-channel d irec tio n .  T h is  d irec tion  is o p p o s i te  to  

t h a t  of the  ex p ec ted  geos troph ic  cross-channel velocity  a t th e  surface I f P q'

w ith  p^ th e  to ta l  a long-channel surface p ressure  g ra d ie n t  (F igure  3.4). .Assuming 

p^ ~  0  in w in ter, % —0 . 0 2  m  s ' (i.e. th e  geos troph ic  velocity is n o r th w a rd )  a t  

th e  surface in M ay (73b) an d  a b o u t  ha lf  th a t  in M arch  (73a). F u r th e rm o re ,  o b se rv ed  

u p p e r  layer along-channel isopycnal slopes (F igu re  3.3) im ply  th a t  th e  c ro ss -channe l 

geostroph ic  velocity shou ld  decrease  as th e  in te rface  is reached, while o b se rv a tio n s  

show th a t  th e  largest cross-channel flows occur nea r  th e  in terface, reach ing  speeds  of
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over 0.06 m s  *. T h is  la rge  so u th w a rd  flow is q u a l i ta t iv e ly  co n s is ten t  w ith  an  in te rn a l  

E k m an  layer.

Below th e  in te rface ,  th e  cross-channel flow is also s tro n g  and  to  th e  so u th ,  

a l though  flows should  be  n o r th w a rd  in an  E k m an  layer. O n e  possible e x p la n a t io n  

for sou thw ard  flowing w a te r  on b o th  sides of th e  in te rface  a t th e  n o r th e rn  b o u n d a ry  

is convergence of w a te r  in th e  sidewall E k m a n  layers, as d iscussed  by .Johnson a n d  

O hlsen  (1994). H ow ever, th e ir  results  show th a t  t h e  w a te r  b e n e a th  th e  in te rface  

flows sou th  for only  a  s h o r t  d is ta n c e  (F igure  2.1) before  m e e tin g  north-flow ing w a te r  

in the  in terfacial E k m a n  layer, w here it is d raw n  dow n in to  th e  in terior. .As th e  

closest c u r ren t  m e te rs  to  th e  in terface  are a t  least 2 0  m  below, it m ay be th a t  th e  

in te rna l E k m an  layer is m issed , a lthough  th is  does n o t  seem  likely given th e  s t ro n g  

velocities seen. .A m o re  likely exp lana tion  is th a t  m ix in g  a t  th e  n o r th e rn  side raises 

th e  isopycnals in th e  u p p e r  layer, causing a  cross-channel p ressu re  g rad ien t w hich, in 

th e  presence of in te rn a l  viscosity, forces th e  newly fo rm ed  w a te r  m ass  into th e  in te r io r  

along th e  in terface.

In th e  n o r th e rn  h a l f  of th e  J u a n  de Fuca S tra i t  t r a n s e c t ,  th e re  appea rs  to  be  an  

overall cross-channel t r a n s p o r t  to  th e  south , o f  a b o u t  3 m^ s  ̂ p e r  m e tre  of coas tl ine  

a t  S ta t ion  112. for e x a m p le .  T h is  m ay be d u e  to  insufficient vertica l reso lu tion , or 

an  overall m ovem ent o f  th e  w a te r  mass due  to  a  b u m p  in th e  side boundary . T h e  

Jo rd a n  River outflow, a b o u t  2 km  d ow nstream  of th is  t ra n se c t ,  is too sm all to  have 

a  significant effect.

3 .2 .2  M om en tu m  B a la n ce

H aving seen t h a t  a  s im p le  geostrophic ba lance  for th e  cross-channel flow does 

no t seem to  ex ist even in  th e  in te r io r  of the  u p p e r  layer aw ay from  sidewall an d  in te r ­

facial b o u n d a ry  layers, o th e r  te rm s  in the a long-channel m o m e n tu m  ecpiation m u s t  be  

re ta ined  to  ba lance  th e  sea  surface  pressure g rad ien t .  T h e  along- and  cross-channel 

m o m e n tu m  equ a t io n s  a r e  o b ta in e d  by ro ta t ing  th e  s t a n d a r d  (e a s t .n o r th )  axes for th e  

N avier-S tokes re la tions  (2.-5) by 168° (i.e. clockwise) to  align w ith  the  o r ien ta t io n  of
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J u a n  cle Fuca S tra i t ,  so t h a t  ( u . v . w )  a re  positive  in th e  o u t-ch a n n e l .  cross-channel 

( to w ard  W ashington  S ta te )  a n d  up w ard  d irec tions , respectively. T h e  re la tive  im p o r­

ta n c e  of th e  te rm s can th e n  b e  d e te rm in e d  by in teg ra ting  th e  u -m o m e n tu m  equa t ion  

over th e  basin w id th  [ W  =  2 2  km ) an d  u p p e r  layer dep th  (from  th e  average  in terfacial 

d e p th  of =  To m  to th e  sea  surface) to  o b ta in  an  area  average.

T h e  pressure te rm  becom es j  p,  w ith  ~pl th e  average p ressu re  g rad ien t

in th e  u p p e r  layer. A tw o-layer m odel would im ply p~ = p  ( th e  su rface  pressure“ IX 5^

g ra d ie n t) ,  bu t  the  s tra t if ica t ion  in M ay  (F ig u re  3.3) is a p p ro x im a te ly  l inear  in the  

u p p e r  layer, im plying an  average  pressure  g rad ien t  of ha lf  th e  su rface  value since th e  

p ressu re  g rad ien t reverses a t  th e  in terface. T h e  pressure te rm  in th e  in teg ra te d  u 

m o m e n tu m  equa t ion  th e n  becom es —h ^ W p ^  /2p^  ~  1.9 m^ s ” for May. T h e  o th e r  

te rm s  in th e  in tegrated  eq u a t io n  a re  e x am in ed  next.

T h e  first te rm , u^, d isap p ea rs  w hen using  tidally  averaged  fields. T h e  largest 

co m p o n en t  of the  second te rm  is th e  Bernoulli-like { h^ W/ 2)  d u ^ / d x .  Using an  along-

channe l flow u =  0 . 1  m  s * for th e  a re a  average and assum ing  th a t  th e  change  in u

over th e  length  of th e  s tra ig h t  section  of th e  s t ra i t  (L =  100 km ) equa ls  th e  cu rren t 

i tse lf  (w hich overestim ates  th is  te rm ) ,  th e  second te rm  is a t m o s t  0.08 m^ s ". m ore 

th a n  an  o rder  of m a g n itu d e  sm alle r  th a n  th e  pressure te rm . T h e  th i rd  te rm  is of 

th e  w rong sign: ba lancing  th e  pressure  t e rm  w ould require a re a  average  cross-channel 

speeds of —0.01 m s ' (i.e. n o r th w a rd ) ,  while Figure 3.5 shows th a t  u p p e r  layer 

c ross-channel curren ts  for d ep lo y m en t 2 (T3b) are  generally  so u th w ard .

T h e  first p a r t  of th e  fifth te rm .  h^ \ V{ A^ u^ ) ^ ,  is d ro p p e d  since  along-channel

va r ia tions  in u are  small; for a  reasonab le  value o f  the  horizontal e d d y  viscosity  (.4^ %
2 2 —1 2 2 2  

1 0  m  s ). this te rm  is <  10 m s  . O n in tegra tion  across th e  s t r a i t ,  th e  second

p a r t  of th e  fifth te rm  becom es th e  sidewall friction an d  can b e  p a ra m e te r ise d  by

C' un 2h / s .  w ith  C „  % 0.0025 as th e  d rag  coefficient an d  h / s  as th e  sidewallU  i -ms I ' D  °  1 '

leng th  (s is th e  sidewall s lope). Using u =  0.05 m s * for th e  average  speed  a t  cu rren t 

m e te rs  closest to th e  sidewalls, t ida l  u =  0.5 m s  *. and  s  ~  0.08. uu 2h / s  %r ms  D  r ms  1 '

0 . 1  m  s . abou t 5% of th e  p ressu re  te rm .
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T h e  last te rm  in the  in teg ra te d  u -m o m e n tu m  eq u a t io n  is \ V ( r ^ / p ^  — T  u J .  

rep resen t ing  th e  wind interfacial stresses. C O  ADS (D aSilva et al. 1995) su rface  wind 

s tress d a t a  for Ju a n  de Fuca S tra i t  suggest th a t  the a long-channel w ind  s tress  varies 

from —0.035 N m in Ju lv  to  -f0.025 N m in D ecem ber. In M av  r  % —0.025 N- W
m an d  th e  wind stress te rm  is % —0.5 m^ s ^ . abou t 25% of th e  surface  p ressu re  

te rm . B alancing  the  interfacial s tress  te rm  w ith  the p ressure  a n d  w ind s tress  te rm s  

and  using an  interfacial shear  of -f-0.17 m s * over 50 m  im plies  a vertica l eddy  

viscosity

. 4  ~  ~ ^ i P s J ~ P o  l . y / ' o  ^  0 . 0 2  m % - ‘ (3 .2 )
*-■ u ,

z i n t

which is q u i te  large and  suggests s ignificant friction be tw een  th e  o u tw a rd  bound  

surface layer and  the  deep  re tu rn  flow. E m pir ica l formulae of th e  ty p e

T„ =  T  F ( R i )  (3.3)

lead to  com parab le ,  bu t slightly  sm alle r  values for th e  vertical e d d y  viscosity. .Ac­

cord ing  to  C sanady  (1976). in e s tu a r ie s  of sufficient d e p th  (i.e. w here  th e  vertica l 

leng th  scale of eddies is less th a n  th e  w a te r  d e p th ,  w ith  b o t to m  tu rb u le n c e  confined 

to  a  height 0 . 1  u _ / /  from the  b o t to m )

.4^ =  " / / 2 0 0 /  u_ =  (3.4)

which, w ith  C „  =  0.0025 and  u % 0.5 m s  ' .  implies A  % 0.03 m^ s \  Bowden
/ J  r m s  ‘ o

and  H am il to n 's  (1975) form ula A  =  1.5 x 10  ̂ / /  leads to  rough ly  th e  sam e
°  r ms

resu lt .  Bowden and H am ilton  (1975) also propose a R ichardson  n u m b e r  d e p en d e n ce

F(W i)  =  ( 1  -f iT T i) '^  R i  =  (3.5)
p "

°  r ms

w ith  A/) % 1.5 kg m as the  dens ity  difference between the  u p p e r  a n d  lower layers 

an d  / /  % 200 m as the  to ta l w ater  d e p th .  T h is  gives R i ^  11 a n d  suggests  t h a t ,  in
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J u a n  de Fuca S tra i t ,  A  % 0.01 s \  In com parison ,  H ansen  a n d  R a t t r a y  (1965) 

fit s im ila r i ty  so lu tions to  observed  m ean velocity  and  sa l in i ty  profiles and  found A  % 

0.0075 m^ s * for J u a n  de  Fuca  S tra i t .

T h e  m ean  isopycnal slopes in the  u p p e r  an d  lower layers can  be  d e te rm in e d  

from  the  surface p ressu re  g rad ie n t  and  s tra t if ica tion .  In a  un ifo rm ly  s tra t if ied  u p p e r  

layer of d e p th  =  75 m  w ith  surface  dens ity  p^{x) .  t h e  ho rizon ta l  pressure  g rad ien t  

a t  any  d e p th  —r  is ( r )  =  ~  Pi 3~- '^'here th e  su rface  p ressu re  g rad ie n t  p^ %

—2.3 X 10  ̂ N m S e t t in g  th e  horizonta l p ressu re  g ra d ie n t  a t  - % —75 m  ( th e  

m id-channe l d e p th  of ze ro  m e an  along-channel c u r re n t )  equa l to  zero im plies p^ %

3.1 X 10 kg m \  W i th  vertical s tra t if ica tion  of p^ % —0.023 kg m a t  s ta t io n  72 

in May (F igu re  3.3), isopycnal slopes are % 10 as found  in th e  d a t a  and  discussed  

earlier .

In a  linearly  s tra t if ied  lower layer of d e p th  =  125 (w ith  s tra t if ica tion  not 

necessarily  equal to  t h a t  o f  th e  u p p e r  layer) th e  p ressu re  g rad ie n t  is p^ (z^) =  —p^ gz,^. 

w here  — is th e  d is ta n c e  below th e  interface. In teg ra t in g  th e  along-channel m o m e n ­

tu m  equ a t io n  in th e  lower layer in the  sam e  m a n n e r  cis th e  u p p e r  layer a n d  using 

th e  average pressure  g ra d ie n t  in th e  lower layer, one  finds t h a t  th e  p ressure  te rm  

i ( i r / i . ^ / / 7^)p^ =  ^(H  gh^.  T he  te rm  is d ro p p e d  for tim e-averaged  c u r ­

ren ts .  and  an u p p e r  b o u n d  for th e  Bernoulli-like {h , ^ \V/ ' 2 )du/dx  % 0.1 m^ s ” te rm  

is also small. As in th e  u p p e r  layer. A^H'( A^u^)^ is sm a ll ,  w hile th e  sidewall stress  

t e rm  ~  0.2 m^ s ^ . T h e  b o t to m  stress — uu ~  1 m^ s for u % —0.06 m  sD  r ms

an d  u ^ ^  % 0.3 m s  a t  a  d e p th  of ISO m  m id -channe l (F ig u re  3.5. dep lo y m en t 2).

N eglecting th e  C orio lis  t e rm  because cross-channel flows a re  poorly  resolved in 

th e  lower layer, a  ba lan ce  be tw een  the  pressure , b o t to m  stress ,  a n d  in terfacial s tress  

te rm s ,  using A % 0.02 m^ s * as found previously, im plies  an  a long-channel dens ity

g rad ien t  in th e  lower layer  of

I'^P.

.4 u — C _ u u  _ 6
f Z.n, ^ D rms _   ̂ - x  10 kg m  (3.6)
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w hich corresponds to  a  den s ity  d ifference o f  a b o u t  0 . 1  kg m   ̂o v e r  th e  70 k m  betw een 

s ta t io n s  69 and  7-5. T h is  is a b o u t  o n e  q u a r t e r  the  difference seen  by C re a n  and 

.Ages (1971) in May (F ig u re  3.3). a l th o u g h  a long-channel s t ra t i f ic a t io n  in th e  lower 

layer  was m uch weaker in each  of th e  o th e r  1 1  m onths. For e x a m p le ,  typ ica l  lower 

layer  horizon ta l density  differences b e tw ee n  s ta t io n s  69 an d  75 w ere a b o u t  0.1 kg m  ̂

in b o th  A pril and  Ju n e .

In sum m ary , a m o m e n tu m  b a lan ce ,  w here  the surface p re s su re  g ra d ie n t  is as­

s u m e d  to  be constan t in th e  a long -channe l d irec tion , ind ica te s  t h a t  th e  in terfacia l 

e d d y  viscosity  m ay be la rger  th a n  values o b ta in ed  from c o m m o n ly  used em pir ica l 

fo rm ulae . T h e  strong  fric tion  be tw een  th e  u p p e r  brackish  a n d  lower ocean ic  wa­

te r .  cons is ten t w ith  observed  a lo n g -ch an n e l  isopycnal slopes, sh o u ld  lead to  e levated  

m ix in g  ra te s  and  s trong  cross-channel flows. Large tran sv e rse  c u r re n ts  a re  seen in 

h is to rica l d a ta ,  a lthough  th e  vertica l reso lu t io n  is too low to  p ro p e r ly  e x a m in e  the  

d y n am ics .

3 .2 .3  S ta b ility  to  In tern al M ix in g

T h e  grad ien t R ichardson  n u m b e r  ( R i  =  j u ^ )  in 1973. based  on rm s  velocity  

differences between 50 an d  100 m . ranged  from  two to six across th e  s t r a i t ,  w ith  lower 

values found m id-channel a n d  la te r  in th e  season  (73b versus 73a). Values based  on 

th e  in s ta n tan eo u s  shear  d ro p p e d  to  0.4, w i th  R i  <  I up to  5% of th e  t im e  (aga in ,  a t 

m id -ch an n e l  for 73b). sugges ting  th a t  v e r t ic a l  m ixing  is likely.

T e m p e ra tu re  records co llected  a t  severa l locations d u r in g  th e  1973 s tu d y  (F ig ­

ure  3.5) a p p e a r  to  su p p o r t  th e  la b o ra to ry  p ic tu re  of the  c ircu la t io n  (F ig u re  2.1) found 

by Jo h n so n  and  Ohlsen (1994). T e m p e ra tu re s  a t  nom inal d e p th s  o f  50 an d  100 m e tres  

a re  7.5 C an d  6.3 °C. respectively , a t  S ta t io n  1 1 2 , and  7.2 °C a n d  6 . 6  C , respec­

tively. a t  S ta t ion  115. T h a t  th e  iso th e rm s  a re  m ore  t igh tly  packed  in th e  n o r th  side is 

co n s is te n t  w ith  a  lack of m ix ing  and  o f  a  squeez ing  by th e  converg ing  flow in th e  two 

layers. T h is  p ic tu re  is su p p o r te d  by th e  av e ra g e  flow fields (F ig u re  3.5). w hich show 

a b o t to m  layer, which m ay  be th e  E k m a n  layer, bringing w a te r  up  to  th e  in terface .
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a n d  w ater trave lling  along b o th  sides of the  interface into th e  in terio r .  . \ t  th e  south 

side, the  sp read ing  of isopycnals  is as expec ted , given th e  d ive rgen t n a tu re  of th e  flow 

an d  th e  fact th a t  w arm er w a te r  from  above m ay  be m ix ing  w ith  co lder  ocean  w ater 

from  below. W ate r  above th e  in te rface  re tu rns  in the  surface  layer. W hile  the re  are 

insufficient d a t a  below th e  in te rface  on th e  south  side, th e  p ic tu re  is not inconsistent 

w ith  w ater being draw n dow n a t  th e  solid wall b o u n d a ry  in to  an E k m a n  ty p e  flow. 

O n  th e  o the r  hand , a u n ifo rm  m ix ing  ra te  along the  en t i re  in terface , w ith  th e  p rod­

u c ts  being sw ept along by th e  ex is t in g  cross-channel flow field to  th e  sou th  wall, is 

a lso  consistent w ith  the  p resen t  d a ta .

3 .2 .4  Sum m ary

Historical d a ta  suggest th a t  th e  interfacial vertical e d d y  viscosity  coefficient 

.4^ % 0.02 m^ s ' in May. a l th o u g h  m uch  lower values m ay  be  m ore  a p p ro p r ia te  awa\- 

from  th e  interface. L a te r  in s u m m e r ,  s tronger  Fraser River d ischarge  an d  s tra t if ica tion  

in J u a n  de Fuca S tra i t  m ay  lead to  h igher m ix ing  ra tes . However, given th e  lim ited  

vertica l resolution of th e  d a ta ,  n e i th e r  the  m a g n itu d e  nor th e  sp a tia l  variance of 

vertica l mixing can be e s tab l ish ed  w ith  any certa in ty .

Higher vertical reso lu tion  in b o th  curren t and  h y d ro g rap h y  m e asu re m en ts  are 

needed , particu la rly  in th e  solid a n d  interfacial b o u n d a ry  layers. .Acoustic D oppler 

C u r re n t  Profilers ( .A D CP's). dep loyed  on the  b o t to m , which can  m e asu re  horizontal 

velocities w ith  a  range o f  lôO m e tre s  in th e  vertical would solve m a n y  of th e  p rob­

lem s with th e  cu rren t d a ta ,  inc lud ing  th a t  of large m ooring  d e p th  excurs ions . High 

frequency (12 Hz) c o n d u c t iv i ty - te m p e ra tu re  d ep th  (C T D ) profilers, w ith  vertical res­

o lu tions  of tens  of cen t im e tres -  can do th e  sam e for hydrography .
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C h ap ter  4

O bservations from  1996

T h e  1996 observational p ro g ra m m e  in J u a n  de  Fuca S tra i t  was c a r r ie d  ou t  

a b o a rd  th e  M SV  S trick land , th e  L 'niversity o f  V ic to ria 's  16 m e tre  research  vessel, 

an d  co n s is ted  of th re e  stages: J u ly  16 to 19 (d e p lo y m e n t) .  Ju ly  24 to  26. a n d  .August 

5 to  7 ( recovery).  S u m m e r  wjis chosen to  co inc ide  w ith  th e  large runoff of th e  Fraser  

R iver a n d  seasonal m a x im u m  surface  cu r ren ts  in J u a n  de  Fuca S tra i t ,  w h en  cross­

channe l cu r re n ts  a re  also expec ted  to  be la rgest.  O v er  th e  en tire  per iod , w inds  were 

very l igh t,  swell e n te r in g  Ju a n  de  F uca S t r a i t  from  th e  Pacific O cean  was low. an d  

th e  sky  wcis nearly  cloudless.

4.1  H yd rograp h y

.An .Applied M icrosystem s STD -12 PL U S was used to  ob ta in  1 17 c o n d u c t iv i ty  

t e m p e r a tu r e  d e p th  (C T D ) profiles in o rder  to  d e te rm in e  the  sp a tia l  a n d  te m p o ra l  

v a r ia tion  o f  hyd ro g rap h y  within J u a n  de Fuca S tra i t  over a  sp ring-neap  t id a l  cycle. 

T h e  t e m p e r a tu r e  probe, a  th e rm is to r  bead in a Be-C u capilla ry  tu b e ,  had  a  re sp o n se  

t im e  of 100 ms. an  accuracy  of 0.05 °C. an d  a reso lu tion  of 0.001 °C. C o r re sp o n d in g  

specifica tions  for th e  conduc tiv ity  p robe  were 25 ms. 0 . 0 1  S m \  an d  0.0003 S m \  

which re su l ted  in an accuracy  for th e  ca lcu la ted  sa lin ity  of 0 . 1  p ractica l s a l in i ty  u n its  

(psu ) .  T h e  p ressure  was m easured  w ith  a s e m ic o n d u c to r  s tra in  gauge w hich  h a d  a 

response  t im e  of 10 m s. an accuracy  o f  0.15% full scale (for the  200 d b a r  sca le  used, 

th is  t r a n s la te s  to  0.3 d b a r) .  and a  reso lu tion  o f  0.005% (0.01 dbar) .  T h e  p rofile r  had  

a  m a x im u m  sam p lin g  ra te  of ab o u t 2 Hz. im p ly in g  th a t  each recorded m e a s u re m e n t  

is s ta t is t ic a l ly  independen t.

U n fo r tu n a te ly ,  th e  low frequency s a m p l in g  l im ited  vertical reso lu tion  to  be­

tw een 0.3 an d  0.5 m  for the  descent ra te s  used . M icro s tru c tu re  d a t a  revea l th a t
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Fig. 4.1. 1996 C T D  an d  A D C P  m ooring  loca tions  in J u a n  de  Fuca S tra i t  a n d  a
deta iled  sec tion  n e a r  th e  A D C P  m ooring  show ing th e  b a th y m e t r y  in m etres .
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ov ertu rns  a re  typ ica lly  less th a n  0.5 m in vertica l e x te n t ,  im p ly in g  th a t  these C T D  

profiles a re  no t s u i te d  to  s tu d y in g  energy  d iss ipa tion  w ith in  .Juan de  Fuca S tra i t .  N ev­

ertheless . th e  h y d ro g rap h y  can be  used to  d e te rm in e  th e  g ra d ie n t  o f  th e  geostrophic 

velocity th ro u g h  th e  th e rm a l  w ind equation . V aria tions in t h e  ageostroph ic  com po­

nen t w ith d e p th  can th e n  be com pared  to  th e  various forcing te rm s ,  such as Reynolds 

stress, in th e  m o m e n tu m  balance. In add ition , hydrography  is needed  to  classify th e  

e s tu a ry  as per  H ansen  a n d  R a t t r a y  (1966). to  ca lcu la te  th e  v e r tica l s t ru c tu re  of in te r ­

nal m odes (of tides , for ex am p le ) ,  and  to  ex am in e  th e  effect o f  th e  sp ring-neap  tidal 

cycle on m ix ing  w ith in  th e  s t ra i t .

O n  each of th e  th re e  cru ise  legs, one along-channel (A  line) and  a t least one 

cross-channel (C line) t ran sec t  were o b ta in ed  (F igu re  4.1). D u r in g  th e  second leg. an 

add i t iona l  C line was co n d u c ted ,  as well as a  t im e  series a t  th e  so u th  .ADCP m ooring, 

w ith  60 profiles over a  n ine  hou r  interval. T h e  A line consis ted  o f  e igh t s ta t ions  along 

th e  cen tra l  axis of th e  channe l,  beginning  so u th  of V ic to ria  a n d  en d in g  north  of C ap e  

F la t te ry ,  w hile th e  C line consis ted  of ten  s ta t io n s  be tw een  J o rd a n  River. B rit ish  

C o lum bia  an d  P il la r  P o in t.  W ashington .

4 .1 .1  D en s ity  P ro files  in Ju an  de Fuca S tra it

For te m p e ra tu re s  an d  salin ities typical of J u a n  de F uca  S tra i t ,  the  th e rm a l  

expansion  coefficient of w a te r  ( a  % 1.4 x 1 0  ' kg m ^ °C  ̂) is considerably  sm aller  

th a n  the  den s ity  coefficient of sa lin ity  {3  % 7.7 x 10 ^kg m   ̂ psu *). .Mean hydro- 

g raph ic  profiles from  J u a n  de Fuca S tra i t  (F igure  4.2) reveal t h a t  horizontal dens ity  

differences an d  th e  re su lt in g  pressure  g rad ien ts  are  largely con tro lled  by variations in 

salinity.

.Along- and  cross-channel transec ts  from th e  d ep lo y m en t an d  recovery legs 

of th e  observa tiona l p ro g ra m m e  are  qua lita t ive ly  s im ilar .  T h e  .A-line from J u ly  24 

reveals isopycnal shallow ing  in th e  seaward d irec tion , as requ ired  to  drive  the  lower 

re tu rn  flow (F igu re  4 .3). T h e  cross-channel geostroph ic  t i lt  o f  th e  isopycnals is seen 

in th e  C-line t ra n se c t  of J u ly  26. Isopycnal slopes, of th e  26.0 kg m   ̂ isopycnal for
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Fig. 4.2. M ean  hydrograph ie  profiles at C T D  s ta t io n s  .Al ( th ick  solid). .AS (th ick  
dash).  C l  ( th in  solid), and  CS ( th in  dash): a) te m p e ra tu r e  ( C ). b) salinity  (psu).  
c) density  (cr ,̂ kg m  ). a n d  d) TS d iagram , w ith  p lus signs an d  circles ind ica ting  
d ep th s  of 2 0  a n d  1 0 0  m , respectively, and  c o n s ta n t  show n as d o t te d  lines, w ith

values given in kg m
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m ^ . w ith  th e  n u m b e rs  to  th e  right of each plo t co r re sp o n d in g  to  th e  solid lines. T h e  
bo tto m  is in d ic a te d  by th e  th ick  line. Plus m a rk s  in c) ind ica te  ind iv idual profiles in 
the  t im e  series a n d  th e  t id e  (positive  to th e  ea s t)  a t  80 m  dep th  is show n in d).



4. O bservations from  1996 62

32

3̂0.5
30

29.5

29
Feb Mar Aug SepJan Apr May Jun Oct Nov DecJul

31.5 neap

29.5

29
185 192 220213 227

Fig. 4.4. Daily  su rface  sa l in ity  recorded a t  R ace  R ocks  for 1996. w ith  d e ta i le d  sec tion  
d u r in g  th e  c u r re n t  m o o rin g  dep loym en t.

ex am p le ,  w here  % 2  x 1 0  . are  c o m p a ra b le  to  th a t  of th e  level o f  ave rage  zero

along-channel How found  by O t t  and G a r r e t t  (1998) using 197-3 cu rren t  m e te r  d a ta .

.Although th e  s tro n g  tides w ithin  J u a n  de F uca  S tr a i t  u n d o u b te d ly  affect th e  

t im e-m ean  h y d rog raphy ,  th e  t im e  series tak en  n e a r  th e  .ADCP m ooring  s i te  on J u ly  

2.5. one day  a f te r  n eap  tide ,  suggests th a t  th e re  is l i t t le  varia tion  in m id -ch an n e l  

h y d ro g rap h y  over m u ch  of th e  tidal cycle. U n fo r tu n a te ly ,  th e  t im e  series does  no t 

include th e  t r a n s i t io n  from peak  ebb a t  0500. w h en  a long-channel speeds (p o s it iv e  

now in d ica tin g  u p -ch an n e l)  reached ab o u t  —0 . 6  m  s  ̂ th ro u g h o u t  the  w a te r  c o lu m n , 

co m p ared  w ith  1 . 0  m  s a t  spring  tide . D uring  th e  weak e b b  a t  1700. near-su rface  

velocities reached  —0 . 2  m s  \  while a t  d e p th  th e  flow d id  no t reverse.
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4 .1 .2  Surface S a lin ity

Daily surface salin ities  recorded  a t  Race Rocks (F igu re  4.1) reveal t h a t  th e  su r­

face w a te r  was anom alously  fresh d u r in g  th e  dep loym en t of th e  . \c o u s t ic  D oppler  C u r ­

ren t Profiler (F igure  4.4). T h e se  freshw ate r  pulses occur on average  once  a  y ea r  (M as­

son a n d  C um m ins  2000) a n d  a re  genera lly  w hen winds in th e  S tra i t  of G eorg ia  are  

from th e  northw est du r ing  w eaker n eap  tides  in su m m e r (Grififin an d  LeBlond 1990). 

D uring  these  events, th e  e s tu a r in e  exchange  is en h an ced  beyond th e  inc rease  norm ally  

assoc ia ted  with th e  neap-sp r ing  cycle.

4.2  A co u stic  D op p ler  C urrent P rofiler

For the  p resen t s tu d y ,  a  b o t to m -m o u n te d  A D C P  was dep loyed  a t 130 m  d e p th  

on a su b m arin e  hill a p p ro x im a te ly  7 k m  off .Jordan River (F ig u re  4.1) on July 17 and 

was recovered on .August 7. T h e  A D C P  was g im balled  in an  a lu m in u m  housing  which 

allowed independen t ro ta t io n s  along  th e  axes betw een tran sd u c e rs  1 a n d  2  ( recorded 

as roll, w here for an  upw ard-fac ing  A D C P  un it ,  a  positive angle ind ica te s  t ran sd u ce r  

face 2 is higher th a n  face 1) a n d  be tw een  tran sd u ce rs  3 an d  4 ( reco rded  as p itch , where 

a positive  angle ind icates  face 3 is h igher th a n  face 4). while sh ie ld ing  th e  .ADCP to 

p reven t p itch  and roll from vary ing  w ith  t ida l cu rren ts .  F if ty -four tw o -m e tre  bins of 

averaged  velocity (35 pings over te n  seconds) w ere collected eve ry  30 seconds for 21 

days: p i tch ,  roll, an d  head ing  were also recorded  every 30 seconds.

T h e  re tu rn ed  d a t a  w ere good th ro u g h o u t  most of th e  106 m e tr e  range  (i.e. 

from 127 to  21 m  d e p th ) ,  a l th o u g h  th e  top  four of 54 bins had  “b a d “ d a t a  a b o u t  half 

the  t im e .  (RD I flags d a ta  as bad  if th e  reflected signal in tens ity  is less th a n  th e  cutoff 

th resh o ld ,  which they  suggest shou ld  be  set to  60 counts). T h is  range  a t te n u a t io n  

m ay  be due  merely  to  b e a m  sp read in g  a n d  sound  absorp tion , a l th o u g h  th e  range 

a t te n u a t io n  generally  o ccu rred  d u r in g  th e  day. This is cons is ten t w ith  th e  d iu rna l 

m ig ra tio n  of zoop lank ton . w hich  descend  from th e  euphotic  zone a t daw n  to escape 

p red a t io n .  T he  b ack sca tte r  in ten s ity  will be  used to show th a t  th e  re s tr ic te d  range
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in th e  day ligh t hours is due  to  a  lack of sca tte re rs  in th e  u p p e r  w a te r  c o lu m n  an d  not 

to  b locking of the acoustic  s ignal by th e  large num bers  of z o o p lan k to n  in th e  lower 

w a te r  c o lu m n  (Section .5.3.2).

4 .2 .1  A D C P  T h eory

.A.n .Acoustic D oppler C u r re n t  Profiler (.ADCP) m easu res  c u r re n ts  by e m i t t in g  

a sound  pulse and m easuring  th e  D opp ler  shift of th e  re tu rn e d  signal. T h e  orig inal 

pulse is s ca tte red  a t each vertical level by p lankton  a n d  p a r t icu la te s ,  an d  possibly 

tu rb u len ce ,  in the  w ate r  co lum n w hich  are, in theory, passively ca rr ied  by b ackg round  

cu rren ts .  .A single pulse can be  used  to  m easu re  c u rren t  over a  range  of d e p th s  by 

e x a m in in g  how the re tu rn e d  signal varies over time: th e  speed  o f  sound  in w a te r  is used 

to  convert  th e  delay in to  a  d is ta n ce  above th e  ADCP un it .  In a d d i t io n  to  cu r ren ts ,  

th e  A D C P  records th e  s t re n g th  o f  th e  reflected pulse, or " b a c k s c a t te r  in te n s i ty " ,  a 

m easu re  o f  th e  am oun t of p a r t ic u la te  m a t t e r  in the  w ater.

O n ly  th e  com ponen t of w a te r  velocity  parallel to  th e  so n a r  b eam  ac ts  to  c o m ­

press or rarefy  the re tu rn e d  signal, requ ir ing  m ultip le  b eam s, each o r ien ted  in a 

d ifferent d irec tion , to  ca lcu la te  th e  th ree-d im ensional w a te r  velocity. T h e  four-beam  

RD In s tru m e n ts  (RD I) 307 kHz b ro a d b a n d  workhorse A D C P used  in th is  s tu d y  has 

its four beam s oriented  2 0 ° below th e  vertical and a t  nom inal a z im u th a l  angles of 

270 . 90 , 0 . and 180° (for b eam s  I, 2. 3, and  4. respec tive ly ),  w here  b eam  3 is 

a ligned  w ith  th e  .ADCP's m a g n e tic  com pass  (i.e. the  head ing  reco rded  by th e  A D C P 

is th e  angle  between m agne tic  n o r th  and  th e  az im u th  of b eam  3). T h e  a c tu a l  az ­

im u th s  a re  slightly different th a n  th e  nom inal angles for each .ADCP u n it ,  ow ing to 

th e  m an u fac tu r in g  process.

a) In s t r u m e n t  Coordinates

T h e  ac tua l A D C P  un it  used  had  az im u ths  of 271.44°, 91.43°, 3-58.57°. and  

178.56°. T h e  az im u ths  of beam  p a ir  1 and  2, which m e asu re  Uj an d  w w here  th e  

su b sc r ip t  indicates  th e  cu rren ts  a re  in in s tru m e n t  coo rd ina tes ,  a re  w ith in  0 .0 1 ° of
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be ing  in th e  sam e  “v e r t i c a r  p lane ,  w hich im plies th a t  c o n ta m in a t io n  from  th e  

c u r re n t  is m in im al.  T h e  v er tica l d irec tio n  in in s tru m e n t  c o o rd in a te s  is p e rp e n d ic u la r  

to  th e  . \D C P  face, which co incides  w ith  th e  tru e  vertical o n ly  for zero  p i tch  and  

roll angles. T ransduce rs  3 a n d  4 a re  likewise w ith in  0.01° o f  b e ing  in th e  sam e 

vertica l p lane, a l th o u g h  th is  p lane  is no t q u i te  perpen d icu la r  to  th e  first (be in g  offset 

by 87.13 ), ind ica ting  th a t  th e  ho rizon ta l  velocity m easu red ,  w h ich  sh o u ld  be  v^. is 

p a r t ly  ‘c o n ta m in a te d ’ w ith  u^.

T h a t  is. for a  dow nw ard  facing .ADCP. th e  four "b eam  velocities'* a re

B  =

s m O j S m 7 j sin cos 7  ̂ cosq^

sin sin 7  ̂ sin cos 7  ̂ cos

sin sin 7 ^ sin cos cos

sin Q sin 7 . sin q  cos 7 . cos a ,
\  4 4  4 4 4 /

\  /

w here  a  an d  7  a re  th e  a c tu a l  e leva tions  and  az im u th s  for each  b e a m .  T h e  th ree  

in s t ru m e n t  velocities are th e n  eas ily  recovered from th e  b eam  velocities  by  invert ing  

th e  M j  m a tr ix .  R a th e r  th a n  d isca rd  th e  ad d i t io n a l  in fo rm a tion  c o n ta in e d  in th e  four 

b e a m  velocities, however, a  fo u r th  co lu m n  is added  to  th e  m a t r ix  before inversion to 

define a fourth  " in s tru m e n t  v e loc ity " ,  th e  "error velocity” , w hich is a  m e a su re  of 

th e  inhom ogeneity  o f  th e  flow across  th e  b e a m  separa tion . In th e  R D I so ftw are ,  the  

vec to r  rep resen ted  by th e  fo u r th  co lu m n  in A I  ̂ is chosen to  be  o r th o g o n a l  to  each 

o f  th e  o th e r  three, a n d  to have an  rm s  m a g n i tu d e  equal to  th e  av e ra g e  o f  th a t  of the  

first two colum ns.

For nom inal a z im u th s  a n d  e leva tions

w.

1.46 - 1 .4 6

0  0

0  0  

■1.46 1.46

0.266 0.266 0.266 0.266 

1.034 1.034 1.034 1.034

\

w hich im plies  th a t  th e  m easu red  velocities, in in s tru m en t  c o o rd in a te s ,  a re
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U ,

+ 0 .5 (u ^ j  +

+0.5(r^3 +  +l.37(iü^3 +

+ 0 . 0 9 ( î i ^ j  — + 0 .0 9 ( r ^ 3  — + 0 . 2 ô { w ^ ^  +  w  +  w

\  - 0 .3 5 ( « ^ ,  -  Ufz) +0.35(r^3 -  -0.97(u,-^^ +  w -  u '„ )  )

w here  u a n d  i r for ex am p le ,  arc th e  a an d  ic ve locities  (in in s tru m e n t  co o rd in a tes )  

a t  th e  lo c a t io n  o f  th e  ensonified volume o f beam s 1 a n d  3. respectively. For flows th a t  

a re  h o m o g e n eo u s  across horizonta l levels (e.g. th e  u a re  identical) .  U =  U a n d  

th e  e r ro r  v e loc ity  =  0 . as expected .

b) E rror  Velocity

W h e n  th e re  a re  c u r re n t  inhom ogeneities  in th e  horizonta l d irec tion , th e  e r ­

ror ve loc ity  will n o t .  in genera l,  equal zero. T h e  v e r t ica l  angle of 20° im plies  t h a t  

o p p o s i te  b e a m  pairs  m e asu re  curren ts  a t a  h o r izo n ta l  sepa ra t ion  equal to  7 5 % of 

th e  vertica l he ig h t  above  th e  .ADCP unit .  T h e  a s s u m p tio n  of spatial h o m o g en e ity  

th e re fo re  b eco m es  m o re  unrealis tic  w ith  height, a n d  shou ld  resu lt in increasing  e r ro r  

velocities. For in d iv id u a l  ensem bles, the  e r ro r  velocity  is often  as large as th e  vertica l 

velocity, b u t  th e  rm s  values of the  coefficients for a re  a rb i t ra r i ly  set. a n d  it is no t 

im m e d ia te ly  c lea r  w h a t th e  e rro r  velocity ac tu a lly  m easu re s .

T h e  size of th e  e r ro r  velocity rela tive  to  th e  m e a su re d  vertical velocity  can be 

d e te rm in e d  by cons ider ing  opposing beam  pairs  ind iv idually .  Since beam s I and  2 lie 

in a  v e r tica l p lane ,  th e y  can  be  used to  e s t im a te  a n d  where th e  la t t e r  is an 

e s t im a te  o f  th e  ver t ica l  velocity  based on th e  b e a m  p a ir  m easu ring  a. For nom ina l  

a z im u th s  a n d  e leva tions

( \

tu l u

^ 0.50(u^, +  u,g) -f I.37(ic^j -  in, 2 ) \

0.18(u^j -  +  0.50(ic^| +

0 . 5 0 ( r ^ 3  +  c , , )  - f  1 . 3 7 ( t c ^ 3  -

I  0 . 1 S(u^3 -  +  0.50(rc^3 +  ,c,.,) j
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w here  an d  are  s im ila r ly  e s t im a te d  from b eam s 3 a n d  4. A ssum ing  th a t  ii 

is unchanged  be tw een  b eam s  1 a n d  2 . and  v is u nchanged  be tw een  beam s 3  and  

4. th e  two e s t im a te s  o f  th e  vertica l velocity a re  +  w^,^) and  =

0.b(w^^  4- T h e  vertica l velocity  ca lcu la ted  from all four b eam s is th e  average

of these  two e s t im a te s ,  while th e  e r ro r  velocity is seen to  be  e ,  =  1 .94(tr,  — a \  ).
/  I V  l u '

roughly  tw ice th e  e s t im a te d  difference. W ith  A w  th e  m a g n i tu d e  of th e  difference 

betw een e i th e r  of th e  tw o e s t im a te s  and  the m ean  e s t im a te ,  =  3.SSAfe.

c) Earth Coordinates

O nce in in s t ru m e n t  coo rd ina tes ,  the  velocities m u s t  be  ro ta te d  to  account for 

th e  heading, p itch , and  roll angles. T h e  conversion process is s im ply

U  =

(  « \ (  cos H  sin H  0

— sin / /  cos H  0

0 0 1 y
0 cos P  — sin P

cos P  0 sin R \  f

0 1 0

— sin R  0 cos R /

«/ 
rr 

\  "'f

w here H. P. R  a re  th e  co rrec ted  heading , pitch, and  roll angles, respectively, and  

U  is the  th ree -d im en sio n a l  velocity  in ea r th  coord ina tes  (i.e. a positive towards 

the  east,  v tow ard  th e  n o r th ,  and  w upw ard). T h e  head ing  is correc ted  by adding 

the  m agnetic  dec lina tion . T h e  p itch  sensor is hxed  inside th e  roll sensor and  does 

not m easure  th e  ac tu a l  p itch : th e  correction  is P  =  arcs in (s in (p )  cos(r)/A-). where 

b =  — (sin(p) + s in ( r ) ) “ . a n d  p an d  r  are  the  p itch  and  roll recorded  by th e  .ADCP.

respectively. F inally , for an  u pw ard  o rien ted  .ADCP un it ,  th e  roll m u s t  be corrected 

as R  = r +  180°.

d) Bin  Mapping

•A fu r th e r  com p lica tio n  in t ro d u ced  by non-zero p itch  an d  roll angles is the fact 

th a t  a t the  sa m e  in s ta n t  each  b eam  ensonihes w ate r  a t  different d ep th s ,  an d  thus the  

vertica l "bins."  d e te rm in e d  by th e  t im e  delay of th e  re tu rn e d  signal, are  no longer 

in th e  sam e horizon ta l p lane . R D I 's  correction , te rm e d  "b in -m ap p in g ."  is to m ap 

th e  nom inal d e p th  of each  bin (as if th e re  were no ti lts )  to  th e  nearest  ac tu a l  dep th , 

for each b e a m  independen tly .  T h is  p rocedure  can . for b eam s  o r ien ted  closer to the
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Fig. 4.-5. T h e  effect o f  non-zero  t i l t  angle on bin height. N o m in a l  bin centres (p lus 
signs) are m oved (crosses) h igher and  lower for sm a lle r  a n d  la rge r  declinations , re­
spectively. N u m b ers  in d ic a te  th e  height of th e  bin cen tre  ab o v e  th e  .ADCP un it ,  in 
m etres.

vertical, lead to  two consecu t ive  ac tu a l  (i.e. co rrec ted ) bins us ing  th e  sam e  recorded  

b e a m  velocity. For a  p i tch  of -5 an d  two m e tre  bins, for e x a m p le ,  b o th  bins 36 an d  

38 m  above th e  t r a n s d u c e r  head  (F igu re  4.-5) use th e  b eam  ve loc ity  m easu red  37.01 m 

above the .ADCP u n it .  Conversely, for the  opposite  b eam , w hich  would be o r ien ted  

closer to th e  ho rizon ta l,  one  recorded  bin would be sk ipped  over. T h a t  is (F igu re  4..5 ). 

t h e  bin at 26 m heigh t uses th e  d a t a  recorded for 2.5.08 m . w hile  th e  bin a t  28 m  uses 

th e  beam  velocity  a t 28.93 m: th e  d a t a  a t 27.01 m  is not used. T h e re  is a lm ost a  four 

m e tre  (vertical) d is ta n c e  betw een  bin centres a t  th is  po in t.

In ad d i t io n  to  o m i t t in g  o r  dup lica ting  d a ta ,  th is  p ro c e d u re  com bines beam  

velocities averaged  o v er  d ifferent d e p th  ranges for each b eam . .As an  a l te rn a t iv e  to 

th is  m e thod , th e  bin he igh ts  were corrected  by linearly  in te rp o la t in g .  For exam ple ,  

for a  beam  o rien ted  15 below th e  vertical, the  b eam  veloc ity  for a  bin cen tred  at 

38 m is th e  in te rp o la t io n  be tw een  th e  d a ta  recorded a t  37.01 a n d  39.06 m. Inherent 

in th is  m e th o d  is th e  a s su m p tio n  th a t  the  beam  velocities, a n d  the re fo re  the  ac tua l  

cu rren ts ,  vary  sm o o th ly  be tw een  b in  levels. W ere th is  not t ru e ,  th e  bu il t- in  “nearest  

ne ighbour” schem e w ould  also prove incorrect. However, th e  b e a m  velocities m easured
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are  a c tu a l ly  w eighted averages  over a  d e p th  range equa l to  130% of th e  bin size, 

im p ly in g  a n  overlap  of 0.6 m  b e tw ee n  ad jacen t  tw o-m etre  bins. T h e re fo re ,  s ignificant 

s m o o th in g  of th e  a c tu a l  c u r re n ts  is a lread y  present in th e  b e a m  velocities.

T h e  difference be tw een  th e  velocity  ca lcu la ted  using  R D I 's  n ea re s t  n e ighbour  

bin m a p p in g  and  th a t  using  linear  in te rp o la t io n  should be  la rgest  a t  d e p th s  w here  

s t ro n g  ver tica l shear  ex is ts  a n d  a t  d e p th s  w here the  difference be tw een  th e  a c tu a l  

d e p th  a n d  th e  nearest n e ig h b o u r  a re  g rea te s t .  To e s t im a te  th e  m a g n i tu d e  of th e  

d ifference, th e  beam  velocities  for th e  ca lcu la ted  m ean  th ree -d im e n s io n a l  velocity  

(F ig u re  4.6) were d e te rm in e d .  T h e  given velocity, the  m e a n  res idua l (i.e. n on -tida l)  

m e a su re d  by th e  .'XDCP, was r o ta te d  back in to  in s tru m e n t  co o rd in a te s ,  us ing  th e  

m e a n  .ADCP angles: 1.0° (p i tc h ) ,  4.6° (roll) an d  335° (h ead in g ) .  T h e  b eam  velocities 

c o r re sp o n d in g  to  th e  bin cen tre s  w ere d e te rm in e d  a t th e  a p p ro p r ia te  height for each 

b e a m ,  an d  e a r th  velocities w ere reca lcu la ted  using each o f  th e  b in  m a p p in g  rou tines .  

F ina lly ,  th e  original given velocity  was s u b tr a c te d  to  d e te rm in e  th e  bias.

W hereas  biases for th e  l inear  in te rpo la t ion  schem e a re  less th a n  0.001 m s 

(i.e. th e  precision w ith  w hich th e  A D C P  records velocities) in m a g n i tu d e  at all d ep th s ,  

th e  R D I ro u tin e  p roduces  b iases ap p ro ac h in g  0.01 m s ' in th e  horizon ta l velocity  

(F ig u re  4.6). Peaks in th e  b iases o c c u r  near  30 an d  40 m  d e p th  b e c a u se  th e  differences 

be tw een  th e  nom inal a n d  a c tu a l  d e p th  of th e  bin centres  a re  m a x im a l  the re : th e  roll 

used (4.6°) is slightly  less th a n  th e  5° in F igure  4.5.

f j  M easurem en t  errors

.According to  th e  m a n u fa c tu re r ,  R D I. th e  single p ing  s t a n d a r d  dev ia t ion  for 

each  b e a m  velocity is 0.02 m s  \  Lu (1997) calcu la ted  it  to  be  b e tw ee n  0.02 an d  0.03 

m s  *. us ing  m e asu re m en ts  in "a lm o st  slack water" a f te r  s u b t r a c t in g  second-order 

p o ly n o m ia ls  from each  b e a m  velocity  to  accoun t for th e  sh ip 's  d r if t .  In ad d i t io n ,  

a l th o u g h  th e  recorded A D C P  angles (p itch , roll, and  head ing) have a precision of 

0.1°. th e  accuracies of th e se  m e a su re m e n ts  a re  only 1 °. W ith  th e  vertica l velocity, w. 

an o rd e r  o f  m a g n itu d e  sm a l le r  th a n  horizon ta l velocities, sm all  b iases in p itch  and  roll 

m a y  c o n ta m in a te  w sufficiently  to  render  d a t a  p roduc ts  such  as th e  R eynolds  s tress
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u w useless. F inally , in ro ta t in g  th e  horizontal p lan e  in to  su itab le  along-channel (z .  

with velocity u. pos it ive  up-es tuary )  and cross-channel (y. w ith  velocity v. pos it ive  

northw ard) d irec tions ,  th e  overall channel o r ien ta t io n  a n d  local b a th y m e try  m u s t  be 

accounted for. B o t to m  slopes cause the  local “v e r t ica l” axis (in m a tch ing  m e asu re d  

b o tto m  b o u n d a ry  layer  Reynolds stresses to  th eo re tica l  expec ta t ions  based on  t id a l  

speed, for ex am ple)  to  vary from th e  slope angle a t th e  b o t to m  to t ru e  vertical a t  th e  

surface.

f )  Reynolds Stress  M easurem en ts

For nom inal b e a m  az im u th s  and elevations, it can  be shown (e.g. Lu an d  

Lueck 1999) th a t  th e  average Reynolds stress can be  ca lcu la ted  as

____

where I) is th e  variance associated  with the  / th  b eam . Initially, it was a ssum ed  th a t  

the  velocity field m u s t  be  uniform  across the  beam  sp read ,  bu t  P lueddem ann  (1987) 

showed th a t  th e  re su lt  is also valid when onlv  th e  s ta t is t ic s  of the  tu rb u len ce  a re

assum ed to  be un ifo rm  (e.g. u' u = u u ). Van H aren  et al. (1994) then  show ed
/ I  n  12 12

th a t  (4.1) is eq u iva len t to

I f  t I / ,  / / \u w ^  u w = a \ w  — e ) (4.2)
I  l u  I

I I  I I  / /  / , /\V w  =  c IV = V [w +  e ) 
I Iv I

where w is th e  e s t im a te  of th e  vertical velocity o b ta in e d  from the beam  pa ir  asso­

ciated  with th e  velocity  u. is th a t  from th e  b e a m  pa ir  associated  with v. w is th e  

mean of these  e s t im a te s ,  an d  e = ( il\  — w,  ) / 2  is h a lf  th e  difference.
l u  I v ' *

L ohrm ann  et al. (1990) m easured cu rren ts  w ith  an  A D C P  w ithin 2 m of th e  

bo ttom  in a  b o u n d a ry  layer, d em o n stra t in g  th a t  th e  variance  of the  beam  velocities 

can be used to  d irec tly  ca lcu la te  th e  Reynolds s tress .  S tacey  et al. (1999a) used 

a vessel-m ounted .ADCP to m easure  Revnolds s tresses  in an  unstratif ied  flow a n d
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Fig. 4.7. T e m p e r a tu re  record  from the  A D C P . in degrees  Celsius: a) th e  24 h o u r  
runn ing  m e an ,  b) t h e  res idua l (i.e. ac tua l t e m p e r a tu r e  - ru n n in g  m ean) .

showed th a t  th e  e r ro rs  a n d  biases associated  w ith  th e  m e a su re m e n ts  were su fh c ien t ly  

small to  e n a b le  s ign if ican t e s t im a te s  of tu rb u len ce  profiles to  be m a d e  an d  t h a t  th e se  

errors and  biases w ere  "cons is ten t with those  p red ic ted  by th e  app lica tion  of s ta t i s t ic a l  

error ana ly sis .” Lu a n d  Lueck (1999) used m e a su re m e n ts  from an  .ADCP m o u n te d  a t  

th e  b o t to m  of a  t id a l  channe l to  d em o n s tra te  th a t  s ignificant covariance of t u r b u le n t  

eddy velocities cou ld  be  ca lcu la ted  over a  range o f  25 m  above th e  b o tto m . It is on ly  

recently, how ever, t h a t  d irec t  m easu rem en ts  of R ey n o ld s  stresses have been  m a d e  in 

stratif ied  flows (Lu a n d  Lueck 1999, Stacey et al. 1999b).

4.2 .2  A D C P  T em p era tu re  M easu rem en ts

T h e  t e m p e r a t u r e  record  from th e  A D C P  (F ig u re  4.7) con ta ins  b o th  d iu rn a l  

and sem i-d iu rna l  s ignals; sp e c tra l  analysis shows th e  energy  to  peak  a t  frequenc ies  

co rresponding  to  23.8 ± 3  h o u r  and  11.9 ±  1 hou r  pe r iods . T hese  varia tions  a re  likely 

th e  result o f  th e  t id a l  excu rs ion  in Ju a n  de  Fuca  S t r a i t ,  w hich can  be as large as  5 km
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along th e  channe l,  a l th o u g h  th e  m a g n itu d e  of t e m p e r a t u r e  f luc tua tions  w ith in  an y  24- 

hour period , w hich ran g es  from 0.05°C to  0.2°C , does  n o t  a p p e a r  to  be re la ted  to  th e  

spring-neap  cycle. .A.n observed  linear t r e n d  of 4-0.13°C in th e  b o t to m  t e m p e r a tu r e  

over 2 0  days  m a y  be  a  re su lt  of solar heating , b o th  ins ide  a n d  o u ts id e  th e  s tra i t :  d u r in g  

Ju ly  and  .August, sk ies  w ere nearly  cloudless, a i r  t e m p e r a tu r e s  were very w arm , a n d  

winds were light. T h e  ru n n in g  m ean also shows a  d ec re ase  in b o t to m  te m p e r a tu r e  

over th e  six days c e n t r e d  on neap  tide (Ju lian  d ay  206) o f  nea r ly  0.25°C and  a  s im ila r  

rise over th e  six d ay s  a ro u n d  spring tide  (Ju l ia n  d a y  213). T h is  is consis ten t w ith  

an increase in b o t to m  m ix in g  a t spring tide, a n d  th e  t e m p e r a tu r e  equ a t io n  can  be 

used to  e s t im a te  t h e  v e r tica l eddy  diffusivity o f  t e m p e r a tu r e .  N eglecting ho rizon ta l 

m ixing  a n d  c ro ss -channe l  advection  an d  a ssu m in g  t h a t  th e  vertica l eddy  d iffusivity  

of t e m p e ra tu r e  is in d e p e n d e n t  of dep th .  (2 . 1 0 ) reduces  to

where 77 is th e  m e a n  ve loc ity  a t  the  b o tto m . B etw een  J u l ia n  days 206 and  208 (n eap  

tide), th e  m ean  .ADCP c u r re n t  in the  lowest bin is 77 ~  0.16 m  s \  while 77 % 0.13 m 

s be tw een  days 213 a n d  215 (spring tide). T h e  t r e n d  in t e m p e ra tu r e  (F igure  4.7) is 

T  % —0.5 X 10 ^ °C s * a f te r  neap tide  and  T  % - f l  x 10 °C  s  ̂ a f te r  spring. T h e  

mean h y d ro g rap h y  (F ig u re  4.2) is used to  e s t im a te  th e  v e r t ica l  t e m p e ra tu r e  deriva tive . 

Between 80 an d  130 m .  % 8  x 10  ̂ °C m  \  w hile  t h a t  be tw een  50 an d  80 m  is 

r  % 17 X 10 °C m  \  im p ly ing  T  % 2 x 10 * °C  m  T h e  horizontal de r iv a tiv e  

in te m p e ra tu re ,  how ever,  is difficult to  e s t im a te  from  e i th e r  th e  m ean  te m p e r a tu r e  

profiles o r  th e  a lo n g -c h an n e l transec ts  (F igu re  4.3).

W ith  th re e  u n k n o w n s  ( th e  eddy diffusivity  a t  sp r in g  tid e ,  is a ssum ed  to  be  

different from th a t  a t  n e a p  t ide ,  and  two e q u a t io n s ,  a  re la t io n sh ip  between k  an d  

is needed . .Assuming t h a t  k  is p roportional to  th e  m e a n  o f  th e  cu rren t m a g n i tu d e ,  

which is 0.35 m s  a t  n e a p  an d  0.46 m s * a t  sp r in g ,  % 1.3/;^. E l im in a tin g  T^.  

K % 0.014 m^ s * a n d  k  % 0.018 m^ s *. T h e  c a lc u la te d  horizonta l t e m p e ra tu r e

grad ien t is T  % 2 x  10 C m  . equivalent to  a  c h a n g e  o f  2 C over th e  leng th  of
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Fig. 4.8. C om pass  head in g  of th e  A D C P. in degrees clockwise from true  north : a) 
th e  24 hour ru n n in g  m e a n ,  b) th e  residual (i.e. ac tua l h ead in g  - runn ing  m ean).

.Juan de  Fuca S tra i t .  B o th  th e  .July 1968 te m p e ra tu re  t r a n se c t  (C rean  and  .Ages 1971 ) 

and  th e  m ean C T D  t e m p e r a tu r e  profiles 4.2 suggest th a t  th e  a long-s tra it  difference 

in b o tto m  te m p e ra tu r e  is closer to  0..5 C. T here  are  large u n ce r ta in t ie s  b o th  in th e  

m easured  te m p e ra tu re s  a n d  in th e  dependence  of th e  ed d y  diffusivity  on th e  cu rren t  

however. For exam ple ,  for k p roportiona l to  th e  square  of th e  cu r ren t ,  th e  ca lcu la ted  

along-channel t e m p e r a tu r e  g rad ie n t  is reduced by half.

4 .2 .3  A D C P  C om p ass and T ilt  A n gie  M easu rem en ts

T he com pass  head in g  (F igure  4.8) record also c o n ta in s  d iu rna l and  sem i­

d iu rna l signals (spec tra l  ana lysis  revealed th e  sam e frequencies as for the  t e m p e ra tu re  

record), with th e  a m p l i tu d e  o f  t ida l  fluctuations over a  da \ ' inc reas ing  from a b o u t  0.3° 

d u r in g  neap tide  to  n ea r ly  0..5° du ring  spring  tide. T h e  t r e n d  of ap p ro x im ate ly  —1° 

is likely the result of b a t t e r y  dep le tion  over th e  dep loym ent;  as th e  voltage decreases, 

less curren t is d raw n  to  pow er th e  transducers ,  decreasing  th e  local m agnetic  field.
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Fig. 4.9. T i l t  angle records from  th e  A DCP, in degrees  a) p i tch ,  b) roll.

T h e  slight rise in b o t to m  te m p e r a tu r e  over th e  dep loym en t is no t likely to  have a  no­

ticeab le  effect on th e  com pass , as th e  m ean  te m p e ra tu re  d ecreased  d u r in g  neap tide  

a n d  increased d u ring  spring  tide ,  while th e  m ean com pass  h ead in g  decreased  over 

b o th  t im e  periods. Indeed , th e  varia tions  in heading a t  t id a l  frequencies were also 

inconsis ten t w ith those  of te m p e ra tu r e ,  b o th  in m a g n itu d e  (e.g. head in g  variations 

were re la tively  sm all betw een  .Julian days 20.5 and 208) an d  in phase . U nlike t e m p e ra ­

tu re .  however, changes in th e  local m a g n e tic  held can arise  from  o u ts id e  .Juan de Fuca 

S tra i t .  Variations in th e  E a r th 's  m a g n e t ic  held due to  da i ly  lu n a r  varia tions  in th e  

ionosphere  could be ex p ec ted  to  acco u n t for a t most 0 .0 2 ° h u c tu a t io n s .  an d  m otional 

indu c tio n  due to th e  tides passing above  th e  .ADCP would be  o f  th e  sam e  o rder  (R ob 

T y ler ,  personal co m m u n ica tio n ,  2000). At any rate, th e  p h ase  difference between th e  

com pass  heading an d  tid e  did no t rem ain  constan t over th e  d ep lo y m e n t .  However, 

varia tions  of 0 .2 ° could be caused  by non-local helds g e n e ra te d  by deep  w ate r  tides 

in th e  Pacihc (Rob Tyler ,  personal com m un ica tion ,  2000).

T h e  average p itch  and  roll m e a su re d  by the  .ADCP over th e  2 1 -day  dep loym en t 

were 1.0° and  4.6°, respectively. N e i th e r  an  overall d rif t  nor a  d iu rn a l  o r  sem i-d iu rnal 

s ignal is found in e i th e r  th e  p itch  o r  roll record (F igure  4 .9). In s tead ,  sudden  ju m p s
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in tilt  angles o ccu r  on  several occasions th ro u g h o u t  th e  d ep loym en t a n d  a re  u n re la te d  

to  the  t ida l  phase. T h e r e  a re  sm alle r  ju m p s ,  of a b o u t  0. 5°. du ring  peak  flood an d  eb b ,  

bu t the  two la rgest ev en ts ,  a t  Ju lian  days 2 1 0  a n d  212. occur a t  slack tide. O n  d ay  

210. for ex am p le ,  th e re  a re  sm all varia tions in p i tc h  of ab o u t 0.2 s ta r t in g  a t  0950. 

followed a t  1030 by a  la rge increase of 3 over 1 m in u te  a n d  a  su b seq u en t reduc tion  o f  

1° over th e  nex t m in u te ;  th e  ne t ju m p  in p itch  is 2.1 . O ver  th a t  s a m e  two m in u te s .  

nel ju m p s  in roll a n d  h ead in g  of 0 .8 ° an d  0 .2 °, respectively , were m easu red ,  w ith  

ac t iv ity  s im ila r  to  t h a t  seen in th e  p itch  record d u r in g  th e  p reced ing  40 m in u te s .  

T hese  sudden  u p w a rd  sh ifts  in th e  m easured  ang les  a re  likely d u e  to  s e t t l in g  o f  th e  

.ADCP housing  in to  th e  b o t to m  (m ud was found t r a p p e d  w ith in  th e  housing  u p o n  

recovery), followed by  a  s light decrease as th e  .ADCP un it  r igh ted  i tse lf  w ith in  th e  

gim bals so m ew h a t.

4 .2 .4  C a lcu la ted  E arth  V elocities

T h e  ca lc u la te d  ea s t ,  no r th ,  and vertica l velocities a t  m a x im u m  spring  t id e  

( Ju ly  31, J u l ia n  day  213) show  large tidal flows a n d  s t ro n g  vertical sh e a r  (F igu re  4.10). 

T h e  inequality  in s u b se q u e n t  ebbs or flows is in d ica tiv e  of th e  m ixed  d iu rn a l  - se m id ­

iurnal n a tu re  of th e  t id es  in J u a n  de Fuca S tra i t .  C u r re n t  m a g n itu d es  reach 1.5 m

s * on b o th  flood a n d  ebb .  T h e  largest outflows (inflows) occur in th e  u p p e r  (lower) 

layer as e x p ec ted  for th e  com bined  tidal an d  e s tu a r in e  c ircu la tion . Inflows (outflows) 

in the  u p p e r  (lower) layer  reach only + 0 .8  m  s ' ( —0.9 m s ' ) .  O v e r  the  2 1 -day  

dep loym en t,  m a x im u m  daily  cu rren ts  varied considerab ly . D uring  n eap  tide  ( Ju lia n  

day 206) inflows n ever  exceeded  +0.65 m s  ' .  w hile  outflows reached  —0.85 m s

T w en ty -fou r  h o u r  ru n n in g  m eans o f  th e  c u r re n t  (F igure  4.11) reveal positive  

(negative) u p -channe l velocities in the  lower (u p p e r )  layer, as ex p e c te d  for e s tu a r in e  

exchange flow. .Along-channel flows increase a t  n e a p  tid e  (Ju lian  d a y  206). as p re ­

d ic ted  by th e  m ode l o f  Griffin and  LeBlond (1990) following th e  p er iod ic  removal of 

th e  m ixing barr ie r .  A t th e  sam e  tim e, m id -d e p th  cross-channel an d  ver tica l c u rren ts  

intensify considerab ly . G enerally , these low -frequency cu rren ts  a re  sm a l le s t  a t  sp r ing
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(i.e. ac tu a l  - ru n n in g  m e an ) .

tide  (.Julian d ay  213). a f te r  w hich flows above 106 m s t r e n g th e n  in th e  ou t-channe l 

direction. .-\s th e  in te rface ,  th e  d e p th  of zero m ean  a long -channe l c u r re n t ,  is lowered, 

less oceanic w a te r  e n te r s  J u a n  de  Fuca S tra i t  and  reaches th e  S tr a i t  of Georgia.

T h e  sp r in g -n eap  tid a l  inequa lity  can be  seen by e x a m in in g  th e  k ine tic  energy  

associated  w ith  th e  h o r izo n ta l  cu r ren t  of th e  lowest d e p th  b in  (F ig u re  4.12). T h e  

low-passed energy, o b ta in e d  by ca lcu la ting  th e  48-hour ru n n in g  m e a n  of th e  along- 

channel cu r ren t  m a g n i tu d e  closest to  the  b o t to m , is a b o u t  th re e  t im e s  larger du r in g  

spring tide  th a n  n eap  tide .  V aria tions  w ith in  24-hour per io d s  a re  also a b o u t  th ree  

tim es  larger a t  sp r ing  t id e .  T h e  inequality  in subsequen t e b b  a n d  floods is especially  

noticeably  a t  sp r ing  t id e ,  w here  th e  largest peaks each d ay  a re  assoc ia ted  w ith  one 

of th e  dailv  floods.
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C h a p ter  5

T he V ertica l V eloc ity

In th e  p a s t ,  t ra d i t io n a l  cu rren t m e te rs  have genera lly  on ly  m easu red  th e  hor­

izontal c o m p o n e n t  of th e  flow. T h e  vertica l velocity  is m uch  sm alle r  an d  requires  

m ore  acc u ra te  m e a su re m e n ts .  .Although A coustic  D opp ler  C u r re n t  Profilers a re  able  

to m e asu re  th e  th ree -d im en sio n a l  velocity  field, th e  v e r t ica l  velocity  co m p o n en t m ay  

be suscep tib le  to  e rro rs  inheren t in th e  m e a su re m e n t  process.

.As th e  .ADCP b eam s  spread  w ith  he igh t,  th e y  sa m p le  different w a te r  parcels, 

and  sp a tia l  in h o m o g en e i ty  of the  how can in t ro d u c e  e r ro rs  in th e  m easu red  cu rren t .  

Sm all errors  in th e  m easu red  pitch an d  roll c a n  also lead to  significant c o n ta m in a t io n  

of th e  vertical velocity . T h e  tilt sensors  on th e  .ADCP are  a c c u ra te  to  w ith in  1°. 

which m ay  not b e  sufficient if Reynolds s tress  e s t im a te s  a re  to  be  m ade . M oreover, 

the  vertica l ve loc ity  m ay  be affected by differentia l zo o p lan k to n  m ovem en t.  .At daw n, 

the zo o p lan k to n  in J u a n  de  Fuca S tra i t  descend  from  th e  e u p h o t ic  zone above 50 m to  

dep th s  of a b o u t  100 m to  escape p reda t ion .  .At dusk , th e y  m ig ra te  upw ards again  in 

o rder  to  feed on p h y to p la n k to n .  T hese  m o v e m en ts  show up  c learly  in th e  b ac k sc a t te r  

in tens ity  record o f  th e  .ADCP. travelling a t  a r a t e  of a b o u t  O.OI m s  \  .Although th e re  

is high co rre la tion  be tw een  th e  vertical m o tio n  of ind iv idua l  zoop lank ton  a t dusk  and  

daw n, th e re  is no  co rre la tion  in differential zo o p lan k to n  m o v e m en t in th e  horizon ta l 

d irec tion , an d  h o r izo n ta l  cu rren t m e a su re m e n ts  a re  unaffected.

5.1 S patia l In h o m o g en e ity

T h e  e r ro r  velocity  is a  m easure  of th e  s p a t ia l  in h o m o g en e ity  of th e  flow over 

the  .ADCP b e a m  sep a ra t io n .  If th e  cu rren t  changes  s ign ifican tly  over th is  d is tance ,  

the  e s t im a te s  o f  velocity, pa r ticu la r ly  th e  ver tica l c o m p o n e n t ,  a re  not rep resen ta t iv e  

of th e  t ru e  flow. T h e  m a g n itu d e  of th e  e r ro r  velocity  is less th a n  th e  vertical velocity
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Fig. 5.1. C u m u la tiv e  frac tion  for the value of the  e r ro r  velocity  e to  vertical velocity 
w ratio; a) contours  for e n t ire  record, w ith  con tou r  labels  a t  th e  b o t to m ,  b) m ean  
cu m u la tiv e  fraction below  u n i ty  and  4 for th ree  days a f te r  neap  tid e  (.Julian days 206 
to  208. th ick  lines) a n d  th re e  days af te r  spring t id e  (.Julian days 213 to  215. th in  
lines). T h e  th ree -day  m eans  a re  indicated by solid lines, while d o tted  lines den o te  
th e  m ean  plus s ta n d a rd  dev ia tion .

e s t im a te  ap p ro x im a te ly  35% of the  t im e  a t  all d e p th s  (F ig u re  5.1). However, th e  

differences in vertical velocity  es tim ates  between each  p a ir  of o r thogona l b eam s and  

th e  m ean  velocity was show n to  be app ro x im a te ly  o n e  q u a r te r  th e  e rro r  velocity. 

.About 7 .5 % of the  recorded  w  e s tim ates  are  above th is  value. E xclud ing  th e  in terfacial 

region (i.e. 80 to 90 m  d e p th )  where the  e rro r  velocities a re  re la tive ly  larger, th e  e rro r  

to  vertical velocity ra t io  does not increase significantly  w ith  he igh t.

T h e  error to  vertica l velocity ra tio  does change  th ro u g h o u t  th e  sp r ing -neap  

cycle however (F igure  5.1), being  larger a t  neaps. D u r in g  neap  t ides  when freshw ater 

pulses escape the  m ix ing  region in the  G u lf  Islands, one  w ould expec t cu r ren ts ,  and  

there fore  shear, to  be la rger  inside .Juan de  Fuca S tra i t .  Increased  shear leads to  m ore  

tu rbu lence ,  and  there fo re  a  decrease  in th e  horizontal le n g th  scale  over which cu rren ts
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Fig. 5.2. M in im isa tion  of th e  roo t-m ean-square  ver tica l velocity  to d e te rm in e  th e  
. \D C P  t i l t  angle biases; a) th e  d e p th  variation in roll (solid line) and p itch  (dashed  
line) angle "corrections"  which m in im ise  the  rms ver tica l velocity, b) th e  resu lt ing  rm s  
ir. w ith th ick  line ind ica tin g  th e  rm s vertical velocity  using  th e  recorded ti lt  angles. 
T h e  do tted  lines in a )  a re  th e  bes t linear fit to th e  ca lc u la te d  angles over th e  d e p th  
ranges 50 to  60 m a n d  110 to  120 m.

are correlated . H orizonta l cu r ren ts  a re  also slightly la rg e r  a t  sp ring  tide, which tends  

to  fu rther  reduce th e  e r ro r  velocity  by decreasing t h e  t im e  over which eddies trave l 

between th e  .A.DCP beam s.

5.2 H orizontal C o n ta m in a tio n  o f V ertical V e lo c it ie s

Biases in th e  meaisured p itch  an d  roll angles also  lead to  errors  in th e  m easured  

velocities. T he  effect on th e  horizonta l com ponents  is very  sm all,  because th e  vertical 

velocity is an o rd e r  o f  m a g n i tu d e  less th a n  (u .e ) .  T h e  vertica l velocity, on  th e  o th e r  

hand, can be g rea t ly  affected. E s tim a tes  of the  b iases can  be  m ade by e x am in in g  

the  d ep th  varia tion in th e  angles w ith  which the  ( u . w )  and  (e . m) c u rren ts  d ev ia te  

from the  horizontal. A  co n s tan t  varia tion with he igh t is ind icative  of a  bias in th e
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m e asu re d  t i l t  angles, whereas a  linear  v a r ia t io n  which tends  to  zero a t  th e  su rface  

suggests  th a t  b o t to m  topog raphy  is im p o r ta n t  in  d irec tin g  th e  c u r re n t .

R o ta t in g  th e  m easu red  ( u .u )  c u r re n ts  b y  th e  nega tive  co rrec ted  h ea d in g  re ­

tu rn s  th e  horizon ta l cu rren ts  to  th e  f ram e  o f  re fe rence  re la tive  to  th e  A D C P . T h a t  

is. u an d  v a re  d irec tly  c o m p u ted  from  b e a m  p a irs  (1.2) a n d  (3.4). a n d  each  use on ly  

th e  roll an d  p itch ,  respectively. Possible  c o n ta m in a t io n s  of the  vertica l ve loc ity  by 

th e  ho rizon ta l co m p o n en ts  are  inves t iga ted  by e x a m in in g  th e  effect o f  a l te r in g  th e  

ti lt  angles from  those  m easured  by th e  A D C P . T h e  p itch  and roll “co rrec t io n s"  a t  

each  d e p th  which m in im ise  the  ro o t-m e a n -s q u a re  vertical velocity  vary from  —2.5° to  

4-1.5° (F ig u re  5.2). B oth  the  roll an d  p itch  te n d  to  zero  as th e  surface  is a p p ro a c h e d ,  

revea ling  no bias c o n s ta n t  w ith  he igh t.

Betw een 60 and  100 m d e p th ,  th e  rm s  v a lu e  of th e  m easured  vertica l ve loc ity  

f luc tua te s  cons iderab ly  w ith  height, a n d  over m u c h  of th e  range th e re  is a lm o s t  no 

re d u c t io n  in th e  rm s a \  This suggests  th a t  in te r fac ia l  processes a re  d o m in a t in g  th e  

d y n a m ic s  of th e  vertica l velocity, m a k in g  it d iff icu lt  to  d e te rm in e  th e  effects of e i th e r  

a b o t to m  slope o r  a bias in the  angle m e a su re m e n ts .  A bove 60 m . th e  rm s  tr falls to  

values c o m p a ra b le  w ith  those in th e  lowest 2 0  m .  sugges ting  th a t  in te rfac ia l effects 

a re  no longer felt. In th e  b o tto m  20 m  th e  large re d u c t io n  in rms w  c learly  reveals  th e  

p resence  of a  b o t to m  slope and  th e  varia tion  in t h e  p itch  “correction" in d ica te s  t h a t  

th e re  m a y  be tw o se p a ra te  regimes. Below 120 m ,  th e  fall-off in p itch  is m uch  g re a te r ,  

sugges ting  th e  effects of sm all-scale to p o g rap h y . T h is  should  not affect c u r re n ts  in 

th e  u p p e r  w a te r  co lum n  to  the  e x te n t  th a t  la rge  scale  to p o g rap h y  will.

T h e  bes t linear fits between 110 a n d  120 m  and  above  60 m  to  th e  c a lc u la te d  

roll a n d  p itch  correc tions  (F igure  5.2) have su r fa c e  in te rcep ts  of —0.03° a n d  4-0.02° 

for th e  roll an d  p itch , respectively. For a  h o r iz o n ta l  c u r re n t  of 1 m  s \  a  t i l t  e r ro r  

of 0.03° co rresponds  to  a  bias of less th a n  1 0   ̂ m  s . w hich is th e  precision  o f  th e  

reco rded  velocity  e s t im a te s .  Given th e  u n c e r ta in t ie s  in th e  m e a su re m e n ts  th e n ,  th e re  

is no ev idence  to  suggest th a t  a  bias in e i th e r  t i l t  angle  ex ists  and  no co rrec t ions  a re  

m a d e  to  th e  m e asu re d  p itch  and  roll. T h e  b o t to m  slope a t  th e  .ADCP s i te  is e s t im a te d
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Fig. 5.3. B ack sca tte r  in te n s i ty  on J u l ia n  day 213, m a x im u m  sp r in g  tide . T h e  solid line 
ind ica tes  th e  d e p th  above  w h ich  th e  uncorrec ted  b a c k s c a t te r  is less th a n  60 counts).

to  be  a p p ro x im a te ly  2 (i.e. a  30 m  rise over nearly  1000 m ) .  no t inconsisten t w ith  th e  

roll an d  p itch  co rrec tions  o f  —2.2° a n d  1.8°, respectively , a t  th e  b o t to m  (F igure  5.2).

5.3  B ack sca tter  In te n s ity  and T arget S tren g th

T h e  use of th e  .A.DCP to  meatsure w ater m o v em en t requ ires  th a t  sound-reflecting 

partic les  be passively a d v e c te d  by  th e  background  cu r re n t :  a c t iv e  m ovem ent by zoo­

p la n k to n ,  for ex am p le ,  m a y  lead  to  erroneous c u r re n t  m e a su re m e n ts .  T h is  prob lem  

shou ld  be  m ost s ignificant d u r in g  th e  daw n an d  dusk  ver tica l m ig ra tio n s  of zoop lank­

ton  in J u a n  de  Fuca S tr a i t ,  c lea r ly  seen in the  b a c k sc a t te r  s t r e n g th  of b eam  I on Ju ly  

31 (F igu re  5.3). Z o o p la n k to n  m ig ra te  upw ards a t  d u sk  to  feed on p h y to p lan k to n
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an d  dow nw ards a t  daw n to  escape  p re d a t io n  in th e  eupho tic  zone. In  th e  horizon ta l,  

however, ac t ive  m otion  betw een ind iv idua l  zoop lank ton  is u n c o r re la te d ,  so possible 

biases a re  ex am in ed  only in th e  m e asu re d  vertica l velocity. S u s ta in a b le  sw im m ing  

speeds  are  typ ically  I to  2 body  leng ths  p e r  second (Dave M ackas. personal c o m m u ­

n ica tion . 1999), w ith  body leng ths  vary ing  from  0.001 to 0.02 m . a l th o u g h  th e  sm alle r  

z oop lank ton  do not m ig ra te  as m uch . T h e  m a x im u m  expec ted  m ig ra t io n  speeds are  

the re fo re  ap p ro x im a te ly  0.02 to  0.04 m s  \

5 .3 .1  C orrection  o f B ack sca tter  In te n s ity  M easu rem en ts

O b ta in in g  ta rg e t  (i.e. zoop lan k to n )  concen tra tions  from m e a su re d  b ack sca tte r  

s t r e n g th  requires  b o th  th a t  th e  re la t ive  b a c k sc a t te r  a t  each level be co rrec ted  to  allow 

for com parisons  between vertical levels a n d  th a t  th e  resu lting  a b so lu te  b ack sca t te r  

s t r e n g th  be  ca l ib ra ted  to ta rg e t  co n ce n tra t io n s  th rough  p lan k to n  tow s. No p lan k to n  

tow s were done  in J u a n  de  Fuca S tra i t  in 1996. and  the  A D C P  does  not s to re  the  

e m i t t e d  signal s tren g th ,  so n e i th e r  th e  tran sm iss io n  losses due  to  p a r t i c u la te  ab so rp ­

tion  o r  s ca t te r in g  nor an  abso lu te  m e asu re  o f  ta rg e t  s treng th  can be d e te rm in e d .  O ne 

can  ana ly se  re la tive  ta rge t co n ce n tra t io n s  th ro u g h o u t  the  w ate r  c o lu m n  to  d e te rm in e  

how zoop lank ton  m ovem ent affects th e  m e a su re d  curren t, a l th o u g h  th is  still requires 

th a t  th e  re la tive  b acksca tte r  a t  each d e p th  be corrected  for b e a m  sp re a d in g  an d  the  

ab so rp tio n  of sound  in sea w ater.

N eglecting add itional d ivergence (or convergence) of th e  sonic b eam  due  to 

th e  differential speed  of sound  across th e  b e a m  face, th e  a rea  ensonified  by th e  t ra n s ­

m i t te d  pulse is a section of spherica l shell w ith  constan t solid ang le  (1. T h is  a rea  

is p ropo r t io n a l  to  r^, where r  is th e  d is ta n c e  from the  t r a n sd u c e r  to  each  o f  the  

d e p th  bins. Holding the  to ta l  pow er pass ing  th ro u g h  each successive bin cons tan t  

( tran sm iss io n  loss is accounted  for below ), th e  power per un it  a re a  decreases  as r  

W i th  th e  reference in tensity  defined as th e  in tens ity  1 m above th e  t ra n s d u c e r ,  the  

loss in in tens ity  (in dB ) w ith  d is tance , re la t iv e  to  th e  in tens ity  a t  =  1 m , is 

l O l o g j J j y / J  =  2 0  l o g j J r / r J .
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Loss of in te n s i ty  as a  sound pulse trave ls  th ro u g h  a  m e d iu m  is caused by th e r ­

m al conduc t iv i ty  a n d  viscosity  of the  m e d iu m , as well as by s c a t te r in g  and  a b so rp t io n  

by pa r t icu la te s  in th e  w ater. T h e  effect of th e rm a l  co n d u c t iv i ty  is negligible for w a­

te r.  and. exc lud ing  s c a t te r in g  and  absorp tion  by p a r t icu la te s ,  " th e  significant losses 

in w ater a re  caused  by shear  viscosity an d  bulk  viscosity." (C lay  an d  M edw in 1977) 

T h e  la t te r ,  d u e  to  m o lecu la r  rea rran g em en ts  over a  sound  wave per iod , are m o re  im ­

p o r tan t  in w ater  th a n  th e  form er, which are  d u e  to  fric tion caused  b\' shear  in th e  

m ed ium . T h e  loss p e r  cycle is m a x im u m  w hen th e  re lax a tio n  t im e ,  th e  a m o u n t  of 

t im e  m olecu la r  re -o rder ing  takes in response to  vary ing  pressure , equals  th e  sound  

wave period  and  g e ts  sm alle r  as th e  difference increases. In th e  ocean , sound a b so rp ­

tion is m os tly  d u e  to  th e  re laxa tion  tim es  of f reshw a ter  ( 1 0  ”  s). m ag n es iu m  su lfa te  

( 10 s). an d  boric ac id  (10 * s). .At 307 kH z th e  la t t e r  is negligible, while m ag n esiu m

sulfate  dom ina tes .

T h e  com bined  effect is th a t  the  loss in p ressu re  ( in ten s i ty  is p roportiona l to  

pressure squared )  w ith  d is ta n ce  is found to  be  p ro p o r t io n a l  to  th e  original p ressu re  

p . y ie ld ing p  =  p e  , w here is the  e x p o n en tia l  p ressu re  a t te n u a t io n  ra te .  T h e  

in tensity  loss (in d B )  is then  20 log^^lp/p^) =  o r .  w here  o  =  o^ 20 log^^(e^ ) is th e  

absorp tion , or a t te n u a t io n ,  coefficient. T h e  r a te  o f  ab so rp tio n  in seaw a te r  is a function  

of pressure, t e m p e ra tu re ,  salinity. pH. an d  so u n d  frequency. Using the  em p ir ica l  

equa tion  derived by Francois an d  G arrison ( 1982) for a  d e p th  of 100 m . T  =  7 °C . S 

=  33 psu, and  pH =  8.0, a  ~  0.070 m * for th e  A D C P  frequency  of 307 kHz. T h e  

corrected  in tensity , /  . is then  sim ply

+ 2 * ( 201og^g(r) 4- o r  ) (5.1)

where b o th  I  an d  th e  m easu red  b ack sca tte r  in ten s i tv  /  a re  in decibels, re la tive  toc m

th e  in tensity  of th e  t r a n s m i t t e d  pulse, an d  th e  e x t r a  factor 2  acco u n ts  for th e  re tu rn  

t r ip  the  sound pulse m u s t  m ake. .As m en tioned ,  th e  orig inal in ten s ity  is not reco rded  

by the  A D C P un it ,  so re la tive  intensities c a n n o t  be converted  to  ab so lu te  in tensities .  

Indeed, w ithou t know ing w h e th e r  the  s tre n g th  of th e  t r a n s m i t t e d  pulse varied over
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th e  d ep lo y m en t,  as it m ig h t as th e  b a t t e r y  is d ra ined , c o m p a r iso n s  be tw een  different 

t im e s  m ig h t not be m ean in g fu l .  F inally , it should  be n o te d  t h a t  th e  R D I softw are  

records  coun ts ' ,  a  v o lu m e tr ic  m e a su re m e n t  of th e  ech o es  re tu rn e d  from sc a t te re r s  

in th e  w ater .  T h e  scale fac to r  to  convert  to  in te n s i ty  is 0.45 d B /c o u n t .  so th a t  

/  =  0 .4 5 /  . where /  is th e  b a c k s c a t te r  s t ren g th  reco rd ed  bv  th e  .ADCP.m  r r  °

5 .3 .2  T h e  D iurnal Z o o p la n k to n  M igration

Using the  co rrec ted  in te n s i ty  (F igu re  5.3) as a  re la t iv e  m e asu re  o f  ta rg e t  

s t r e n g th ,  th e  vertical m ig ra t io n s  of zoop lank ton  a t  d a w n  (d o w n w ard )  and  d u sk  (u p ­

w ard )  can  be  clearly seen. B etw een  0900 an d  1000, t h e  m e a n  c o r rec ted  b a c k sc a t te r  

in te n s i ty  from  th e  b o t to m  to  60 m  (above  which the  d a t a  a re  bad  d u r in g  d ay ligh t 

ho u rs )  is 5 dB  larger th a n  b e tw ee n  1500 a n d  1600 in e ac h  of th e  four beam s. .Although 

th e  a t te n u a t io n  r a te  is sm a l le r  b e tw een  1500 an d  1600. th e  .ADCP ran g e  is decreased  

by 4 m . suggesting th a t  th e  lack of s c a t te re rs  above 60 m  is th e  m a in  reason  for th e  

bad  d a t a  d u r in g  day ligh t hours .

T h e  vertical speeds o f  th e  zo o p lan k to n  reach p eak s  o f  a b o u t  0.02 m s  a t  40 m 

d e p th  be tw een  th e  hours of 0500 an d  0600 an d  2000 and  2100 (F ig u re  5.3). T h is  agrees 

well w ith  th e  values p rev ious ly  m e n tio n e d  as typical of s u s ta in a b le  s w im m in g  speeds  

for zo o p lan k to n  w ith in  .Juan de  Fuca  S tra i t .  T h e  tw e n ty -m in u te  m e a n  o f  th e  vertica l 

velocity  (F igu re  4.10) shows no no ticeab le  d iu rnal s ignal in d ic a t iv e  o f  z o o p lan k to n  

m ig ra t io n ,  suggesting th a t  th e  m e asu re d  vertical ve loc ities  a re  not b iased  by th e  

ac t iv e  m ig ra tion  of zo o p lan k to n .

a) E s t im a te d  Bias

To e s t im a te  th e  effect th a t  zo o p lan k to n  are  e x p e c te d  to  have  on th e  vertica l 

velocity , th e  m easured  velocity  can be  m odelled  as a  w e ig h ted  su m  of th e  t r u e  w a te r  

velocity  an d  the  zo o p lan k to n  velocity, w ith  weights p ro p o r t io n a l  to  th e  s c a t te r in g  

cross-sec tional area. .At 50 m  d e p th ,  th e  corrected  in te n s i t ie s  d u r in g  daw n  a n d  dusk  

m ig ra tio n s  are  a p p ro x im a te ly  10 d B  (i.e. a  factor of 10) g r e a te r  th a n  a t m id n ig h t
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Fig. 5.4. T h e  slopes o f  to ta l  vertical velocity  versus corrected  b a c k s c a t te r  in ten s i ty  
s ca tte rp lo ts  w ith  t im e :  a) in 2 0  m in u te  sections over all d ep th s  for all 2 0  d ay s  co m ­
bined, and  d e p th  average  w ith  ±  1 s ta n d a rd  d ev ia tio n  from  b) 50 to  70 m  a n d  c) 70 
to  90 m.
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(F ig u re  5.3). T h e  m easured  vertica l velocity, m ay then  be ex p e c te d  to  be  % 

O .lu y  +  0 .9 rr^^ . where is th e  t r u e  vertica l velocity and  is th e  zoo p lan k to n  

velocity. For % 0.02 m  s a  reasonab le  (i.e. non-averaged) m ig ra t io n  velocity, 

ac t ive  m ig ra tion  of zooplank ton  w ould lead to  a  bias in th e  recorded  ver tica l  velocity  

of a b o u t  0.02, 0.01, and  —0.03 m s  ̂ for t ru e  vertical speeds of 0. 0.01. an d  0.05 m 

s . respectively. In com parison , a  bias of approx im ate ly  0 . 0 1  m s ' w ould resu lt from 

a pitch  o r  roll error of 1 °. given a  horizonta l velocity of 0.5 m s  T h e  m ig ra tio n  

of zoop lank ton  is theore tica lly  the re fo re  ju s t  as im portan t  in caus ing  biases in th e  

m e asu re d  vertical velocity as possible e rro rs  in th e  recorded t i l t  angles, a l th o u g h  only 

a t d e p th s  an d  tim es associated  w ith  th e  d iu rn a l  migration.

b) Backscat ter  versus Velocity Scatterplo ts

T h e  possible effects of differential zoop lank ton  m otion  can  be fu r th e r  ex am in ed  

by c o m p ar in g  th e  slopes of vertical velocity  against b acksca tte r  in ten s ity  s c a t te rp lo ts  

th ro u g h o u t  the  day. If zoop lank ton  m ig ra tio n  does affect th e  m e asu re d  vertica l ve­

locity. these  slopes should be  m ost negative  a t  dawn and  m ost pos itive  a t dusk . 

T h e  co rrec ted  backsca tte r  in tens ity  for J u ly  31. 1996 (F igure  5.3) reveals  th a t  th e  

s tronges t m igrations a t d ep th  SO m  occu r  between the  hours of 0600 a n d  0800 and  

1800 to  2 0 0 0 . when zooplankton  m ov em en t is downward and  upw ard , respectively. 

T h is  is t ru e  th roughout th e  d ep lo y m en t,  as shown by images from  o th e r  days , as well 

as in averaged  images of b ack sca tte r  in tensity .

.An u pper  bound on th e  ex p ec ted  b ack sca tte r  in tensity  versus ver t ica l  velocity  

slopes can  be m ade by assum ing  th a t  th e  t ru e  w ater velocity, is m e a su re d  in the  

absence  o f  th e  m igrating  zoop lank ton , i.e. for intensities of 100 dB  (F ig u re  5.3). and  

th e  zoop lank ton  velocities. a re  m easu red  for intensities of 130 dB . U sing th e

m a x im u m  m easured  vertical velocitv. i.e. u.'_ =  0.05 m s * ,  and  iv =  —0.02 m s  *.
T  z o o

th e  m a g n itu d e  of the slope is a t  m ost 2 x 10  ̂ m s * dB *.
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T h e  b a c k sc a t te r  in te n s i ty  and  vertica l velocity  d a t a  for th e  en t ire  d ep lo y m e n t  

a re  b inned  into 2 0 -m in u te  segm en ts  to  c re a te  72 s c a t te rp lo ts  p e r  d e p th  bin. T h e  v a r i­

a t io n  in slope w ith  d e p th  a n d  th ro u g h o u t  th e  day  reveals t h a t  slopes are  m os t p o s it iv e  

a t  70 m d ep th  a ro u n d  0800 an d  negative  a t  90 m d e p th  th ro u g h o u t  a  large p o r t io n  

of t h e  day (F igure  5.4). D ep th  averages over 50 to  70 m  (F ig u re  5.4. m id d le  pane l)  

a n d  70 to 90 m (lower panel)  show th a t  th e  slopes a re  m o s t negative  be tw een  0-300 

a n d  0700. w hereas th e  d aw n  m ig ra tion  begins a f te r  0500. Likewise, while th e  s lopes 

be tw een  1800 and  2 0 0 0  a re  positive, th e y  a re  not s ign ifican tly  m ore  so th a n  b e tw een  

0800 an d  1000. T hus ,  s c a t te rp lo t  slopes also suggest th a t  th e  effect of zo o p la n k to n  

m ig ra tio n  on vertica l velocities  is small.

c) Com posi te  A n o m a l i e s

P lu ed d e m an n  a n d  P inkel (1989) ex a m in e d  vertica l ly  m ig ra tin g  layers o f  zoo ­

p la n k to n  in th e  open  o cean  using a  sh ip -m o u n ted  67 kH z .ADCP. T hey  found th re e  

d is t in c t  layers, s i tu a te d  a t  d e p th s  of 300, 560. an d  1000 m  d u r in g  the  day. Each s c a t ­

te r in g  layer was found to  m ig ra te  upw ards a  different d is ta n c e  over different t im es .  

D iu rna l m igration  velocities  for each layer were e s t im a te d  from  th e  b a c k sc a t te r  d a t a  

and  m a tch ed  well w ith  th e  m e asu re d  vertica l velocities in regions of significant v e r t ica l  

m o t io n  in layers of e lev a ted  b ack sc a t te r  in ten s i ty  (i.e w hen th e  “ra tio  of th e  in te n s i ty  

of m ig ra tin g  sca t te re rs  to  th a t  of non -m ig ra tin g  s ca t te re rs "  (P lu e d d e m a n n  and  P inke l 

1989) was large). T h a t  is. th e  vertical velocities m e asu re d  th e  zoop lank ton  m o tio n .

T h e  techn ique  th e y  used was to  ex a m in e  th e  s ta n d a r d  dev ia tion  and  a n o m a ly  

(i.e. th e  difference from  th e  t im e  m ean)  of th e  b a c k s c a t te r  in tens ity  an d  ve r t ica l  

velocity  fields a t each d e p th .  T h e  a d v an tag e  of rem oving  th e  t im e  m ean a t  each d e p th  

is t h a t  there  is no need  to  co rrec t for sound  ab so rp tio n  a n d  b eam  sp read ing . T h e  

s ta n d a rd  devia tion  fields a re  co m p u te d  a t each  d e p th  an d  t im e  of day  and  m e asu re  th e  

a m o u n t  of variance th ro u g h o u t  th e  leng th  of th e  d ep lo y m en t .  T h e  s ta n d a rd  d e v ia t io n  

of th e  in tensity , for e x a m p le ,  is th e  square  root of th e  log in te n s i ty  variance

1
a  { z . t )  =  -— ^ [ 7  ( - - 0  — 7 (--^ )]  (Ô.2 )

^ n = l  "
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w here  th e  b a c k s c a t te r  in ten s ity  a n o m a ly  for th e  n th  day. l '  { z . t ) .  is t h e  in tens ity  a t 

t im e  I an d  d e p th  r  m in u s  th e  m e a n  value a t  th a t  d e p th  over all t im e s  a n d  all .V days. 

T h e  co m p o si te  in ten s ity  anom aly . /  (c . t).  m easures  th e  d ifference a t  o n e  t im e  of d ay  

and  d e p th  from  th e  overall m e an  a t  th a t  d ep th ,  / ( r ) .  T h a t  is.

1 A  1

j  =  l ‘  n = l

I J z . t )  =  I J z A ) - 7 { z ) (5.3)

.V
I  { z . t )  =  —  /  (-• 0

*' n =  1 "

w ith  ./ th e  n u m b e r  o f  m e a su re m e n ts  p e r  day. and  th e  t im e  be tw een  m e a su re m en ts .  

T h e  s ta n d a rd  d e v ia t io n  a n d  a n o m a ly  fields for th e  vertica l veloc ity  a re  ca lcu la ted  in 

a s im ilar  m a n n er .

For th e  .Juan d e  Fuca d a ta ,  w here  ensem bles a re  reco rd ed  ev e ry  30 seconds, th e  

resu lts  a re  averaged  over 2 0 -m in u te  intervals. T h e  s ta n d a rd  d e v ia t io n  in b ack sca t te r  

in tens ity  over th e  2 0  d ay s  o f  th e  d ep loym en t reveals t h a t  th e  var ia t io n s  in b ack sca t te r  

below 50 m are  la rge r  d u r in g  th e  d ay  th a n  a t  n ight (F ig u re  5 .5). T h e  re la tive ly  sm all 

d ev ia t ions  betw een  2200 to  0300 coincide with th e  periods w hen  th e  zoop lank ton  a rc  

h igher in th e  w ate r  co lu m n . T h e  s ta n d a rd  dev ia tion  in w  a t  d e p th ,  on th e  o th e r  h and ,  

is low at all t im es  co m p a re d  to  th e  m a jo r  dev ia tions  be tw een  70 a n d  90 m and  0800 

to  1200. T h e  s ta n d a rd  d ev ia t io n  of th e  in tensity  a t  th is  t im e  a n d  d e p th  is re la tively  

sm all,  however, an d  th e re  a p p e a rs  to  be  no clear re la tion  b e tw ee n  th e  dev ia tions .

T h e  daily  m ig ra tio n  is c learly  rep resen ted  in th e  in te n s i ty  a n o m a ly  for .July 31 

(F ig u re  5.6). T h e  vertica l velocity  anom aly  is very sm all d u r in g  th e  even ing  m ig ra ­

tion  and  is upw ard  d u r in g  th e  m o rn in g  dow nw ard  m ig ra t io n ,  ev en  th o u g h  m a x im u m  

z o o p lan k to n  speeds a re  0.03 m s * (from  70 to  110 m d e p th  from  0800 to  0900). T lie  

te m p o ra l  varia tion  in  th e  c o n c e n tra t io n  of zoop lank ton  th ro u g h o u t  th e  w a te r  co lu m n  

is best seen in th e  c o m p o s i te  in ten s i ty  anom aly  (F ig u re  5.6). T h e  zo o p lan k to n  reside 

above  50 m d u ring  th e  even ing  a n d  below 90 m  d u r in g  day lig h t  hours. .At 60 m d e p th .
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Fig. 5.Ô. S ta n d a rd  d ev ia t io n  in back sca tte r  in tens ity  an d  ver tica l velocity  fields over 
th e  en tire  2 0 -day  d ep lo y m en t.

th e  m ean m ig ra tion  speed  is a b o u t  0 . 0 1  m s : th e  averag ing  inhe ren t  in the  ca lcu la­

tion  of the  com posi te  a n o m a ly  fields reduces th e  zoop lank ton  velocities, which were, 

for exam ple , ca lcu la ted  to  be closer to  0.02 m s * on .Julian day  213 (F igure  .5.3). 

T h e  dow nw ard  daw n m ig ra tio n  cen tred  at 0600 is again co inc iden t w ith  upw ard  ver­

tical anom alies. W hile  th e  upw ard  m igra tion  a t  2100 be tw een  50 a n d  70 m d e p th  is 

m irrored  in th e  vertica l velocity, th e  peak in w  is sm alle r  in m a g n itu d e  than  peaks 

a t  0500 and  0900 a t  90 m  d e p th  for which no dow nw ard  m ig ra t io n  of zoop lank ton  is 

expec ted . U nlike th e  findings of P lu ed d e m an n  an d  Pinkel (1989) therefore , in .Juan de 

Fuca S tra i t  th e  bias in th e  m easu red  vertical velocity d u e  to  m ig ra t in g  zoop lank ton  

is small, and  is not im p o r ta n t  over m uch of th e  w ater  co lum n  th ro u g h o u t  m ost of the  

dav.
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5 .4  Internal W aves

Layers of b ack sc a t te r  in te n s i ty  can  also be followed over m u c h  s h o r te r  t im e  

scales, w hen  zoop lank ton  m o tio n  is a s su m ed  to be passive an d  w here  in te rn a l  waves 

can  be  used as a  te s t  of th e  m e a su re d  vertica l velocity. D uring  la te  a f te rn o o n  on  .July 

17. 1997 (F ig u re  5.7). one  such la rge  in te rn a l  wave passed above th e  m o o re d  .ADCP. 

a p p e a r in g  as a  regu lar  u n d u la t io n  in a  layer o f  anom alous ly  large b a c k s c a t te r  in tensity .  

H ere, it is assum ed  th a t  th e  z o o p lan k to n  do  not move en m asse  re la t iv e  to  th e  w a te r  

o ver  vertica l a m p li tu d es  o f  10 m  w ith  per iods  of 10 m inu tes .  T h e se  in te rn a l  wave 

m o t io n s  were observed a t various d e p th s  a n d  tim es of th e  day  d u r in g  w hich  th e  diet 

m ig ra t io n  does no t occur, m a k in g  it un likely  th a t  d ifferential z o o p la n k to n  m o tio n  

ex is ts ,  ft is fu r th e r  a ssu m ed  th a t  th e  observed  u n d u la t in g  s t ru c tu re  is assoc ia ted  

w ith  vertica l d isp lacem en ts  o f  d e n s i ty  surfaces ra th e r  th a n  horizon ta l  a d v e c t io n  past 

th e  .ADCP site. .A s inuso ida lly -shaped  layer of increzised b a c k s c a t te r  in te n s i ty  of 

a m p l i tu d e  1 0  m  an d  w aveleng th  2 0 0  m  (i.e. vertical slopes in th e  e lev a te d  in ten s i ty  

layer of 0 .2 ) advec ted  by an  a long-channe l velocity  of 0 . 2  m s  \  ty p ica l  o f  severa l of 

th e se  in te rn a l  wave ep isodes, w ould  m im ic  th e  observed  s t ru c tu re ,  b u t  it is unlikely  

such  a spa tia l  p a t te rn  would ex is t  over several w avelengths. T h e  z o o p la n k to n  are  

th u s  believed to  m odel th e  m o v em en t of t ru ly  passive trace rs  in th e  flow held.

Superim posed  on th e  u p p e r  im age  (F igu re  .5.7) are  lines in d ic a t in g  th e  in te ­

g ra te d  vertica l velocity. If th e  vertica l velocity  m easu rem en ts  a re  a c c u ra te ,  th e se  t] 

su rfaces  will also track  passive t race rs .  Below 90 m , th e  surfaces closely  follow th e  

layers o f  different co rrec ted  b a c k s c a t te r  in tensity , im ply ing  th a t  th e  .ADCP vertica l 

ve loc ity  is a  good m easu re  o f  th e  t ru e  vertica l cu rren t .  T h a t  is. th e  ver t ica l  velocity  

was not g rea t ly  c o n ta m in a te d  by  th e  horizon ta l velocity, a n d  th e re  is no  bias in the  

A D C P  roll and  pitch  m e a su re m e n ts .  .As a  fu r th e r  exam ple ,  consider  t h e  7  surfaces 

w hich converge a t  70 m d e p th  a t  16.8 hours  past m id n ig h t (F ig u re  5 .7). T h e  ex ­

p e c te d  rise in th e  local c o n c e n tra t io n  of p a r t icu la te s  is c learly  seen in t h e  inc rease  of
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Fig. 5.7. B a c k s c a t te r  in te n s i ty  an d  in teg ra ted  velocity surfaces . In a) th e  m easu red  
vertical velocity  is used , w hile  in b) th e  vertical velocity  is c o n ta m in a te d  w ith  hori­
zontal c u r re n ts  by ro ta t in g  it 0.5 degrees from th e  vertica l.

th e  b a c k sc a t te r  in tens ity .  T h is  layer th e n  oscillates vertically , as do the  in teg ra te d  t j  

surfaces a ro u n d  it.

U n fo r tu n a te ly ,  in te rn a l  waves a re  only  observed n ea r  s lack  tide, an d  a  s im ila r  

analysis  c a n n o t  be  p e r fo rm e d  a t  peak  flood or ebb . A t th e se  tim es, erro rs  in p itch  

o r  roll w ould lead  to  th e  la rgest co n tam in a tio n  of w  by  th e  horizontal velocities. 

C o m p a r in g  th e  u p p e r  a n d  lower panels  (F igure  5.7). how ever, o n e  can  see cons iderab le  

differences in th e  in te g ra te d  rj surfaces for sm all ro ta t ions  o f  th e  along-channel vertica l
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axes. In th e  lower panel, th e  vertica l velocity used is purposely  con tam ina ted"  w ith  

th e  horizonta l c u rren t  by ro ta t in g  th e  (x .~ )  axes 0.5°. T h e  q surfaces a ro u n d  90 

m d e p th  diverge cons iderab ly  betw een 1600 an d  1700. desp ite  th e  fact th a t  large 

in tens ity  layers a p p e a r  in th is  region (a t 90 m  d e p th  an d  1700, for exam ple) .  F u r th e r  

in teg ra tion  (i.e. un ti l  2 1 0 0 , d u r in g  th e  initia l t ran s i t io n  to  a  weak ebb) reveals th a t ,  

for th e  ro ta ted  axes, all o f  th e  q surfaces dive in to  th e  b o t to m , while for th e  o rig inal 

o r ien ta t io n ,  th e  surfaces rem a in  a t  m id -dep th . R o ta tio n s  of —0.5° lead to even worse 

resu lts ,  w ith th e  q surfaces ris ing above  40 m before 1700. T h e  . \D C P  vertical velocity  

is th u s  seen to  be free of c o n ta m in a t io n  from horizon ta l velocities an d  therefore a  t ru e  

m e asu re  of th e  ac tu a l  ve r tica l velocity.

5.5 S u m m ary *

It has been shown th a t  th e  m easured  vertica l velocity accu ra te ly  describes th e  

m ovem en t of h igh -in tens ity  b ack sca tte r  regions a t  t im es  when th e  zoop lank ton  a re  

not ac tively  m ig ra ting .  F u r th e rm o re ,  no obvious bias in the  m easured  velocity  was 

seen du ring  tim es  of m ig ra tio n  com pared  to  non-m igra tion  periods, even th o u g h  th e  

ten-fo ld  increase in th e  b a c k sc a t te r  in tensity  d u ring  m igra tion  regim es should lead to  

large biases. T h e  reasons for th is  a re  not known, b u t  th e  reliability  of w m e asu re m en ts  

gives confidence in th e  following analysis  of vertica l tides and  residual velocities, as 

well as in th e  e s t im a t io n  of Revnolds stresses.
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C hapter 6 

T ides

Tides were o b ta in ed  from  th e  21-day A D C P  c u r re n t  m e te r  records using a  

s ta n d a rd  t id a l  analysis  package (F o rem an  1976) w hich  inc ludes  sp ec tra l  analysis  to  

d e te rm in e  th e  confidence in terva ls  for co n s ti tu en t  m a g n i tu d e s  an d  phases. In a  h a r ­

m on ic  analysis, th e  n u m b e r  o f  co n s ti tu en ts  which can  be  in d e p en d en tly  d e te rm in e d  

increases w ith  th e  record len g th  of th e  da ta .  T h e  R ayleigh  cr ite r ion  requires th a t  

on ly  co n s ti tu en ts  s e p a ra ted  from  each  o ther  by a t  least a  co m p le te  period over th e  

leng th  of th e  d a t a  be inc lu d ed  in th e  analysis, a l th o u g h  "it has been argued  th a t  

th e  Rayleigh crite r ion  is unnecessa r i ly  res tr ic tive  w h ere  in s t ru m e n ta l  noise an d  th e  

background  m eteorological noise a re  low" (P u g h  1987). In fact. G od in  (1972) sug­

gests  th a t  for oceanic tides, it  is " routine"  to  use a  Rayle igh  coefficient of 0.8 (i.e. 

requiring  th a t  co n s ti tu en ts  be  s e p a ra te d  by on ly  80% o f  a  co m p le te  period over th e  

dep lo y m en t) ,  a n d  th a t  it is possib le  to  go lower s till,  d e p e n d in g  on th e  noise in ten s ity  

and  m easu rem en t accu racy  available . In p rac t ica l te rm s ,  th e  Forem an  analysis in ­

volves inverting  th e  c o n s t i tu e n t  m a tr ix :  increasing th e  ra n k  by reducing  the  Rayleigh 

coefficient also increases th e  degree  to  which it is i l l-cond itioned .

For analysis  of th e  1996 .ADCP cu rren t d a t a  th e  Rayleigh coefficient was re ­

duced  from 1 to  0.75. T h is  inc reased  th e  n u m b e r  o f  t id a l  ha rm onics  eva lua ted  from 

18 to  30: II  a s tronom ica l ,  18 shallow-w ater. and  th e  m e a n  (T ab le  6.1). U naccep t-  

ab ly  low re tu rn  signal s t re n g th  was found over a s ignificant fraction  of the  day (w hen 

zooplank ton  a re  ou ts ide  th e  e u p h o t ic  zone) above 40 m  d e p th  (F ig u re  5.3). T h e  RD I 

softw are considers these  b e a m  velocities to  be un re liab le ,  and  th e  resu lting  th ree-  

d im ensional velocity  is flagged as bad .  Evaluation of t id a l  an d  residual cu rren ts  is 

therefore  re s tr ic ted  to  d e p th s  below 40 m.
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T able  6.1. T id a l  C o n s t i tu e n ts  Used in Tidal .Analysis

Harmonic Period (hr) Harmonic Period (hr) Harmonic Period (hr)

.MS F .3.54 ..36 7 .N' 2 12.658 MS4 6.103

2Q1 28.006 M2 12.421 S4 6 . 0 0 0

Q1 26.868 S2 1 2 .0 0 0 2-MK5 4.931

0 1 25.819 ETA2 11.754 2SK5 4.797

.\'0 l 24.8.33 M 03 8.386 2MX6 4.166

K 1 23.9.35 M3 8.280 M6 4.140

.11 23.098 -MK.3 8.177 2.MS6 4.092

C G I 22.306 SK3 7.993 2SM6 4.046

UPSl 21.578 .M.\4 6.269 3MK7 3.530

M4 6 . 2 1 0 M8 3.105

A tw o-d im ensional (i.e. horizontal)  t id a l  co n s ti tu en t  can be m o de lled  e i th e r  by 

resolving th e  cu rren t  in to  tw o co m p o n en ts  a long  perpen d icu la r  axes or by  r e p re s e n t in g  

th e  cu rren t as two c u rren t  m a g n itu d es  ro ta t in g  in opposite  d irec tions . In t h e  fo rm er 

case, with th e  axes ro ta te d  th rough  an in c lin a t io n  0. positive an tic lockw ise ,  from  

(ea s t .n o r th ) .

u, =  u + iv  =  u cos(u,d -f o) 4- iu s in(^4 4 - o )  (6 . 1  )h m a j   ̂ m t n  '  '

w here  u an d  u a re  th e  sem i-m a jo r  a n d  sem i-m ino r  axes, r e s p e c t iv e ly  ŵ; is th e
m a j  m tn  ‘

frequency, an d  o  is th e  phase  difference, o r  lag. re la t ive  to t im e  I =  0. H ere , >  0 

ind icates  th a t  th e  c u rren t  vec to r  is ro ta t in g  in th e  anticlockwise sense, u = 0^  m m

for a rec t i l inear  cu rren t ,  a n d  <  0  rep re sen ts  a  clockwise ro ta t in g  c u r re n t :  by

convention , u is positive. .A lte rna tive ly
m a j  ^
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w here th e  p o s it iv e  real num bers  and  R  a re  th e  m a g n itu d e s  of th e  an tic lockw ise  

and  clockwise ro ta t in g  vectors, respectively, and  a n d  tp a re  th e  co rrespond ing  

phase leads, re la t iv e  to  th e  .r axis, which is genera lly  ta k e n  to  be eastw ard . T h e  re la ­

tionsh ip  b e tw een  th e  two represen ta tions  is s t ra ig h tfo rw a rd ;  R ^  =

R  = (u — u ) / 2 . = 0 0.  an d  tl' = 0  — 6.  Anticlockw ise, rec t i l inear .'  m a j  m i n "

and  clockwise ro ta t in g  cu rren ts  are deno ted  by R ^  > R  . =  R  . and  R ^  < R  .

respectively.

6.1 T id a l C o n stitu en ts

T h e  .V/2 h a rm o n ic  (F igure  6.1) is th e  la rgest in  m a g n i tu d e  a t all dep th s .  M a x ­

im um  along-ax is  flows occur  a t  110 m d ep th .  5 m  below  th e  zero  in cross-axis flow 

( ind ica ting  rec t i l in ea r  flow). T h e  m in im um  a t  S-5 m  is likely d u e  to  the  presence o f  

in terna l t ides ,  w hile  th e  decrease  below 1 1 0  m  reveals  th e  effects of b o t to m  friction . 

Cross-axis c u r re n ts  a re  large bo th  near th e  b o t to m ,  w here  th e  M 2  cu rren t ro ta te s  in 

an  an tic lockw ise  sense (u ^  <  0 ), and  a t m id -d e p th s ,  w here  ro ta t ion  is clockwise.

T h e  along-axis  d irec tion  (inclination) of th e  A/2 t id a l  e llipse ro ta te s  w ith  d e p th  from  

9 to 2° so u th  o f  d u e  eas t  from the  b o t to m  to  m id -d e p th  ( 8 6  m ).  and  then  back  to  

20 sou th  of e a s t  a t  40 m. T h e  tidal lag increases w ith  height above  the  b o t to m  u n ti l  

8 6  m d e p th ,  a t  w hich po in t th e  tide arrives a p p ro x im a te ly  35 m inu tes  la te r  th a n  a t  

th e  b o t to m .  T h e  t id a l  lag then  decreases w ith  he igh t,  a n d  a t  40 m . th e  tidal phase  is 

a p p ro x im a te ly  zero  re la tive  to  th a t  of th e  b o t to m  c u r re n t ,  w ith  th e  .V/2 tide  a t  40 m  

leading in t im e  by 3 ±  6  m inu tes .

A '1 (F ig u re  6.1) is the  next largest t ida l c o n s t i tu e n t ,  w ith  m ax im al along- 

axis cu rren ts  o ccu r in g  a t  b o th  110 and 70 m  d ep th s .  T h e  A 1 tida l cu rren t is near- 

rec t i l inear  th ro u g h o u t  m uch  of the  w ater co lum n, w ith  significant cross-channel flows
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Fig. 6.1. T ida l ellipse param eters  for th e  . \ /2  (u p p e r  panels) and  A 1 (low er panels) 
c o n s ti tu en ts  of th e  horizontal velocity. D ashed lines ind ica te  th e  9ô% confidence 
intervals. T h e  inclination is th e  angle betw een  th e  sem i-m ajo r  axis a n d  d u e  eas t,  
w ith  positive angles im plying anticlockwise. Negative rela tive  phases in d ica te  th e  
cu rren t  a t  d e p th  lags th a t  a t th e  b o t to m .
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a t  So m. a n d  w eaker  m a x im a  nea r  b o th  100 m  (w h ere  M 2  is rec tilinear)  a n d  th e  

b o tto m . / \ s  w ith  th e  M 2  co n s t i tu en t ,  the  A 'l t ida l c u r re n t  ro ta te s  in an an tic lockw ise  

sense near  th e  b o t to m ,  an d  is essentially clockwise a t  all d e p th s  (w here  th e re  is 

significant cross-axis flow) above  110 m. T h e  ellipse o r ie n ta t io n  also ro ta te s  from 3° 

to  20 so u th  of e a s t ,  th o u g h  not in a  m a n n e r  consis ten t w ith  th e  M 2  ellipse; th e  along- 

axis d irec tion  is m o s t  nearly  east-w est a t  th e  b o t to m .  T h e  t id a l  lag also increases 

with he igh t,  a l th o u g h  to  a  m uch  lesser e x te n t  th a n  for th e  M 2  co n s t i tu en t .  T h e  phase  

difference be tw een  A 'l  a t  th e  b o t to m  and  a t  96 m is less th a n  2°. or 8  m in u tes ,  which 

is com p arab le  to  t h e  size o f  th e  erro r bars. T h e  tide  tu r n s  la te s t  a t  8 6  m d e p th .  4-5 

m inu tes  a f te r  th e  b o t to m .  T hereaf te r ,  th e  lag is d im in ish ed : above  56 m. th e  phase  

appears  to  be  un re liab le .

O f  th e  re m a in in g  harm on ics ,  only th e  a s tro n o m ica l  c o n s t i tu e n ts  O l .  A 2. an d  

S2  have along- a n d  cross-axis  curren ts  cons is ten tly  la rge r  th a n  0.10 m  s  ̂ a n d  0.02 

m s  *. respectively , w ith  cross-axis tides reaching  0.07 m  s ' for 5’2 a t  SO m d e p th .  

R ota tion  of th e  a long-ax is  d irec tion  w ith d e p th  and  d e p th  d e p en d e n ce  o f  th e  c u r ­

rent m a g n itu d es ,  b o th  along- an d  cross-axis, a re  p reva len t  in all th ree  co n s ti tu en ts .  

T he .\ 2 t id e  is rec t i l in e a r  a t  th e  b o tto m , bu t  o th e rw ise  ro ta te s  in a clockwise sense 

th roughou t th e  w a te r  co lum n . In con tras t ,  th e  O l  t id e  a p p e a rs  to  flip its ro ta t io n  

sense several t im es ,  a l th o u g h  negative  values of th e  m in o r  axis a re  never s ignificantly  

different from zero (s im ila r  to  th e  A'l tide).

6.2 B o tto m  F riction

T h e  presence  o f  b o t to m  friction is clearly  seen in th e  phases and  a m p li tu d e s  

of the  .V/2 and  A 'l (F ig u re  6 . 1 ) t idal cons ti tuen ts .  In each  case, th e  t id e  tu rn s  first 

a t the  b o t to m ,  a n d  th e  a m p l i tu d e  m a x im u m  occurs 2 2  m  above  th e  b o t to m ,  below 

which th e  t ida l  c u r re n ts  w eaken a t  a  ra te  which increases w ith  p ro x im ity  to  th e  solid 

boundary , as e x p e c te d  for a  log-layer.
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6 .2 .1  Log-Layer F it t in g

Log-layer fits to  th e  2 0 -m in u te  averaged  to ta l  c u r re n t  a re  found by m in im ising  

th e  rm s difference b e tw een  th e  m e asu re d  cu rren ts  an d  th o se  p red ic ted  by (2 . 1 2 ). 

Initially , only th re e  c u r re n t  b ins  (of 2 m e tre  d ep th  each  an d  c e n t re d  a t  5. 7. and 9 m 

above  the  b o t to m )  w ere used to  e s t im a te  u_ and For fits in which th e  difference 

a t  any  one d e p th  is g re a te r  th a n  1% of th e  actual c u r re n t ,  th e  log-layer is assum ed  to  

be  less th a n  9 m  h igh, if it  ex is ts  a t  all. O therw ise , ad d i t io n a l  b ins  a re  ad d e d  one a t a 

t im e ,  and  new fits a re  d e te rm in e d ,  un ti l  th e  difference of 1 % is exceeded .  T h is  m e th o d  

of f it ting  was used by Lu (1997) w ho a rg u ed  th a t  th e  “ l9c c r i te r io n  is c o m p a tib le  w ith 

th e  confidence in terva ls  o f  th e  m e an  velocity  e s t im a te s" .  O n ly  average  velocities from 

each  .35 ping b u rs t  over  10 seconds were recorded by th e  A D C P . so it is no t possible 

to  d e te rm in e  th e  degrees  of freedom  (i.e. th e  decorre la tion  t im e )  w ith in  an  ensem ble. 

T h e  decorre la tion  t im e  for th e  h igh-passed  along-channel velocity  was found to  be 

betw een 30 an d  60 seconds  on  b o th  th e  acce lera ting  an d  d ece le ra t in g  s tages  of flood 

an d  ebb tides. T h a t  is. th e  n u m b e r  of degrees of freedom  is rough ly  ha lf  th e  nu m b er  

of m e asu re m en ts  in a n  average. Specifically. V. th e  "variance inflation  facto r"  (W ilks 

1997) which is given by

w here  n is th e  n u m b e r  o f  m e a su re m e n ts  in a sam p le  an d  is th e  e s t im a te d  a u to ­

corre la tion  a t  lag fc, is \ ’ % 2.2 for th e  m easured  velocity  in .Juan de  Fuca S tra i t ,  for 

sp ring , ebb . a n d  slack t id e .  T h is  fac to r  is a  m easure  of th e  effective sa m p le  size, n . 

w ith  =  n / V  (W ilks  1997).

. '\ssum ing th a t  th e  u n c e r ta in ty  in an  ensem ble  m e a su re m e n t  is 0 . 0 2  m s  *. th e  

u n ce r ta in ty  c la im ed  by R D I a n d  found by Lu (1997) for an  in d iv id u a l  ping, averaging 

IS (i.e. 10/2.2) in d e p e n d e n t  m e a su re m e n ts  reduces th e  u n c e r ta in ty  to  ap p ro x im a te ly  

0.005 m s  *. T h is  is a p p ro x im a te ly  1 % of a  typical m e an  velocity  used in th e  log-layer 

fitting.
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Over th e  2 0  c o m p le te  days of dep loym en t,  a  log-layer o f  a t  least 9 m  height 

was found on 1086 occasions of th e  1440 20-m inu te  m e an  c u r r e n t  profiles, a l though  

for 84 of these  fits exceeded  0.1 m . In a  com piled  list ta k e n  from m an y  sources. 

Soulsby (1990) shows th a t  values vary  from 5 x 1 0  m  for s ilt  to  3 x 1 0  m for 

gravel to 6  x  1 0  ^ m  for r ipp led  sand , suggesting th a t  large values of z^ a re  indicative 

of a  m a th e m a tic a l  r a th e r  th a n  a  physically  reasonable  log-layer fit. .Although large 

roughness p a ra m e te rs  can  be ind ica tive  of processes o th e r  th a n  roughness-genera ted  

tu rbu lence ,  such as fo rm  d ra g  on larger scale bedform s. th e  effect should  be  felt m ore 

strongly  for s t ro n g e r  flows. T h e re  was. however, low co rre la tion  ( r  =  —0.22) between 

the  roughness scale a n d  th e  m a g n itu d e  of the  reference velocity  in genera l,  with all 

large values of z^ found  d u r in g  weak cu rren ts  (i.e. th e  m a g n i tu d e  o f  was less th an  

0.15 m s  ̂ for all cases w here  z >  1 m ).O '
T h e  friction a n d  reference velocities were well co rre la ted  ( r  =  0.97) for all fits

w here z <  0.1 m  (F ig u re  6.2). w ith  th e  square  of th e  slope ( C  =  u~jU~  ) for th e  
“ ^ - 1 1

best fit line having  zero  in te rcep t  im ply ing  =  3.1 x 10 . T h e re  was essentially

zero correlation  be tw een  z^ and  th e  m ag n itu d e  of th e  reference velocity, ind icating  

th a t  the  roughness scale  is indeed independen t of th e  overly ing  flow. T h e  drop in 

th e  n u m b er  of log-layer fits w ith  increasing log-layer height (F ig u re  6.2) suggests th a t  

som e of th e  profiles w hich did  not satisfy  the  log-layer ana lysis  m ay  have, in fact, 

been logarithm ic  w ith  log-layer heights  less th an  9 m. D ecreasing  th e  .ADCP bin size 

to 1 m. for ex am p le ,  would have enab led  the  log-layer ana lysis  to  be perform ed to  

heights w ithin 6  m  o f  th e  b o t to m .  T h e  log-layer height z^ was found to  be correlated  

with both  Cjj ( r  =  0.54) and  ( r  =  0.57). T h is  is to  b e  ex p ec ted ,  as the log 

layer is destroyed  eve ry  t im e  th e  t id e  tu rn s  and  regrows as th e  t id e  s treng thens. 

T h e  correlation  is no t  ex ac t ,  however, because th e  ever c h an g in g  c u r re n t  does not 

allow the  layer he igh t to  reach equ ilib rium . T h e  slope for th e  z^ to  fit implies 

th a t  the  log-layer he igh t satisfies z^ =  0 .0 2 0 u / / .  o r  z^ =  0.025u_^/u;^^^. w here 

is th e  frequency of th e  d o m in a n t  t ida l con s ti tu en t .  Tennekes (1973) suggested  th a t
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Fig. 6.2. Log-layer fit to  th e  b o t to m  curren t: a) th e  f r ic t ion  velocity  versus th e  
reference velocity  (m ea su re d  II  m above the  b o t to m ) ,  b) th e  roughness p a ra m e te r  
versus th e  m a g n i tu d e  of th e  reference velocity, c) h is to g ram  of th e  log-layer height, 
and  d) h is tog ram  of th e  roughness p aram eter .  F its  for w hich  exceeds 0.1 m have 
been o m it te d ,  leaving 1002 log-layer fits out of th e  1440 2 0 -m in u te  m ean cu rren t 
profiles.

th e  log-layer height for a  s te a d y  p lanetary  b o u n d a ry  layer is =  0.030» / / .  while 

Soulsby (1983) found =  0.040» / / .

For th e  609 log-layer fits o u t  of 862 20 -m inu te  m e an s  w here  f > 0 .  th e  cor­

relation coefficient be tw een  »_ and  was r  =  0.90. an d  th e  s lope for zero in tercep t 

implied =  3.6 x 10 while r  =  0.82 and =  2.9 x 10  ̂ for th e  393 fits ou t 

of 578 w here <  0. W h en  is set to  0.006 m ( th e  roughness  p a ra m e te r  which 

gives the  m ost log-layer fits). 38% of the  cu rren t profiles ca n  be m a tch ed  to  log-layers 

w ithin th e  1 % cri te r ion .  Ignoring instances when th e  reference  cu rren t  is less th a n
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0 . 2  m s  ' in m a g n i tu d e ,  for which th e re  a re  very  few fits, a  full -50% of t h e  m e an  

velocity profiles can  be  fit to  log-layers of he igh t 9 m  o r g rea te r  for =  0.006 m . T h e  

ca lcu la ted  d rag  coefficients a re  =  2.9 x 10 ^ d u r in g  flood an d  =  2 .8  x 10  ̂

du r ing  ebb .

In s u m m a ry ,  th e  log-layer fits for w hich  was not cons tra ined  a p p e a re d  to  

show th a t  th e  d rag  coefficient is su b s tan tia l ly  la rge r  on flood tides  th a n  d u r in g  ebbs . 

T h e  d rag  coefficients found w hen the  roughness  p a ra m e te r  was set to  0.006 m .  how ­

ever. are  verv  s im ila r .  T h is  is consisten t w ith  th e  fact th a t  while z was u n c o r re la te d  

w ith  the  reference velocity  for bo th  flood an d  eb b .  th e  few large values w ere  associ­

a ted  w ith w eaker c u r re n ts .  T h is  is unlikely to  be  d u e  to  suspended  s e d im e n t ,  w hich 

is ex p ec ted  to  inc rease  z^.  because  the  tu r b id i ty  shou ld  increase w ith  la rge r  c u r re n ts .  

T h e  roughness p a r a m e te r  can  also vary as th e  leng th  scale of th e  cu rren t  inc reases ,  

changing  th e  to p o g ra p h y  w hich th e  c u rren t  feels. A lthough  this can n o t be q u an t if ied  

as b o t to m  m a p p in g  was not done in th e  region in which the  .ADCP was dep loyed ,  

th is  effect is also likely  to  be  felt p r im arily  d u r in g  s tronger  flows. F u r th e r  e v id en ce  

of erroneous fits is p rov ided  by th e  scarc i ty  d u r in g  weak cu rren ts  of log-layer fits for 

which =  0.006 m . Log-layers may not yet be  es tab l ished  or m ay  not e x te n d  to  a 

height (9 m in th e  p re sen t  s tu d y )  which allows for log-layer analysis  ju s t  a f te r  th e  

t id e  tu rn s ,  a n d  b ecau se  th e  t id e  tu rns  first a t  th e  b o t to m ,  a  log-layer an a ly s is  m a y  

not be realis tic  on th e  d ece le ra t ing  tide.

In d e te rm in in g  th e  d rag  coefficients from  th e  slopes of th e  fric tion  velocity  

to  reference velocity  fits, th e  in tercep t was set to  zero. For each  of th e  ab o v e  fits 

th e  in te rcep t of th e  po lynom ia l fit of to  th e  reference velocity  was found  to  be

e x tre m e ly  sm all (e.g. be tw een  7 x 1 0  m s  * for eb b  tide w ith  c =  0.006 m  an d

2 X 10  ̂ m  s * for th e  com bined  ebb an d  flood fits w ith  z^ u n co n s tra in ed ) .  T h is  is 

reassuring, as th e  b o t to m  stress  should vanish  as th e  overlying cu r re n t  ap p ro a c h e s  

zero. T h e  d rag  coefficients a re  not a l te red  to  th e  precision w ith  which th e y  were 

ca lcu la ted  (i.e. 1 0  ^ ).
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A roughness p a r a m e te r  of =  0.006 m  is consis ten t w ith  a  b o t to m  com posed  

of rippled sand  (Soulsby  1990). s lightly  larger than  one o f  g rave l ,  for which =  0.003 

m. and  over a n  o rd e r  of m a g n i tu d e  larger th a n  one o f  m u d .  T h e  b o t to m  in the  

region su rro u n d in g  th e  .ADCP was a t  least par t ly  m a d e  up  o f  m u d  as ev idenced  by 

th e  am oun t s tu ck  w ith in  th e  A D C P  housing upon recovery. T h e  large roughness 

p a ra m e te r  suggests  t h a t  th e  m u d  m ay  be rippled, a l th o u g h  no b o t to m  surveys were 

done  so the  ex ac t  co m p o s i t io n  and  b a th y m e try  of th e  region is unknow n.

6 .2 .2  T h e B o tto m  B o u n d a ry  Layer

Soulsby (1983) bu il t  upon th e  log-layer l i te ra tu re  to  an a ly se  t ida l  cu rren ts  in 

a well-mixed b o t to m  b o u n d a ry  layer. He simplified th e  an a ly s is  by p aram ete r is ing  

th e  Reynolds s tress , a n d  considered  b o th  rectilinear flow a n d  flow w here  th e  C'oriolis 

effect leads to  veering  w ith  height.

a) The Oscillatory B o u n d a r y  Layer

For rec ti l inear  o sc il la to ry  flow in deep (n on -ro ta t ing )  u n s tra t if ied  fluid over a 

flat bed. Soulsby (1983) rew ro te  th e  equa t ion  of m otion

w here  is th e  R eyno lds  s tress  and  C(t) is th e  sinusoidally  vary ing  surface slope, by 

using the  eddy  viscosity  p a ra m e te r isa t io n  (-^^ =  .4^ d U / d z ) .  as

-  â S  (6 .Ô)

w here  U  and  S  a re  th e  com plex  a m p li tu d es  such th a t  f =  ?R[C/ exp(n^f)]  and 

d Ç / d x  =  3fî[S exp(fu;<)]- a n d  bold is used for the  com plex  te rm s  to  d is tingu ish  them  

from the  real co m p o n e n t .  T h e  eddy  viscosity. .4 , varies w ith  he igh t above  th e  b o tto m  

as well as over th e  t id a l  cycle. A naly tic  solutions, however, req u ire  th a t  .4 be  held 

c o n s ta n t  in t im e ,  s ince  t im e  dependence  leads to  non -linear it ies .  For quasi-s teady  

flow, .4 % tczu (() , a l th o u g h  m odels w ith  tim e-vary ing  .4 (Lavelle and  Mofjeld
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1983: Davies 1986) show t h a t  .4 values m idway betw een  these  two p a ram ete r isa t io n s  

(i.e. between fully t im e-v a ry in g  and  tim e- in d ep en d en t)  a re  m ost app ro p r ia te .  For 

oscilla tory  p la n e ta ry  How. d iscussed in the next section , Fang an d  Ichiye ( 1983) found 

th a t  th e  eddy viscosity lagged  th e  t ida l curren t by up  to  30 m inu tes .

Usine a  t im e- in v a r ian t  eddv  viscositv of th e  form  .4 =  k u  r  (w ith  u  th e  

friction velocity a t  m a x im u m  tide), th e  solution for U  is given by (Soulsby 1983)

u  = u oo I k e r ^ k e r ^ ^  -f kei^kei^^  

ke r ^ ^  -h kei^^
+ i

ker^keiE,^ -f- kt i^kerE^  

ker^E  +
(6 .6 )

where ker  and  k e i  a re  th e  Kelvin functions. 5^ =  \ u;z / ku is the  scaled height
^  "771 ^

above the  b o t to m , =  tu-’r  / ku is the  scaled roughness, a n d  U  =  S  iso '  • m  oc \ ^  / /

the  free-stream  solu tion  (i.e. ou ts ide  the  b oundary  layer w hose height is given by

F it t in g  a  log-layer to  th e  sem i-m ajo r axis of th e  M 2  t id e  (F igure 6.3). in th e  

sam e m an n er  done  p rev ious ly  for th e  to ta l cu rren t ,  y ie lds =  0.024 m s an d  

=  0.003 m . i.e. a  roughness  scale half of th a t  e s t im a te d  in th e  previous section for 

the  to ta l cu rren t .  T h e  observed  4 /2  profile m a tches  th e  log-layer w ith in  1 % up to  

108 m dep th ,  a  22 m  range. is set to 0.5.55 m s  ' to  best m a tch  the  solution (6 .6 ) 

to th e  observed 4 /2  c o n s t i tu e n t ,  and  differences below 108 m  dep th  are  less th a n  

1.39f (0.006 m s   ̂). T h e  Soulsby fit is im proved s ligh tly  when z^ is set to  0.006 m. 

In th is  case, u =  0.026 m s  ^. and  U ^ =  0.565 m s * (F ig u re  6.3). T h e  m a x im u m  

surface slope co rrespond ing  to  e i the r  fit is d Q ld x  % 8 x l O  . equivalen t to  a pressure  

g rad ien t of d p / d x  % 0.08 P a  m  \  abou t 100 tim es la rger  th a n  th a t  due to  Fraser R iver 

d ischarge, as d e te rm in e d  from  a tm ospheric  pressure a n d  sea level d a ta  (F igure  3.4).

.4 It hough (5̂ , =  % 170 m (u^ =  0.024 m s  * ) is g rea te r  th a n  th e  w ate r

d ep th ,  the  profile reaches 99% of its free-stream value C/^ a t  78 m d e p th  (i.e. 52 

m above the  b o t to m ) ,  a n d  95% at a  dep th  of 100 m . .Above 100 m. however, th e  

w ater  colum n is no longer w ell-m ixed (Figure 4.2). T h e  osc il la to ry  b oundary  layer is
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Fig. 6.3. O sc illa to ry  b o u n d a ry  layer fit to  th e  s e m i-m a jo r  axis of th e  .V/2 tidal ellipse. 
In a), log-layer fits to  t h e  m easu red  M 2  (solid line) yield  =  0.024 m s * an d  

r  =  0.003 m (dashed  line) w hen z is unconstra ined  a n d  u =  0.026 m  s * w hen z iso ' ' O « o
set to 0.006 m  (d o t te d  line). T h e  resulting m a g n i tu d e  a n d  phase  of th e  Soulsby ( 1983) 
oscillatory  b o u n d a ry  layer  so lu tion  to  the  t ide  is show n in b) an d  c). respectively.

capped  a t  1 0 0  m  an d  th e  resu lts  a re  not app licab le  h ig h e r  in th e  w a te r  co lum n since 

th e  Soulsby analysis  a ssu m es  co n s tan t  density. W hile  th e  m ode l a n d  m easured  t idal 

m a g n itu d e  agree very well in th e  lower par t  of th e  w ell-m ixed  layer, the  theore tica l 

phase  predic tion , ta n  ^ { 3 ( [ / ) / )R (C /)} .  is not as good  (F ig u re  6.3). In the lowest 7 

m etres, the  m odel o v e rp red ic ts  th e  ra te  of change of p hase  w ith  he igh t,  and a t  7 m 

above the  b o t to m ,  th e  p re d ic te d  phase is a b o u t  0.5° less th a n  th a t  observed, . \b o v e  

1 2 0  m d ep th ,  th e  m odel u n d e rp re d ic ts  the  phase d ifference re la tive  to  the  b o t to m  by 

as much as 10°. T h is  m a y  be  a  consequence of th e  fact th a t  th e  well-mixed b o t to m  

layer is not t ru ly  hom ogeneous  or o f  the  fact th a t  th e  to ta l  c u r re n t  on ly  partly  consists  

of the  .1 / 2  t ida l  c o m p o n e n t .
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S tr ic tly  speak ing ,  ro ta t io n a l  effects are  neglig ible  o n ly  w here  u,’ ^  f . w hereas 

a t  th e  la t i tu d e  of J u a n  d e  F uca  S tra i t ,  u ; / /  % 1.3. N everthe less ,  th e  effect of th e  Cori- 

olis force on b a ro tro p ic  t id e s  w ith in  sea channels whose w id th  is sm all c o m p ared  to  

th e  Rossby rad iu s  of d e fo rm a t io n  is often  of secondary  im p o r ta n c e ,  an d  th e  "ex is tence  

[of a  purely osc il la to ry  b o u n d a ry  layer] is com m only  a s s u m e d  in th e  m odelling  of tida l 

es tuaries"  (Soulsby 1983). However, o th e r  a ssu m p tio n s  m a d e  in th e  deve lopm en t of 

th e  m odel a re  m o re  tro u b le so m e .  T h e  advective te rm s  w ere o m i t te d  from (6 .5). a l­

th o u g h  a m ean  e s tu a r in e  c i rcu la t io n  clearly exists in J u a n  d e  Fuca S tra i t .  In ad d i t io n ,  

th e  cu rren t is m easu red  ab o v e  a  su b m arin e  hill as o p p o sed  to  a  flat b o t to m .

b) The Effect o f  R o ta t ion

The flip in ro ta t io n  sense  of th e  M 2  tidal ellipse below  105 m can be d u e  n e i th e r  

to  l inear  com bina tions  o f  th e  in te rna l modes ( th e  ho r izo n ta l  cu r re n ts  associa ted  w ith  

th e  first th ree  baroc lin ie  m o d e s  are  nearly  cons tan t below 1 0 0  m ) nor to  friction a c t in g  

on th e  cross-channel flow d irec tly . R a th e r ,  it m ay  be  th e  re su lt  of a  breakdow n in th e  

geos troph ic  ba lance  ins ide  th e  w ell-m ixed b o t to m  layer, w here  th e  tida lly  induced  

p ressu re  g rad ien t rem a in s  c o n s ta n t  w ith  dep th  while t h e  a long-channel M 2  t id e  is 

r e ta rd e d  by b o t to m  fr ic t ion . .Accelerations in th e  c ro ss -channe l  d irec tion  can be 

d e te rm in e d  from th e  s im plif ied  e —m o m en tu m  e q u a t io n :  -f f u  =  w here

subsc r ip ts  in d ica te  d er iva tives .  C onsider  the  balance a t  105 m  (F igu re  6 . 1 ) d u r in g  

m a x im u m  flood t ide , w ith  th e  along-channel M 2  c u r re n t  u % 0.55 m s  *, an d  r % 0  

( im p ly ing  % 0). T h e  p re s su re  g rad ien t is thus  % —0.55 / p  . S tra t if ica tion  below 

100 rn is sufficiently sm a l l  a t  s ta t io n  C7 (Figure 6.5) t h a t  th e  cross-channel p ressu re  

g rad ie n t  is essen tia lly  c o n s ta n t  w ith d ep th .  Therefore , a t  125 m  d e p th ,  where u % 0.45 

m s  4 -0 .45 / ~  0 .5 5 / .  In teg ra t in g  over th ree  hours, v is o f  th e  o rd e r  0 . 1 / x 3 x 3 6 0 0 .  

or 0 . 1  m s  \  rough ly  th e  difference in cross-channel ve lo c ity  betw een these  d e p th s  

(F ig u re  6 . 1 ). T h e  n o r th w a rd  acce lera tion  implies th a t  t h e  ellipse  should  ro ta te  in an 

anticlockw ise d irec tion  in th e  b o t to m  boundary  layer, in a g re e m e n t  w ith  th e  d a ta .
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c) Oscillatory P lanetary  Flow

T he  previous ana lysis  of rectilinear osc il la to ry  b o u n d a ry  layer flow can  be  

ex ten d ed  to  inc lude  th e  Coriolis  effect (P  rand  le 1982: B ow den et al. 1959). In th is  

case, th e  clockwise an d  anticlockw ise ro ta ry  co m p o n e n ts  of th e  t ide  a re  m ode lled  

separate ly , an d  th e  e q u a t io n  of m otion  analogous to  (6.5) becom es

M  .  „

w here Q =  U +  i V . an d  S =  d(^ /dx  +  id Ç /d y .  For th e  two ro ta ry  com ponen ts ,  th is  

becom es

i(uj +  f ) R "  =  | - ( . 4 ^ . ^ ^ )  -  g S ^  (6 .8 )
a :  '■ a z

-  d  d  R ~
- f ( w - / ) A  = - ( . 4 ^ — ) -  ^ 5

where R  =  e =  ?R[S'*’e*'*' ]̂. an d  .9 =  e

T h e  freest ream  values a re  g iven  by A  =  i g S ^ / { u z  +  / )  an d  R  = —i g S  /{^ '  — / ) .
cc oc

For a linear e d d y  viscosity  d is tr ib u tio n  (i.e. .4 =  /cu_r). th e  solutions are  again

given by (6 .6 ). a l th o u g h  th e  pa ram ete rs  are  so m ew h a t  d ifferent. For the  (an tic lo ck ­

wise.clockwise) ro ta t in g  co m p o n en ts ,  U .  U S .  an d  lj (in E. a n d  E^) in (6 .6 ) becom e 

{ R ^  . R  ). ( R ^  . R  ). (S ' ' ’ . S  ). and  (u;-i- f .  — / ) .  respectively .
O C  O C

T he  so lu tions  for th e  tw o ro ta t ing  co m p o n en ts  (F ig u re  6.4) are found using

and  z^ p a ram e te rs  from log-layer fits to each c o m p o n e n t  separa te ly .  .As th e  m a g n i­

tudes  of the  two co m p o n e n ts  are  different in .Juan de  Fuca S tr a i t ,  one would e x p e c t  

th e  friction velocities to  be  different. T he  roughness scales, how ever, should be  reaso n ­

ab ly  sim ilar in value. T h e  log layer fits are  in d ica ted  by th e  s h o r te r  lines, ex te n d in g  

to 90 m d ep th ,  in F igure  6.4, while the  b o u n d a ry  layer m a g n itu d es  and  phases a re  

deno ted  by th e  longer lines. T h e  results are  su m m a r ise d  in T ab le  6.2.

T he  b o u n d a ry  layer  height is sensitive to  th e  choice o f  friction velocity  a n d  

roughness p a ra m e te r ,  b u t  in bo th  cases, th e  p red ic tion  is so m ew h a t closer to  th e  

observed d a ta  for th e  an tic lockw ise  { R ^ ) as opposed  to  th e  clockwise co m p o n en t.
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Fig. 6.4. O scilla to ry  b o u n d a ry  layer fit to  th e  an tic lockw ise  ( th ick  lines) and  clock­
wise ( th in  lines) ro ta ry  co m p o n en ts  of the  M 2  t id a l  ellipse: a) m ag n itu d e  an d  b) 
phase. Solid lines a re  d a ta ,  dashed  lines represent th e  bes t m odel fit. and d o t te d  lines 
represent the  fit for set to  0.006 m. T h e  sh o r te r  lines in a) represent th e  log-layer 
fit to  the  m a g n itu d e  only, used to  de term ine  u an d  r  .

For th e  best fit log-layer ( th e  first two d a ta  co lum ns  in T ab le  6.2). the  b o u n d a ry  

layer height =  u^/(u,- 4 - / )  % 30 m is an o rd e r  o f  m a g n i tu d e  sm aller  th a n  S = 

f/_/(a-- — / )  % 4-50 m. T h is  fit. however, does not a p p e a r  to  be physical. ,\’ot only 

is the  roughness p a ra m e te r  th ree  orders of m a g n i tu d e  la rger  for th e  clockwise ro ta ry  

com ponen t,  bu t th e  fr ic tional velocity is larger as well, even th o u g h  the  d a ta  suggest 

th a t  the  near b o t to m  stress  is sm aller (F igure  6.4).

Se tt ing  =  0.006 m for both ro ta ry  c o m p o n e n ts  leads to  more reasonable  

values for th e  friction velocity  (Tab le  6.2). T h e  an tic lockw ise  b o u n d a ry  layer th ickness 

is doubled  to  <5̂  % 60 m , b u t  is still much sm aller  th a n  6 . T h e  freest ream velocities 

{ R ^  and  R  ) are  not very  sensitive to changes in th e  an d  ~ param eters .cc ^  • o
In th e  lowest 10 m e tre s ,  th e  clockwise phase  is fairly  well p red ic ted  for bo th  

choices of the  u an d  p a ra m e te rs  (F igure 6.4). ( T h e  m easu red  phase is re la tive , 

and  since s tra t if ica tion  above  th e  b o tto m  layer m e an s  th e  phase  need not go to  zero
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Table  6.2. O sc il la to ry  B o u n d ary  Laver M odel for th e  M'2 t id e

R ~ R ~

u. ( X 1 0  ^ m s ' ) 8.26 13.78 15.03 11.03

( X 1 0 “ ^ m) 0 .0 2 " 23.32" 6 .0 ^ 6 .0 ^

log-layer height ( m ) 17 13 9 9

boundary layer height <5 (m) 33 -151 60 362

99% velocity height (m) 17 37 35 27

free stream  velocity (m s~*) 0.28 0.23 0.30 0 . 2 2

free param eter 

 ̂ constrained

w ith  height, th e  m easu red  p h ase  can be shifted to  coincide w ith  th e  p red ic tion  for 

z =  0.006 m.) T h e  m ism a tc h  in th e  anticlockwise phase  is s im i la r  to  t h a t  o f  th e  earlie r  

results  for rec ti l inear  flow (F ig u re  6.3) bu t  th e  m a g n itu d e  of t h e  e r ro r  is larger.

Both  co m p o n en ts  reach 99% of th e ir  freestream  values close to  th e  top  of 

th e  well-m ixed layer, a l th o u g h  R  is less th a n  typ ica l m e a su re d  m id -d e p th  values, 

while FZ is cons iderab ly  g rea te r .  In o th e r  words, th e  p re d ic te d  a long-channel and  

cross-channel A/2 tid a l  m a g n i tu d e s  of 0.52 and  0.08 m s  *. respec tive ly , a re  not seen 

th ro u g h o u t  m ost o f  th e  w ate r  co lu m n . .Above the  well-m ixed b o t to m  layer, however, 

th e  s tru c tu re s  of th e  in te rn a l  t id a l  m odes vary w ith  d e p th  a n d  th e  m ode l canno t be 

ex p ec ted  to  account for in te rna l  m odes. In add ition , ba roc lin ie  m odes  a re  caused by 

th e  in te rac t ion  of th e  m a in  t id e  w ith  topography, be ly ing  th e  e a r l ie r  a s su m p tio n  of a  

f la t-bo ttom . T h a t  in te rna l  t ides  ex is t  in th e  along-channel d i re c t io n  can be seen in 

th e  dev ia tion  of th e  ac tu a l  A/2 tid e  from th a t  p red ic ted  by t h e  s im p le r  analysis  of 

rec t i l inear  oscilla tory  flow (F ig u re  6.3). T h e  second panel sugges ts  th a t  th e  com bined  

m a g n i tu d e  of th e  in te rna l  A/2 t id e s  should  be of th e  o rd e r  O.l m  s *.
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6 .3  Internal T id es

S p ec tra  of re s id u a l  (de- t id ed )  curren ts  show co n s id e ra b le  energy  a t  frequencies 

b o th  slightly  h igher  a n d  low er th a n  those associa ted  w ith  th e  m a in  tidal periods. T h is  

sm earing  o f  en e rg y  is in d ica t iv e  o f  in ternal tides (VVunsch 197-5: Pugh 1987). W hile  

in te rn a l  tides a re  necessar i ly  g en e ra ted  at t ida l frequencies  th ro u g h  th e  in te rac t ion  of 

deep-sea  tides w ith  to p o g ra p h y ,  th e ir  phase re la tive  to  th e  b a ro trop ic  t id e  m ay  vary 

in t im e  owing to  th e  c h an g in g  hydrographic  s t r u c tu re  w ith in  th e  s tra i t .  T h is  effect 

increases w ith  d is ta n c e  from  th e  genera tion  s ite (s) .  b eca u se  phase  speeds also depend  

on th e  density  profile, r e su l t in g  in th e  fu r ther  b ro ad en in g  o f  sp e c tra l  bands in th e  tidal 

energy  s p ec tra  a ro u n d  t id a l  frequencies. In te rna l t id es  a re  fairly  s trong  in .Juan de  

Fuca S tra i t ,  as c learly  seen  in th e  variation w ith  d e p th  (above  th e  b o t to m  b o u n d a ry  

layer, where b o t to m  fr ic t ion  re ta rd s  flow, a l te r ing  even  th e  baro trop ic  com p o n en t)  of 

th e  m a g n itu d e  o f  in d iv id u a l  ha rm o n ics  such as .\f'2 a n d  A' 1 (F ig u re  6.1): th e  O l .  .V2. 

P i .  an d  5 2  h a rm o n ic s  ex h ib i t  s im ila r  variations in m a g n i tu d e  w ith  d ep th .

T he  vertica l s t r u c t u r e  of th e  modes is c a lcu la ted  by num erica lly  in teg ra tin g  th e  

T ay lor-G oldste in  re la t io n  (2.-36). T h e  first and  second der iva tives  { a \  an d  u- ) are  

each d iscretised  using  a  second -o rde r  centred  schem e, a n d  th e  shoo ting  m e th o d  is used 

to find the  e igenvalues o f  c  w hich  satisfy  the  b o u n d a ry  co n d it io n s .  W ith  .\ typ ically  of 

o rd e r  10  ̂ s * w ith in  .Juan d e  F uca  S tra i t ,  th e  h y d ro s ta t ic  ap p ro x im a tio n  (u.'  ̂ <C .V^) 

is clearly  satisfied for th e  .V/2 tida l com ponen t,  w here  vt; % 10 s Similarly, the  

Coriolis p a ra m e te r  /  varies  by on ly  0.4% from its m e a n  value o f  1.1 x 10 s * w ith in  

th e  s tra i t ,  ju s t i fy in g  th e  use of th e  / - p la n e  a ssu m p tio n .

T he  ac tu a l  d e n s i ty  profiles used in calcu la ting  th e  vertica l  m odes a t  each C T D  

s ta t io n  are th e  m e an  of a t  least 4 C T D  casts tak en  a t  each  s i te  over th e  two week 

dep loym en t.  P r io r  to  averag ing ,  spikes in the  in d iv id u a l  ca lcu la ted  cr̂ . caused  b\- 

m ism atch es  in th e  re sp o n se  t im es  of the  th e rm is to r  a n d  co n d u c t iv i ty  sensors, are  

rem oved  and  th e  profiles a re  so r ted  (increasing d e n s i ty  w ith  d e p th )  to  o b ta in  th e  

eq u i l ib r iu m  density . S p ike  rem oval involves iden tify ing  la rge  ju m p s  in density  (g rea te r
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Fig. 6.5. V ar ia t io n  in th e  m ean  density  profiles in th e  a) cross-channel d irec tion : 
S ta tions  C 6  ( th in  so lid). C7 ( th ick  solid), a n d  C 8  ( th in  d ash ) ,  an d  b) a long-channel 
d irection: A4 ( th in  solid). .A5 (th ick  solid), an d  .A6  ( th in  dash ) .

- 3 ,
th an  0 . 2  kg m  ) over regions of sm all (less th a n  2  m ) vertica l e x te n t  and  rep lacing  

them  w ith  values in te rp o la te d  linearly from values ju s t  above  an d  below.

T h e  va r ia t ion  in d en s i ty  profiles in th e  along- an d  cross-channel d irec tions  

(F igure  6.5) is sm all  over th e  27 km separa t ing  C T D  S ta t io n s  .A4 and  A6  and  th e  5 

km  sep a ra t in g  S ta t io n s  C 6  a n d  C 8 . respectively. T h e  lack of a  s trong  a long-channel 

dependence  in th e  s t ra t i f ic a t io n  in the  cen tra l  p a r t  of .Juan d e  Fuca S tra i t  is consis ten t 

w ith the  co n s tan c y  of d e n s i ty  profiles du ring  th e  t im e  series taken  above the  .ADCP 

site  (F igure  4.3) a n d  ind ica te s  th a t  th e  m odal s t r u c tu r e  is re la tive ly  ind ep en d en t 

of the a long-channel location . T h ere  is slightly  m o re  var ia tion  in th e  cross-channel 

d irection , due  to  th e  sloping  in terface and  th e  effect of th e  sidewall ju s t  to th e  n o r th  

of S ta t ion  C 8 . b u t  th e  effect on  th e  first few baroclin ie  m odes  for th e  .V/2 tide  is sm all 

( Figure 6 .6 ).

T h e  M 2  t id a l  h a rm o n ic  is reconstruc ted  from  th e  t ida l results  (m a jo r  axis, 

m inor axis, phase , a n d  inc lina tion ) of F o rem an ’s ana lysis  of the  21-day 1996 A D C P
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Fig. 6.6. V ariation  in th e  vertica l s t ru c tu re  of the  second a long -channe l  m ode  at 
th e  M 2  frequency. T h e  m odes a re  ca lcu la ted  by in teg ra tin g  th e  Taylor-G oldstein  
eq u a t io n  w ith  no background  flow a t  each C T D  S tation: C7 ( th ic k  solid). CS (solid). 
C 6 ( th in  solid), .A.5 (th ick  dash ) .  .A.4 (dash),  and .V6 ( th in  d a s h ) .

cu rren t .  For th e  purposes of f i t t ing  to  th e  theoretical t ida l m o d e s ,  only  curren ts  

betw een 108 m and 40 m d e p th  a re  used: below 108 m . fr ic t ion  c learly  affects the  

m easu red  cu rren ts  (F igure  6.1. first panel) and  above 10 m . gaps  in the  cu rren t 

d a t a  u n d e rm in e  the  re liab ility  of th e  tidal analysis. T h e  fit to  th e o re tic a l  m odes is 

accom plished  by m in im ising  th e  root m ean square difference b e tw ee n  th e  m easured  

M 2  cu rren t  a n d  a linear c o m b in a tio n  of the  baro trop ic  and  b a ro c l in ie  m odes over one 

tida l cycle and  allows each m ode  to  have an independent phase  as well as m agn itude . 

T h e  resu lts  a re  independen t of th e  t im es te p  (i.e. of the  n u m b e r  o f  po in ts  in th e  M 2  

cycle) used to  recrea te  th e  t ida l c u r re n t .

T h e  vertical s t ru c tu re  of th e  m odes calcu la ted  using t h e  hyd ro g rap h y  a t  the  

C T D  s ta t io n  nearest th e  A D C P  s i te  (i.e. C7) changes in th e  p re sen ce  o f  a background 

flow (F igu re  6.7). T h e  backg ro u n d  flow used is the  m ean  m e a su re d  by the  .ADCP
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Fig. 6.7. V aria t ion  in vertica l s tru c tu re  of .V/2 b a ro c l in ie  m odes a t C T D  s ta t io n  
C7: a) first a long -channe l .  b) first vertical, c) second  along-channel. and  d) second 
vertica l.  T h e  m odes  a re  ca lcu la ted  by in te g ra t in g  th e  T aylor-G oldste in  eq u a t io n  
for no background  flow (th ick  solid), for waves trav e ll in g  in th e  positive x -d irec tion  
(eas tw ard ) in th e  p re sen ce  of the  m ean e s tu a r in e  flow ( th in  solid), and  for waves 
trave lling  in th e  n e g a t iv e  x-d irection  ( th in  dash ed ) .
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(F igu re  7.1) an d  affects incom ing  tida l  waves differently  f rom  ou tgo ing  tides, p a r t ic ­

u la rly  between d e p th s  o f  80 to  100 m. T here  are. the re fore ,  th re e  possib le  profiles for 

each in ternal m o d e  (no b ackg round  flow, and  >  0 o r  A: <  0 for a  backg round  flow).

The tida l  ana lysis ,  on  th e  o th e r  hand, does not resolve d irec tio n a l  differences 

in th e  M'2 tide; th e  re su lt in g  tida l com ponen ts  are  in effect an  average  of th e  incom ing 

an d  outgoing  waves. T h is  effect becom es m ore im p o r ta n t  as th e  a s y m m e try  of the  

baroclin ie  tides becom es g rea te r .  Therefore the  resu lt ing  m o d a l fit can  give only an 

ap p ro x im a te  e s t im a te  o f  th e  s tren g th s  of the  various m odes.

Inviscid wavelike p e r tu rb a t io n s  on a  m ean flow are  d isco n tin u o u s  a t  critical lev­

els. th e  heights a t  which th e  phase  speed  ecjuals th e  b ackg round  c u r re n t  (K u n d u  1990). 

T h e  rapid  sp a tia l  var ia t io n s  in th e  p e r tu rb a t io n  cu rren ts  m agnifies  th e  im p o rtan ce  of 

viscosity such th a t  “th e  sm all fr ic tional and non-linear effects, e lsew here  negligible, 

can  play a significant role" (Ped losky  1979). A crit ica l layer is fo rm ed  a round  the  

crit ica l level d u e  to  viscous effects, w ith in  which wave e n e rg y  an d  m o m e n tu m  is a b ­

sorbed . Waves c re a te d  as th e  m e an  cu rren t  flows over to p o g ra p h y  c a n n o t  p ropaga te  

l)eyond the  crit ica l layer an d  th e  resu lt ing  non-uniform  m o m e n tu m  flux can a l te r  the  

m ean  curren t .  T h e  T ay lo r-G o lds te in  modes in th e  p resence  of backg round  velocity 

have critical layers for th e  fourth  an d  higher baroclinie m odes.  T h e  vertica l resolution 

and  m e asu re m en t acc u racy  o f  the  cu rren ts  does not allow for m od e -f i t t in g  beyond the  

first one or two baroc lin ie  m odes, however, so this  in s ta b il i ty  c an n o t  be exam ined .

In .Juan de  Fuca S tr a i t ,  w ith  /  % 1.1 x 10 s *. K % 2 x 10* m. an d  H  % 

200 m. the  m in im u m  frequency  allowed for baro trop ic  P o in ca re  waves corresponds 

to  a  period of a b o u t  16 m in u te s  (2.27). T he  b a ro tro p ic  d iu rn a l  a n d  sem i-d iurnal 

t ides  are  there fore  K elv in  waves, and  have no cross-channel co m p o n en ts .  . \  It hough 

in te rna l Po incare  m odes  do  not exist a t  d iurnal frequencies (u; <  / ) .  th e y  m ay  exist 

a t sem i-d iurna l frequencies, p rov ided  th e  in tegration c o n s ta n t  c in (2.36) is such th a t  

th e  resulting w a v en u m b e r  (2.32) is real. This c r ite r ion  is not satisfied for th e  first 

baroclin ie m o d e  ca lcu la ted  w ith  or w ithou t background  flow, so th e  first in ternal 

m odes are also K elvin waves, ju s t  as Forrester (1974) found in th e  S t.  Lawrence. T he
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Table 6.3. M odal F it (in m s  * ) to  th e  .-Vlong-Channel M 2  T id a l  .Amplitude

barotropic with 1st barocbnic with 2nd baroclinie

no background flow 0.47 0.48 0.08 0.65 0.38 0.19

background flow. A >  0 0.47 0.48 0.05 0.56 0.15 0.07

background flow. A < 0 0.47 0.48 0.12 0.38 0.38 0.32

second baroclinie m o d e  has a  real w avenum ber for no backg ro u n d  flow (for m =  1 

only) and for A: >  0 in th e  presence of th e  m easured cu rren t (for m =  1 to  -5). but 

not for A- <  0 (i.e. seaw ard  p ropaga ting ) .  W ithout horizontal reso lu tion  of the  tidal 

curren ts ,  th e  Kelvin a n d  Po incare  m odes cannot be separa ted .

6.3 .1  T h e A lon g-C h an n el M 2  T id e

The a long-channel t ida l  m odes (F igure 6.7) are fit to  th e  s e m i-m a jo r  axis of 

th e  (u. [•) ro ta ry  t id e  (F igu re  6.1) between the dep ths  of 60 a n d  LOG m. Using only 

a baro trop ic  m ode (i.e. one a m p li tu d e  and  phase, in d e p en d en t o f  d e p th ) ,  the  tidal 

m agn itude  is 0.47 m s * (T ab le  6.3). T he  largest difference be tw een  th e  analysed  .\/2  

t ide  and th e  fit is 0.041 m s ' (Table  6.4). This erro r , abou t 10% of th e  barotropic 

tide, is slightly  la rger th a n  th e  m ean  u ncer ta in ty  (based on th e  95% confidence interval 

between 60 and  100 m  d e p th )  in th e  am p li tu d e  of the  sem i-m a jo r  ax is  of approx im ate ly  

0.027 m s ' (F igu re  6.1).

.A m in im isa tion  involving th e  first baroclinie m ode  in a d d i t io n  to  th e  barotropic 

m ode does not reduce  th e  largest difference. The a m p l i tu d e  of th e  b a ro trop ic  mode 

is essentially unchanged  from th a t  found for the baro trop ic  fit. while th e  strength  

of the  baroclinie m o d e  varies from 0.05 to  0.12 m s *. .Adding th e  second internal 

m ode reduces the  e rro rs  considerably, although th e  fact th a t  th e  baroclin ie  modal
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Table 6.4. RM S a n d  L argest Difference (m  s to  th e  A lo n g -C h an n e l  M odal F it

barotropic with 1st baroclinie with 2nd baroclinie

no background flow 0.017 0.041 0.014 0.041 0.010 0.027

background flow. A: >  0 0.017 0.041 0.013 0.040 0.004 0.017

background flow. Ar <  0 0.017 0.041 0.015 0.041 0.013 0.033

m a g n itu d es  a re  of th e  o rd e r  o f  th e  baro trop ic  t id e  suggests  t h a t  th e  fits for no b a c k ­

g round  flow a n d  for A: <  0 a re  erroneous. T he  rem a in in g  fit is also th e  one  w ith  the  

lowest errors, less th a n  th o se  assoc ia ted  with th e  m e a s u re m e n t  of th e  . \ /2  tide. T h e  

baro trop ic  m a g n i tu d e ,  0.56 m s  is in rough ag ree m en t w ith  th e  o sc il la to ry  p lan e ­

ta ry  m odel, i.e. R  =  0.52 m  s * (Table 6 .2). H owever, an  e a s tw a rd  m oving

K elvin wave would be  la rgest a t  th e  sou thern  coast an d  th e  p h ase  speed  of c., % 0.3 m 

s *, o b ta ined  as th e  c o n s ta n t  o f  in teg ra tion  (2.36). co rre sp o n d s  to  an  in te rn a l  Rossby

defo rm ation  rad ius  o f  ~  3 x 10^ m . T h a t  is. th e  h o r izo n ta l  velocities assoc ia ted
_ 1

w ith  this m ode  w ould be  over 10 m  s (2.30) a t  th e  so u th  coas t.  T h e  d a ta .  th e n ,  

a re  not a d e q u a te  to  an a ly se  th e  second in ternal m odes, a n d  o n ly  th e  first baroclin ie  

m o d e  is considered.

Errors in h e re n t in th e  h y d rog raphy  and  c u r ren t  m e a su re m e n ts  en su re  th a t  

th e re  are  differences be tw een  th e  m easured  tidal c u r re n ts  a n d  th e  m o d a l  fit. F u r ­

th e rm o re .  th e  T ay lo r-G o ld s te in  m odes assum e un iform  to p o g ra p h y  a n d  s tra t if ica tio n ,  

a n d  are therefore  th em se lv es  e s t im a te s .  Horizontal reso lu tion  o f  th e  c u r re n ts  would 

provide an  in d e p e n d e n t  m e th o d  of de te rm in in g  th e  d irec t io n  o f  p ro p ag a t io n  of th e  in­

te rn a l  m odes. W hile  th e re  a re  several historical d a t a  se ts  in th e  s a m e  a re a  com prised  

of a  num b er  of c u r re n t  m e te r  s ta t io n s  across the  s t r a i t ,  th e y  u n fo r tu n a te ly  have low 

vertical resolution.
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Table 6. 5. .V/2 P a ra m e te r s  from  1973 d a t a  (w ith  95% confidence in terval)

station semi-major axis ( m s  ' ) semi-minor axis ( m s '  ) phase orientation

115 ( -50 m) 0-46 (0.01) -1-0.002 (0.01) 336° 154°

115 ( LOG m) 0.24 (0.05) -hO.004 (0.05) 262° 154°

112 ( 50 m) 0.51 (0.01) -0.0.33 (0.01) 332° 159°

112 (100 m) 0.34 (0.10) -0 .028  (0.10) 288° 172°

In 1973, for e x a m p le ,  a  line o f  six s ta t ions  was occup ied  be tw een  Jo rd a n  River. 

B .C . and P illa r  P o in t.  \V A .  w ith  CM  DR cu rren t  m e te r s  a t  d e p th s  of 1-5 an d  .50 

m  a t  each s ta t io n ,  as  well as a t  LOO and  1-50 m  for th e  inne r  four. Ignoring cu rren t  

m e te rs  th a t  failed o r  t h a t  were w ith in  20 m of th e  b o t to m  (w here  fric tion significantly 

a l te rs  the  tides) ,  c o n c u rre n t  hourly  cu rren ts  a t  m ore th a n  one  d e p th  per  s ta t io n  were 

found  only a t  s ta t io n s  112 a n d  115 (F igure  3.5). D ep lo y m en t  2 was chosen to  m ore  

accu ra te ly  rep roduce  th e  1996 conditions. T h e  records  a t  -50 a n d  100 m  d e p th  were 

33 days in d u ra t io n ,  a l th o u g h  th e  d a t a  at 100 m  from  s ta t io n  115 had  a 9-day gap 

in th e  m iddle. . \  t ida l  an a ly s is  using the  Forem an ro u tin es  was used to  d e te rm in e  

th e  m a g n itu d e  an d  p h ase  of th e  M 2  com ponen ts  (T ab le  6.-5) a n d  th e  baro trop ic  and  

baroclin ie  m odes  c a lc u la te d  using 1996 hydrography  from  C T D  s ta t io n s  C3 and  CS 

w ere then fit to  the  A/2 t ide .

F it t in g  only  th e  b a ro tro p ic  m o d e  to the  observed  A/2 tide , th e  m a g n itu d es  were 

found to  be 0.29 and  0.40 m  s * a t  s ta t ions  115 and  112. respec tive ly  (Table 6.6). .As 

th e  w id th  of th e  s tra i t  is m uch  less th a n  the  (ba ro tro p ic )  Rossby rad iu s  of deform ation  

{R o  % 400 km ),  inviscid th e o ry  s ta te s  th a t  th e  m a g n i tu d e  of th e  b a ro tro p ic  t ide  should  

be  essentially  un iform  (e ~  0.95, where IF  is th e  w id th  o f  th e  s t ra i t ) .  However,

s ta t io n  115 is on ly  3.3 k m  aw ay from  the sou thern  b o u n d a ry ,  w hile  s ta t io n  112 is 

6.6 km  sou th  of th e  n o r th e rn  side  o f  th e  s t ra i t ,  and  s idew all f r ic t ion  m av  reduce the
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Table  6.6. M odal F it (in m s  *) to  th e  1973 .V/2 T id e

barotropic with 1st baroclinie

115 0.29 0.35 I..55

112 0.40 0.43 0.42

b a ro trop ic  t idal m a g n i tu d e  from  th a t  in the  m idd le  of th e  channe l.  For an  oscilla ting

flow, horizonta l b o u n d a ry  layers e x te n d  a d is tance  S % from  th e  sidewalls,

w ith  u: the  t idal frequency. For a  horizontal eddy  viscosity o f  .4̂  ̂ % 10^ m^s . 6 % 3 

km , while 6 % 8 km  for .4^ ~  10^ m^s \  T h is  suggests  t h a t  th e  b a ro tro p ic  t id e  a t 

s ta t io n  115 m ay  be r e ta rd e d  by th e  sou thern  coast. W h ile  th e  effect on s ta t ion  112 

is likely to be sm all,  th e  b a ro tro p ic  m agn itude  found is s im ila r  to  t h a t  from 1996, 

w ith  th e  difference likely d u e  to  th e  fact th a t  th e  cu r re n ts  a re  m e a su re d  at only two 

dep th s .

F it t in g  th e  b a ro tro p ic  an d  first baroclinie t ides  reveals  la rger baroclin ic ity  

at th e  sou th  m ooring  (T ab le  6.6). T h e  decrease in baroc lin ie  m o d e  s tren g th  from 

s ta t io n  115 to  s ta t io n  112 is th a t  expec ted  by inviscid theo ry ,  given a  Rossby rad ius 

of defo rm ation  for th e  first baroclin ie  mode. R; 10* m  and  a  s ta t io n  separa tion  

of 1.3 X 10* m  (i.e. e % 0 .42 /1 .55).  T h a t  is. th e  s i tu a t io n  is consis ten t w ith th e  

ex is tence  of an  inviscid baroc lin ie  m o d e  trap p ed  aga inst th e  so u th e rn  wall with none 

aga in s t th e  n o r th e rn  wall. T h is  resu lt is unrealistic , how ever, as th e  baroclin ie  m ode  

is m uch  larger th a n  th e  b a ro tro p ic  m ode, and  a  fac to r  of five (i.e. a t  s ta t ion  112) 

la rger th a n  was found in 1996. F u rthe rm ore ,  the  m easu red  difference in m a g n itu d e  of 

th e  to ta l  .4/2 t id e  betw een 50 an d  100 m  d ep th  (Table 6.5) is very  s im ila r  for s ta t ions  

112 and  115. W ith  only tw o  cu rren ts  a t  each s ta t io n ,  th e  fits becom e perfect '  in 

th e  sense th a t  all th e  var iance  can  b e  explained  by on ly  tw o  m odes. T h e  vertical
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reso lu tion  in the  h istorical d a t a  is insufficient to  accu ra te ly  d e te rm in e  th e  s t re n g th  of 

th e  along-channel baroclin ie tides .

6 .3 .2  T h e  C ross-C hannel A/2 T id e

.A.lthough th e  a long-channel A/2 cu rren ts  are re la tive ly  u n ch an g ed  with sm all 

angle  ro ta t ions ,  th e  choice of o r ie n ta t io n  significantly a l te rs  th e  m a g n itu d e  of the  

m uch  sm alle r  cross-channel c o m p o n en ts  (F igure  6.1). G iven th e  large u n ce r ta in ty  in 

th e  ca lcu la ted  sem i-m ajo r  axes (50% as m easured  by th e  95% confidence in terval) ,  

d e te rm in a t io n  of th e  cross-channel m oda l m agn itudes  is less re liab le  th a n  is the  case 

for th e  along-channel d irec tion .

.Another difficulty is th a t  a l th o u g h  b o tto m  cu rren ts  in th e  along-channel d i­

rec tion  are  energe tic  enough to  su p p ly  th e  po ten tia l  energy  n eed ed  to  rise above the  

s u b m a r in e  hill u n d e rn ea th  th e  .ADCP u n it ,  t idal cu rren ts  in th e  cross-channel d irec ­

tion . which are  m a x im u m  w hen th e  along-channel com ponen t is zero, are  m ore likely 

to  be deflected around th e  b u m p . (T h e  blocking height, or m a x im u m  height th a t  can 

be overcom e is / /  =  f ' / .V . w here  C  is th e  curren t speed a n d  .V is th e  buovancv
m a x  ' ‘ "

frequency.) W ith  \  % 10  ̂ s ' be tw een  dep ths  of 100 an d  150 m  at the  nearest 

d eep e r  C T D  s ta t ion  (s ta t io n  CS). b o t to m  along- and  cross-channel cu rren ts  of 0.1 

and  0.1 m s  * (F igure  5.1). respectively , lead to blocking he igh ts  of 10 and 10 m. 

w hereas th e  topography  u n d e rn e a th  th e  .ADCP rises a p p ro x im a te ly  -30 m above the  

su r ro u n d in g  dep ths) .  T hus, m o d a l s t ru c tu re s  calcula ted  for th e  .ADCP site m ay  not 

acc u ra te ly  reflect th e  t ru e  cross-channel cu rren t  s truc tu re .

.As Forrester (1974) n o ted ,  th e  baro trop ic  and  first ba roc l in ie  cross-channel 

m odes do not exist in a channel o f  w id th  and  la ti tude  s im ilar  to  .Juan de  Fuca S tra i t .  

T h e  best-fit second baroclin ie m o d e  on th e  sem i-m inor axis A /2  c u r re n t  (F igure  6.1) 

has a m a g n itu d e  of 0.05 m s \  w here  for reasons exp la ined  above , th e  s t ru c tu re  

w ith o u t background flow has been  used. However, th e  a m o u n t  o f  variance  exp la ined , 

a b o u t  60%. is com parab le  to  t h a t  for a first baroclinie m o d e  o f  m a g n itu d e  0.06 m 

s ' (i.e. s im ilar to  th a t  found for th e  along-channel tide) a n d  is less th a n  th a t  for
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Fig. 6.8. T idal p a ra m e te rs  for th e  A/2 cons ti tuen t  of th e  v e r t ica l  velocity  (w ith  90% 
confidence in tervals).

- I
a cross-channel b a ro tro p ic  t id e  o f  m a g n i tu d e  0.04 m s  ‘ . T h a t  is. th e  s t ru c tu re  of 

th e  m easured  tida l cu rren t  c a n n o t  d is tingu ish  be tw een  th e  b a ro tro p ic  a n d  first two 

baroclin ie  m odes. A d d it io n a l  d a ta ,  such as cu rren ts  above  40 m  d e p th  o r  m easu re ­

m e n ts  a t  more th a n  one lo ca tion ,  a re  needed  to p roperly  fit t h e  m odes  to  th e  observed 

cross-channel cu rren ts  a t  t id a l  frequencies.

6 .3 .3  T he V ertica l M2  T id e

T he  m easured  A/2 ver tica l velocity  is roughly  two o rd e rs  of m a g n i tu d e  less 

th a n  th e  a long-channel c o m p o n e n t  (F ig u re  6.8). a n d  th e  p h a s e  above  th e  bo ttom  

m ix ed  layer is m uch  m ore  u n ifo rm  (F ig u re  6.1 ). If th e  best fit first baroc lin ie  vertical 

m o d e  is out of phase  w ith  th e  assoc ia ted  horizontal m ode , as  shou ld  be  th e  case for 

a K elv in  wave, th e  d irec tion  of p ro p ag a t io n  can be d e te rm in e d .
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Fig. 6.9. .Magnitude o f  th e  a) horizontal and  co rrespond ing  b) b a ro trop ic  and  c) 
baroclin ie  vertica l m odes  (f rom  th e  T aylor-G oldste in  e q u a t io n )  a t  s ta t io n  C7. For a 
t id a l  wave trave lling  in th e  pos itive  (negative) d irec tion , th e  vertica l velocities shown 
o c c u r  a  q u a r te r  period  a f te r  (before) th e  horizontal velocities.

.Multiplying th e  ca lcu la ted  vertical baro trop ic  T ay lo r-G oldste in  m ode  (F ig ­

u re  6.9) by th e  b a ro tro p ic  ho rizon ta l  t idal m a g n itu d e ,  a b o u t  0.5 m s * ,  im plies a 

m a x im u m  vertical velocity  o f  3 x 10 m s ' a t th e  surface , negligible com pared  

to  b o th  th e  m ean  of. a n d  d e p th  variations in. the  observed  vertica l t ide  of roughly 

X 10 m s  .

F i t t in g  th e  first ba roc lin ie  m ode  yields a  m a g n i tu d e  o f  1.34 (com pared  to 

0.05 to  0.15 for th e  a long -channe l com ponen t.  T ab le  6.3) a n d  a  phase  lag of 66° 

re la t ive  to  th e  horizon ta l baroc lin ie  tide. T h e  large m a g n i tu d e  is d u e  to  the  fact 

th a t  the  observed  ver tica l t id e  (F ig u re  6.8) has a s u b s ta n t ia l ly  non-zero  d e p th  m ean. 

C lear ly  th e  vertica l t id e  has been  affected by th e  horizon ta l t id e ,  since th e  baroclinie 

ver tica l m odes  go to  zero  a t  th e  b o t to m  (F igure  6 .9). It was shown in C h a p te r  5 

th a t  horizontal c o n ta m in a t io n  of th e  vertical velocities by th e  ho rizon ta l com ponen ts  

d u e  to  possible biases in th e  m easu red  pitch  and  roll angles docs  not occur. This
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can also be  seen by co m p ar in g  the  vertical t ide  (F igure  6.8) to  th e  along-channel tide  

(F igure  6.1). W hile  th e  m a x im u m  in the  vertica l t ide  a t  SO m d e p th  roughly coincides 

w ith  an e x t re m u m  in th e  horizontal tide, th e  e x t re m u m  at 95 m  is offset from  th a t  

in the  horizonta l t id e  by a b o u t  10 m.

T h e  non-un ifo rm  topography  and  s tra t if ica tion  in .Juan de  Fuca S tra i t  m ay 

cause th e  vertical s t ru c tu re  of the  (horizonta l)  in terna l m odes to  vary in b o th  the  

along- and  cross-channel d irections in a  m a n n e r  unlike th e  wavelike varia tion a ssum ed  

in governing eq u a t io n s  such as the  T ay lor-G oldste in  rela tion . T h e  spatial varia tion  

of the  horizontal in te rn a l  tides near regions w here  to pog raphy  o r  s tra t if ica tion  vary 

rap id ly  can lead to  vertica l cu rren ts  of t idal frequency which are  much larger th a n  

those  given by th e  govern ing  equations. It is the re fore  not possible to d e te rm in e  th e  

d irec tion  of p ropag a t io n  for th e  in ternal tides in .Juan de Fuca S tra i t  using th e  re la tive  

phase of th e  vertica l a n d  horizontal com ponents .

.-\ p roper  e x a m in a t io n  of the  tidal m odes in .Juan de  Fuca S tra i t ,  as was done 

in the  St. Law rence (F o rres te r  1974). therefore  requires  bo th  horizontal and vertical 

resolution in the  m e asu re d  curren ts . In ad d it io n ,  th e  velocities associated  w ith  the  

ca lcu la ted  in te rna l m odes  are  typically  of one sign below 60 m. Therefore, cu rren ts  

in the  u p p e r  par t  of th e  w ater  colum n would be beneficial to  d istinguish  betw een the  

various baroclin ie  m odes, as noted par ticu la r ly  in th e  analysis  of the  cross-channel 

t ide , which ap p ea red  nearly  baro tropic .
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C h ap ter  7

Mean and Non-Tidal Fluctuations

7.1 R esid ual E stu arin e C ircu la tion

T h e  m ean  residual (de- t id ed )  a long-channel cu rren t (F ig u re  7.1) over  th e  21- 

d a y  dep loym en t shows th e  e x p e c te d  e s tu a r in e  circulation; outflows in th e  u p p e r  layer 

reach  —0.26 m s  a t 40 m , while inflows reach  0.13 m  s * in th e  b o t to m  w ell-m ixed 

layer. T h e  m ean  c u r re n t  is zero  a t  85 m . th e  sam e d ep th  as L ab recq u e  et al. (1994) 

found  a t  a  s im ilar d is ta n ce  from  th e  coas t us ing  cu rren t m e te r  d a t a  from  1973. T h e  

m e an  residual cross-channel (i.e. 10° eas t  of n o r th )  cu rren t  is fairly la rge th ro u g h o u t  

m uch  of th e  w ater co lum n, peak ing  a t  a b o u t  —0.06 m  s * (i.e. s o u th w a rd )  a t  95 

m  d e p th .  T he  m ean  vertica l c u r ren t  (no te  th e  separa te  scale) revea ls  a  20 m  th ick 

convergence layer cen tred  (i.e. th e  loca tion  o f  the  m a x im u m  slope) a t  87 m . ju s t  

above  a  10 m  thick d ivergence layer cen tred  a t  100 m.

7 .1 .1  C om parison  to  G eo stro p h ic  F low

a) Along-Channe l

T h e  along-channel c u r re n t  is essen tia lly  unchanged by sm all  ro ta t io n s  o f  th e  

(ti. I’) axes away from th e  m e a n  inc lina tion  of th e  A/2 tida l  ellipse. 10° s o u th  of east 

(F ig u re  7.2). T he  geos troph ic  a long-channel flow, based on th e  s t ra t i f ic a t io n  a t  several 

C T D  s ta t ions  on th e  C-line a re  also shown, for a  range of cross-channel sea  surface 

slopes. T he  geostrophic  velocity  varies considerably  w ith  th e  choice o f  d ifferent 

C T D  s ta t io n  pairs, especially  in th e  in terfac ia l  region a t 85 m d e p th .  T h e  ca lcu la ted  

cu r re n ts  for s ta t ion  pairs  C6-CS an d  C5-C8 a re  sim ilar a t  th e  b o t to m  a n d  above  60 

m . however, suggesting th a t  th e  d y n a m ic s  a t  m id -dep ths  is s ign ifican tly  a l te r in g  th e  

hydrography . T he  geos troph ic  c u r re n t  be tw een  th e  s ta t ions  C6 an d  C8. th o se  d irec tly
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Fig. 7.1. M ean residual (i.e. d e t id ed )  cu rren ts  in J u a n  de  F u ca  S tra i t  over th e  en t i re  
d ep lo y m en t.  T h e  { x . y )  axes  a re  ro ta te d  10 clockwise from  (ea s t ,n o r th ) .

on e i th e r  side of th e  .ADCP, suggest t h a t  the  cross-channel su rface  s lope lies betw een

(  % 2 X 10 an d  ^  % 2.5 x 10y
T h e  m e asu re d  c u r re n t  does not a p p ea r  to  be  geos troph ic  a t  any  d e p th ,  w ith  the  

possible  excep tion  of th e  region be tw een  60 and  80 m d e p th  if ~  2.5 x 10 ^ . O u ts id e  

th is  region, th e  cu rren ts  a r e  la rger  in m a g n itu d e  th a n  geos troph ic .  suggesting  t h a t  

th e  exchange  flow is en h an c ed .  .At th e  b o tto m , i.e. below 100 m , th e  large cu rren ts  

a re  unlikely to  be  th e  resu lt  of vertica l convergence d u e  to  b o t to m  topog raphy : th e
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Fig. 7.2. V ariation  of m easu red  a) a long-channel and  b) cross-channel c u r re n t  ( th ick ) 
w ith  axes ro ta t ion  (degrees clockwise from  eas t-no rth ) ;  10 (solid). 15 (d a s h ) ,  a n d  
5 (d o t-d ash ) .  .4Iso shown are  th e  g eos troph ic  velocities ( th in ) .  T h e  a long-channel 
geos troph ic  velocity is based on th e  s tra t if ica t io n  a t  C T D  s ta t ions  C4 a n d  CS, using  
th e  c ross-s tra it  surface slopes show n, w hile  th e  cross-channel g eos troph ic  velocity  is 
based  on th e  hydrography  a t  th e  pa irs  o f  C T D  s ta t ions  shown. T h e  a lo n g -s t ra i t  
su rface  slope used, ^^ =  2 x 1 0  , is th a t  for which th e  geostroph ic  a n d  m e asu re d
c u rre n ts  m a tch  a t  th e  top  of th e  E k m a n  layer (105 m).
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m ean  vertical c u rren t  is negative and  largely d ivergen t (F igu re  7.1). U n fo r tu n a te ly ,  

th e  nearest C T D  s ta t io n s ,  C6 and C8. lie 2000 m  on  e i th e r  side of th e  .4D C P  s i te  an d  

a re  over 1500 m  aw ay from th e  subm arine  hill, so th e  profiles a t these  s ites  m a y  no t 

be rep resen ta tive  of th e  local hydrography.

b) Cross-Channel

T h e  s trong  tran sv e rse  currents  a t  m id -d e p th  rem ain  unchanged  u n d e r  axes 

ro ta t ions  of 5 (F ig u re  7.2). a lthough cu rren ts  in th e  u p p e r  and lower layers  a re  

significantly a l te red ,  raising th e  question of th e  true" cross-channel d irec tio n .  T h e  

lack of d a ta  above 40 m  m akes it im possible to  d e te rm in e  th e  o r ien ta tion  for which

th e  m ean  transverse  cu rren t  is zero. T h e  local d e p th -m e a n  cross-channel flow m ay

not be zero anyw ay d u e  to  blocking of cu rren ts  by th e  su b m arin e  hill.

In th e  b o t to m  b o u n d a ry  layer, th e  simplified m o m e n tu m  equa t ion  is

  T f v  =  — p  (7.1 )
/'o = / ' o '

w here the  accelera tion  an d  molecular viscosity te rm s  have been o m itted .  In teg ra t in g

from th e  b o t to m  to  a  height h a t  the  top  of th e  E k m a n  layer yields

h V  =  -t- h p j f p ^  (7.2)

where the  to ta l  t r a n s p o r t  h V  is com prised of th e  E k m a n  plus geostrophic  t r a n s p o r ts .

T h e  stress a t th e  to p  of th e  Ekm an layer is zero (i.e. th e  cu rren t is in geos troph ic  

ba lance),  while th a t  a t  th e  b o tto m  is p a ra m e te r ise d  by il % u % A / ~ C  

w here  is th e  tidal m a g n itu d e  and u is th e  m ean  cu rren t .

.A.n along-channel sea surface slope, is requ ired  to  d e te rm in e  th e  g eos troph ic

t ra n s p o r t  and  th is  is found by equa ting  th e  m easu red  and  geostrophic c u r re n ts  a t  

th e  top  of th e  E k m a n  layer. T h e  geostrophic cross-channel cu rren ts  ca lcu la ted  from  

various pairs  of along-channel C T D  s ta t ions  are  rem a rk ab ly  sim ilar,  especia lly  below 

40 m d ep th  (F igure  7.2), and  ^ % 2 x 10 ' ,  w here  h =  105 m , the  d e p th  a t  which 

th e  cross-channel c u r re n t  profile has a  sharp  change.
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W ith  a  to t a l  t r a n s p o r t  o i  h V  =  0.01 m^s ' an d  a  geos troph ic  t r a n s p o r t  of 

—0.30 m^s th e  d rag  coefficient is e s t im a te d  to  be  % 4 x 10 *. co n s id e ra b ly  less 

th a n  th e  values e s t im a te d  from th e  log-layer fits. . \  d rag  coefficient of C ^  ~  3 x  10 

im plies m e an  E k m a n  velocities in th e  lower layer o f  0.12 m s  equal to  th o s e  seen 

in th e  a long-channe l d irec tion . Clearly, an  axes o r ien ta t io n  of 90° is in c o rre c t .  For 

C ^  ~  3 X 10  ̂ a n d  th e  axes o r ien ta t io n  of 10°. th e  E km an  t r a n s p o r t  is b a la n c e d  for 

a sea surface  s lope  o f  ~  2 x 10 ^ . T h e  resu lt ing  geostroph ic  c u r re n ts  a re  pos it ive  

th ro u g h o u t  th e  w a te r  co lum n, w ith  a  m ean  value of 0.15 m s *. also not rea lis tic .  

T h e  E k m an  t r a n s p o r t  can n o t be closed, and  th e  sea  surface s lope is tak en  as t h a t  for 

which th e  c u r re n t  a t  105 m  is in geostroph ic  ba lance , i.e. % 2 x 10

T h e  sea surface  pressure  g rad ien t  co rrespond ing  to  th e  surface  s lope, =  

~  2 X 10 is a b o u t  ha lf  of the  long-term  m e an  m easu red  in .Juan de  Fuca  S tra i t  

from tida l sea-surface  an d  a tm o sp h er ic  p ressure  gauges (F igure  3 .4). T h e  im p lic a t io n  

is e i th e r  th a t  th e  sea-surface  pressure g rad ien t is non-zero  in w in te r,  th a t  th e  s i tu a t io n  

in 1996 was significantly  different from  th e  long -te rm  m ean , or t h a t  th e  a long -channe l  

sea-surface p ressu re  g rad ien t in the  m id d le  section o f  th e  s t ra i t  is less th a n  th e  s t r a i t  

as a  whole. In teres t ing ly , th e  results  of M asson an d  C u m m in s '  (1999) n u m e ric a l  

m odel of th e  c u r re n ts  on th e  west coast of V ancouver Island a n d  inside  th e  J u a n  de 

Fuca S tra i t  show th a t  m ost of th e  sea-surface d rop  inside the  channe l occurs n e a r  th e  

m o u th ,  i.e. t h a t  th e  p ressu re  g rad ien t inside th e  s t ra i t  is indeed  lower.

7 .1 .2  V o lu m etr ic  O utflow

T h e  average  freshw ater  inpu t from  th e  F raser River was a b o u t  6200 m^ s * for 

b o th  th e  20-day per iod  cen tred  over th e  m idd le  of th e  A D C P  record  an d  th e  20-day  

period one week earlie r .  D uring  th e  s u m m e r ,  th e  F raser  co n tr ib u te s  a b o u t  509c o f  th e  

freshw ater  in p u t in to  th e  S tra i t  of Georgia. T h e  average sa lin ity  in th e  u p p e r  layer  

(above 85 m ) is 32.4 an d  32.0 psu a t C T D  s ta t io n s  C4 an d  C8. respectively , w h ile  th e  

lower layer m e an  is 33.8 psu for bo th  s ta t ions .  T h e  vo lum etric  outflow  in J u a n  d e  F uca 

S tra i t  ex p ec ted  from  th e  K nudsen  re la tion  (2.2) is =  12400/(1 —32 .2 /33 .8 )  ~  0.26
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Sv. w here  1 Sv (S v e rd ru p )  =  10^ s \  T h is  is a p p ro x im a te ly  th e  sam e as th e  

0.27 Sv resu lt  L ab recq u e  et al. (1994) ca lcu la ted  using  m e a su re m e n ts  betw een M ay 

16 and  J u ly  15. 1975 from  a  s t r in g  of cross-stra it  m oorings in th e  s a m e  region. T h e  

m ean  F raser  inflow o v er  th e  p e r io d  of observa tion  in 1975 was a b o u t  7300 m^ s 

a l though  th e  re la t iv e  co n tr ib u t io n s  of o th e r  rivers in th e  region over the  1973 an d  

1975 d ep lo y m en t  p er iods  a re  unknow n.

W ith o u t  c ross-channel reso lu tion  of th e  cu rren ts ,  it is not possible to  in d e ­

pen d en tly  d e te rm in e  th e  v o lu m e tr ic  outflow in 1996, a l th o u g h  one  can m ake a  very 

rough e s t im a te  by sca ling  th e  outflow  found in o th e r  years  by th e  ra t io  of th e  m e a ­

sured a long-channel c u r re n ts  a t  a  s im ilar  position in J u a n  de  Fuca  S tra i t .  For th e  

second d ep lo y m en t o f  1973, w hen th e  u p p e r  layer t r a n s p o r t  was e s t im a te d  to  be 

0.15 Sv (T ab le  3.1). t h e  c u r re n t  a t  50 m  d e p th  was a p p ro x im a te ly  —0.07 m s * ( F ig­

ure 3.5). T h e  c u r ren t  in  1996 was a b o u t  —0.16 m s  suggesting  a  v o lu m etr ic  outflow 

of a p p ro x im a te ly  0.34 Sv. T h is  is roughly  cons is ten t w ith  th e  F rase r  d ischarge  (F ig ­

ure 3.2) w hich  was a b o u t  6500 a n d  3500 s  ̂ in la te  Ju ly  1996 and  m id-M ay  1973. 

respectively.

.An e s t im a te  o f  th e  t ran sv e rse  slope of th e  d e p th  of zero  m e an  along-channel 

flow can be  m ade ,  how ever, v ia  M argu le  s eq u a t io n  (3.1). aga in  a ssu m in g  th a t  th e  

in terfacial an d  isopycnal slopes a re  s im ilar. T h e  den s ity  d ifference be tw een  th e  u p p e r  

and  lower layers is a p p ro x im a te ly  2.0 kg m   ̂ a t  b o th  s ta t io n s  C4 an d  CS in 1996. 

co m p ared  to  3.0 kg m   ̂ in 1975, w hen the  geos troph ic  shear  was also less (Table 3.1). 

Given a  d ifference in geo s tro p h ic  c u r ren t  of a b o u t  0.3 m s  ̂ (F ig u re  7.2). M a rg u le s  

equa t ion  im plies a  c ross-channel in terfacial slope % 2 x 10 ^ . co rrespond ing  to  a  

difference of a b o u t  40 m  across th e  s t ra i t .  T h is  slope can also b e  seen d irec tly  in th e  

d a ta ,  w here  th e  p =  1026 kg m  ^ isopycnal. for ex am p le ,  slopes from  20 m to  60 m 

d ep th  over 15 km  (F ig u re  4.3). T h e se  slopes a re  m ore  like th o se  in 1973 (Table 3.1) 

th a n  1975. even th o u g h  to ta l  t r a n s p o r ts  are  a b o u t  half. T h e  t r a n s p o r t  e s t im a te s ,  

however, a re  based on on ly  a  few cu r re n t  m eters ,  an d  m ay  no t be  reliable . T h e  u p p e r
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layer t r a n s p o r t  in 1975, for exam ple, wéis ca lc u la te d  from  only  five c u r ren t  m e te r s  on 

five m oorings  (i.e. no vertical resolution).

7 .1 .3  D a ily  M ean s

D aily  m e a n s  of th e  residual a long-channel c u r re n t  (F igure  7.3) reveal t h a t  th e  

e s tu a r in e  c i rc u la t io n  is fairly consis ten t over th e  e n t i re  record. However, w h ile  th e  

d e p th  of zero m e a n  cu r re n t  varies from  75 m  to  90 m  over th e  final 14 days  o f  th e  

dep lo y m en t,  it is m uch  higher in the  w ate r  c o lu m n  over th e  first six days ju s t  before 

neap  tide , w h en  it lies between 55 an d  70 m  d e p th .  T h e  descent in th e  in te r face  a t  

.Julian d ay  206 is consis ten t with increased outflow  in th e  u p p e r  layer due  to  e n h a n c e d  

e s tu a r in e  e x ch a n g e  a t  neap tide (Griffin an d  L eB lond  1990). Sim ilarities a re  no t seen 

prior to  th e  n e x t  neap  a t  .Julian day 219, how ever, a n d  th e  d e p th  of zero c u r re n t  also 

drops a t  .Julian day  211. Before each o f  th e se  d rops  in th e  interface, i.e. on .Julian 

days 205 a n d  210, b o th  the  cross-channel a n d  vertica l velocities a t  m id -d e p th  are  

su b s tan tia l ly  red u ce d  com pared  to  values e lsew here  th ro u g h o u t  the  record.

7.2 S ta b ility

T h e  s t ro n g  shears  in the  along- and  cross-channel d irections im p ly  t h a t  th e  

m ean flow m a y  be u n s tab le  to shear  in s tab ili t ie s ,  while th e  daily varia tion  in th e  

s tren g th  of th e  cross-channel flows (F igure  7.3) suggests  th a t  baroclinie in s ta b i l i ty  

m ay be im p o r ta n t  in J u a n  de  Fuca S tra i t .  Increases  in s tra t if ica tion  s tab ilise  t h e  flow 

against b o th  ty p e s  of instability.

Below 40 m , th e  sam e-day  differences in den s ity  profiles a t  C T D  s ta t io n  .ADCP- 

S ( th e  .ADCP s ite )  on Ju lian  days 198, 207, an d  219 a re  of the  sam e o rd e r  as th e  

difference in t h e  da i ly  m ean  profiles (F ig u re  7.4). an d  no clear spring-neap  signal 

can be  d e te rm in e d .  Therefore , the  overall m e a n  s tra t if ica t io n  is used for ca lcu la tio n s  

involving th e  baroc lin ie  instab ili ty  c r ite r ion  a n d  th e  R ichardson  num ber.  .Above 40 

m. th e  d ifferences in th e  daily m eans b eco m e  significant, and  it appea rs  t h a t  th e  

surface is fresher ju s t  a f te r  spring tide  th a n  a f te r  neap , in d isagreem ent w ith  Griffin
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Fig. 7.3. Daily  m e a n s  of residual cu rren t  in a)  along-channel, b) c ross-channel,  an d  
c) vertical d irec tio n .  P lus  signs ind ica te  ze ro  velocity, and  th e  ± 0 .1  m s sca le  is 
deno ted  nea r  th e  to p  of each plot. T h e  first profile, cen tred  a t  Ju l ia n  d a y  200.5. 
represents  th e  m e a n  for Ju l ia n  day 200, J u ly  18.
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Fig. 7.4. a) D en s i ty  a t  C T D  s ta t ion  A D C P -S  on  J u ly  17 (d a y  199, th in  solid, m e a n  o f  
th ree  profiles). J u ly  25 (day  207. th in  dash ,  m e a n  o f  six  profiles). A u g u s t  6 (d ay  219. 
th in  do t.  m e an  o f  th re e  profiles), a n d  overall m e a n  ( th ick  solid), and  b) b u o y an cy  
frequency of m e a n  profile. Spring t id e  occu rs  a t  J u l ia n  days  199 and  213.

and  LeB lond ( 1990). However, th is s ignal is a lso  co n s is te n t  w ith  an increase  in d e n s i ty  

w ith  t im e: b e tw ee n  J u l ia n  day  190 an d  220 th e re  is a  d ecrease  in th e  f reshw a te r  in p u t  

as m easu red  by t h e  Fraser River flow, which sh o u ld  resu lt  in an  increase in sa l in i ty  in 

th e  u p p e r  layer, a s su m in g  th a t  th e  a m o u n t  o f  lower w a te r  en tra in ed  in to  th e  u p p e r  

layer does not d ec re ase  a t  th e  sam e ra te .  U n fo r tu n a te ly ,  w hile over 60 C T D  ca s ts  a t 

C T D  s ta t io n  .ADCP-S were m ade on  J u ly  25 a n d  26. on ly  th ree  were m a d e  on each  

of J u ly  17 a n d  .August 5, and  none were m a d e  ju s t  a f te r  th e  spring t id e  of J u ly  30 

(day  212).

7 .2 .1  B a r o c lin ie  In stab ility

T h e  c r i te r io n  for th e  onset o f  ba roc lin ie  in s ta b i l i ty  based on g eo m e tr ic a l  a r ­

g u m e n ts  was d e te rm in e d  to  be W  > N H / f .  T h e o re t ic a l  a rg u m e n ts  for a  tw o-layer 

flow an d  for c o n s ta n t  s tra tif ica tion  y ie lded  t h e  s a m e  resu lts ,  aside from  a  c o n s ta n t  

of o rd e r  unity . In J u a n  de  Fuca S tra i t .  /  =  1.1 x 10 s *. th e  buoyancy  frequency

is A' 10 ^ s  (F ig u re  7.4), and th e  m a x im u m  d e p th  in th e  cen tra l sec tion  o f  th e
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Fig. 7.5. Low frequency  oscilla tions in th e  cross-channel cu r ren t .  T he  overall m ean  
a t  each  d ep th  is s u b t r a c te d  from  th e  48-hour run n in g  m e a n  o f  th e  residual cu rren t .

s t r a i t  is H  =  200 m. T h is  suggests  th a t  baroclinie in s ta b il i t ie s  m ay  occur if W  > 20 

km . i.e. roughly  th e  w id th  of th e  s tra i t .

.At sp ring  tide ,  w hen  s tra t if ica tion  should be w eaker,  oscilla tions in th e  48-hour 

ru n n in g  m ean  of th e  res idual cross-channel velocity o ccu r  a t  periods of a b o u t  four 

days  (F igure  7.5). A t n e a p  tide ,  periods are betw een tw o  a n d  th ree  days. .At b o th  

sp r in g  and  neap , cu r re n ts  a t  d e p th s  d irec tly  above an d  below th e  interface a re  o u t  of 

phase .  T he  longer t im esca les  o f  th e  oscillations a t  sp r in g  t id e  m ay  be ind ica tive  of a  

m o re  fully developed  baroclin ie  instability .

7 .2 .2  Shear In sta b ility

T h e  s tro n g  v e r tica l shear  in b o th  th e  along- a n d  cross-channel cu rren ts  o b ­

se rved  in 1973 an d  1996 m akes it likely th a t  shear in s ta b i l i ty  is im p o r ta n t  in J u a n  

de  Fuca  S tra i t .  T ra n sp o r ts  were genera lly  larger, a n d  s tra t i f ic a t io n ,  as m easu red  by 

th e  dens ity  difference b e tw een  th e  u p p e r  and  lower layers, was weaker in 1996 th a n
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Fig. 7.6. V ariation  w ith  d e p th  a n d  over th e  sp r ing -neap  cycle o f  th e  frequency {%) 
w ith  which th e  g rad ien t  R ichardson  num ber,  defined over 2 m , falls below 0.23. In a), 
th e  thick an d  th in  lines in d ica te  th e  period ju s t  a f te r  neap  tide  (.Julian days 206 to  
208) and  spring  tide  ( Ju l ia n  days 213 to  215). respectively . T h e  solid lines are  three- 
d ay  averages and  th e  d ash ed  lines ind icate  th e  m ean  ±  th e  s ta n d a rd  devia tion  of th e  
m eans  for each day. In b), th e  m ean  cum ulative  frequency  (%) for th e  dep ths  between 
SO and  90 m  over days 206 to  208 and  213 to  215 a re  d e n o ted  by th ick  and  th in  lines, 
respectively. T h e  dashed  lines again  indicate  th e  m e an  ±  th e  s ta n d a rd  deviation  over 
th e  th ree  days and  6 d e p th  bins. Panel c) plots th e  m e an  daily  frequency  with which 
R i  < 1/4 over th e  d e p th  range 80 to  90 m  (solid) a n d  th e  m ean  ±  th e  s tan d ard  
dev ia tion  of th e  m eans  a t  each d e p th  (dash).

in 1973, w hen R i  n u m b e rs  (ca lcu la ted  over 50 m ) w ere less th a n  un ity  ab o u t 5% of 

th e  tim e.

T he  R ichardson  n u m b e r  is calcula ted  w ith  a  ver tica l resolution of two m etres 

using the  m ean  for th e  dep loym en t (F igure 7.4) a n d  th e  shear  in th e  to ta l along- 

channe l cu rren t profiles, which are  averages of 35 ensem bles  over 10 seconds. Below 

100 m, Ri  < 1 / 4  m ost of th e  t im e  (panel a. F igu re  7.6) which is no t surpris ing  given



7. M ean and N on-T idal F luctuations  L37

th e  s tro n g  t id a l  shear  a n d  weak s tra t i f ic a t io n  in th e  b o t to m  w ell-m ixed  layer. At m id ­

d e p th s ,  m a x im a  in th e  frequency  w ith  w hich th e  flow is u n s ta b le  to  sh e a r  in s tab il i ty  

a re  found betw een  85 a n d  90 m , i.e. a t  th e  in terface  be tw een  lower inflowing Pacific 

an d  outflow ing  brackish w aters , w here  th e  1 /4  c riterion  is reached  25% o f  th e  t im e  

th ro u g h o u t  th e  dep loym en t,  a n d  R i  <  1 m ore  th a n  50% of th e  t im e .  T h e  flow at 

m id -d e p th  is m ore  u n s tab le  d u r in g  n eap  tides , d u e  in la rge p a r t  to  th e  la rge r  shears  

p resen t; th e  sp ring-neap  s tra t if ica t io n  signal is q u i te  weak. T h e  in c rease  in  in s tab il i ty  

above  60 m  (panel a. F igure  7.6) is also d u e  to  th e  increase in s h e a r  o f  th e  along- 

channe l c u r re n t  (F igure  7.1). a l th o u g h  w h e th e r  th is  is real o r  an  a r t i f a c t  o f  m issing 

d a t a  is unclear .

T h e  spring-neap  difference b e tw een  SO an d  90 m  is s ignificant th ro u g h o u t  th e  

range  of ca lcu la ted  R i  (panel b. F ig u re  7.6) an d  does no t  d e p e n d  on  th e  choice 

R i  =  0.25. T h a t  is, R ichardson  n u m b e rs  j u s t  a f te r  sp ring  t id e  a re  s ign if ican tly  la rger 

th a n  a f te r  neap  tide. T h e  sp ring-neap  cycle  in th e  pe rcen tage  of c r i t ica l  R ichardson  

n u m b e rs  be tw een  SO and  90 m d e p th  (pane l c. F igure  7.6) also reveals  t h a t  th e  c u rren t  

is m ore  u n s ta b le  ju s t  a f te r  neap  t ide .  T h e  increase a t  Ju l ia n  d ay  213 (sp r ing  tide )  

is re la ted  to  b o t to m  shear; th e  peak  decreases  w hen  averaging  over regions h igher in  

th e  w a te r  co lu m n  and  increases as th e  b o t to m  is approached .

D uring  spring  tide , sh ea r  in s ta b i l i ty  ap p ea rs  to  follow th e  t ida l  cycle  (F ig ­

ure 7.7). O n  J u l ia n  days 213, 214, a n d  215, m id -d ep th  in s ta b il i ty  is g re a te s t  d u r in g  

peak  t ida l  cu rren ts ,  w hereas low R ichardson  num bers  are  found a t  shallow er an d  

g re a te r  d e p th s  d u ring  th e  tran s i t io n  from  flood to  ebb  an d  from  e b b  to  flood, respec­

tively. At n eap  tide, however, lower R ichardson  n um bers  a t  m id -d e p th  te n d  to  occu r  

on th e  t ra n s i t io n  from th e  s trong  eb b  to  flood t id e  and  d u r in g  th e  s t ro n g  flood itself. 

T h e  hourly  m e an  cu rren ts  ju s t  above  th e se  areas  of shear  in s ta b i l i ty  a re  weak, su g ­

ges ting  t h a t  crit ica l layer abso rp tion  o f  in te rn a l  waves m ay  be im p o r ta n t  dynam ica lly .
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Fig. 7.7. S h ea r  in s ta b i l i ty  on  Ju lian  days a) 207 (neap  t id e )  a n d  b) 214 (sp ring  t id e ) .  
Shaded  regions in d ic a te  d ep th s  and  tim es for w h ich  th e  ca lc u la te d  R ichardson  n u m b e r  
fell below 0.25. T h e  solid horizontal profile is th e  a long -channe l t id a l  velocity  a t  80 
m d ep th ,  w ith  t h e  ±  1 m  s scale p lo t ted  on  th e  r igh t .  T h e  vertica l profiles a t  0900. 
1200. an d  2200 in  a) a n d  a t  0300, 1100, an d  1500 in b) a re  th e  hourly  average to ta l  
(i.e. t ida l an d  re s id u a l)  along-channel c u r re n ts  w ith  th e  ±  1 m  s scales p lo t te d  
above.

7.3 R ey n o ld s  S tress

T h e  m e a n  m o m e n tu m  equations  (2.5) c lea r ly  show  t h a t  convergences o r  d iv e r ­

gences in th e  co rre la t io n s  o f  h igh-frequency c u r re n t  f lu c tu a tio n s  affect th e  m e an  flow. 

T h e  difficulty, how ever,  arises  in d e te rm in in g  w h a t  c o n s t i tu te s  th e  f lu c tu a tin g  c u r re n t  

as opposed  to  t h e  m e an ,  especially  in geophysica l flows w h e re  velocities  typ ica lly  o c ­

cur over all frequencies . Frequencies over w hich th e  ene rgy  is reduced ,  o r  non -ex is ten t
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in th e  case of a  t ru e  spec tra l  g ap .  p rov ide  a  convenient cu toff f requency  a t  w hich to  

d iv ide  th e  How. T h a t  is, R eynolds  stresses based  on cu rren t  f lu c tu a tio n s  of frequency  

g rea te r  th a n  th a t  in th e  m idd le  o f  th e  sp e c tra l  gap  should rem a in  c o n s ta n t  for changes 

in th e  cu to ff  frequency.

For th e  present s tudy , th e  th ree -d im ensiona l p e r tu rb a t io n  velocity  {u . v  . w )  

is d e te rm in e d  by de tren d in g  sh o r t  sections, of between 10 an d  80 m in u te  d u ra t io n ,  

of th e  to ta l  ( t id a l  an d  residual)  A D C P  cu rren t .  T h e  au to- a n d  cross-corre la tions  are  

c a lcu la ted  by averaging th e  p ro d u c t  o f  th e  rem ain ing  p e r tu rb a t io n s  over th e  sam e  

t im e  period . It can be  shown (e.g. Lu a n d  Lueck 1999. van H aren  et al. 1994)

th a t  th e  u w '  an d  v 'w '  cross-corre la tions  p rov ide  unbiased e s t im a te s  of th e  R eynolds  

s tress  u n d e r  th e  assum ption  of s ta t is t ic a l  hom ogeneity , p rov ided  th a t  th e  (u . v) axes 

is a ligned  w ith  the  A D C P  b e a m  direc tions . T h a t  is, the se  R eyno lds  s tresses are  

ca lcu la ted  accord ing  to  (4.3) w ith  v  positive  a t  a  d irec tion  of 335° re la t ive  to  t ru e

n o r th .  W hile  th e  au to -co rre la t ions  an d  u v '  a re  biased, th e y  a re  inc luded  in o rd e r  to  

fac i l i ta te  com parison  of th e  s t r e n g th  of th e  correlations.

7 .3 .1  V ariation w ith  A verag in g  T im e

T h e  m a g n itu d e  of th e  au to -co rre la t io n s  { u 'u .  v'v' ,  w'w')  varies so m ew h a t w ith  

averag ing  t im e  a t  neap tide  (F ig u re  7.8. w ith  s im ilar resu lts  for .Julian days 206 

an d  208). .A.uto-correlations a t  10 an d  20 m in u te  averaging t im es  a re  a p p ro x im a te ly  

75% an d  85%, respectively, of th e  values a t  80 m inu tes .  T h e  v a r ia tions  in  th e  a u to ­

co rre la tion  w ith  averaging t im e  a re  genera lly  g rea te r  a t  sp ring  t id e  (F ig u re  7.9), w ith  

values a t  10 an d  20 m inu tes  on ly  accoun ting  for abou t 50% a n d  60% of th e  SO m in u te  

values. N evertheless, th e  genera l v a r ia tion  o f  th e  au to -co rre la t io n s  w ith  d e p th  are  

c o n s ta n t  over th e  averaging t im e ,  p a r t icu la r ly  for the  period  a f te r  neap  tide .  .Auto­

corré la tions  are  also m uch la rger a f te r  n eap  th a n  spring an d  a re  genera lly  sm o o th e r .

especia lly  u u .

O n th e  o the r  h and ,  th e  varia tion  w ith  averaging t im e  for c ross-corre la t ions  is 

q u i te  sm all for bo th  t im e  periods , w ith  values a t  20 m inu tes  a b o u t  90% of those  a t  80
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Fig. 7.6. V ariation o f  au to -  an d  cross-correlations of velocity  f lu c tu a tio n s  w ith  aver­
aging tim e, T, over th e  d e p th  range  50 to  130 m for Ju l ia n  day  207, ju s t  a f te r  neap 
tide.
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Fig. 7.9. V aria tion  of a u to -  a n d  cross-correlations of ve loc ity  f lu c tu a t io n s  w ith  av e r­
ag ing  tim e, T ,  over th e  d e p th  range  50 to  130 m  for J u l ia n  d a y  214, ju s t  a f te r  spring 
tide .



7. M ean and N o n-T ida l F luctua tions____________________________________________142

m in u te s .  Values a f te r  th e  n e a p  t id e  are a b o u t  a n  o rd e r  o f  m a g n i tu d e  la rger th a n  a f te r  

th e  s p r in g  tide  in each  case. T h e  varia tion  w ith  d e p th  a f te r  sp r ing  tide  (F ig u re  7.9) 

is q u i te  irregular, w hile  t h a t  a f te r  neap (F ig u re  7.8) has defin ite  s tru c tu re .  B o th  of 

th e se  facts  suggest t h a t  w hile  th e  s i tua tion  a f te r  sp r in g  t id e  m a y  be noise, th a t  a f te r  

neap  t id e  is ev idence  o f  la rge  Reynolds stresses.

A fte r  neap  tid e ,  peaks  in u w  a t  70 and  95 m  d e p th s  a re  abou t 20% of th e

co rrespond ing  values in u  u . W ere  the  u w  s ignal p u re ly  a  resu lt of horizon ta l fluc­

tu a t io n s  (u  or u ) c o n ta m in a t in g  th e  vertical w  . th e  e r ro r  in th e  m easured  p itch  a n d

roll ang le  would have  to  be  o f  th e  o rder  of 10 . F u r th e rm o re ,  w ith  u u on  day  214 a t  

least a  th i rd  th e  p eak  va lue  a t  Ju l ia n  day  207, such  la rge  p itch  an d  roll biases w ould

im p ly  u 'w ' % 10 ^ m^ s m u c h  larger th a n  th e  values seen. T h e  tilt e rro rs  requ ired

to  a c c o u n t  for th e  p eak s  a t  75 m  d ep th  in v w  a re  s im ila r .

In add ition , th e  95% confidence intervals, d e te rm in e d  using th e  b o o ts t r a p  

te c h n iq u e  (von S to rch  a n d  Zwiers 1998), a re  sm all co m p a re d  to  the  m a g n i tu d e  of 

th e  cross-corre la tions  a t  n e a p  t id e  (F igure  7.10). .At sp r in g  tid e ,  the  resu lts  a re  no t 

s ta t is t ic a l ly  different f rom  zero. Therefore , th e  m e a su re d  cross-correlations a t n eap  

shou ld  be  rela ted  to  th e  a c tu a l  Reynolds stresses by a  p ro p o r t io n a li ty  co n s tan t  eq u a l  

to  th e  density , an d  th e  sp r in g -n eap  cycle is shown to  b e  significant.

T h e  ratio  of th e  e r ro r  velocity, e. to  th e  ver t ica l  velocity, w. increased signif­

ican tly  betw een  80 an d  90 m  d u r in g  neap t id e  (F ig u re  5.1), ra ising concerns a b o u t  

th e  va lid ity  of th e  m e a su re d  vertica l velocity  over th e se  d e p th s .  .Above 80 m a n d  

be tw een  90 and  100 m , how ever, e /w  is m uch  sm alle r ,  an d  it is w ithin these  ranges

th a t  th e  values of u w  a r e  large and  of o ppos ite  sign (F ig u re  7.10). suggesting  th a t  

th e  d ivergence in th e  s tre ss ,  w hich  affects th e  m ean  flow, is a  real signal.

7 .3 .2  T h e  S p r in g -N ea p  C ycle

To facilita te  co m p ar iso n  between th e  m e a su re d  R eyno lds  stresses and  th e  

sp r in g -n eap  cycle in th e  m e a n  flow, u w  an d  v w  a re  r o ta te d  in to  along- and  cross­

channe l d irec tions ,  w ith  u  a l igned  with th e  d e p th -m e a n  o r ie n ta t io n  of th e  M 2  e llipse
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Fig. 7.10. M ag n itu d es  o f  th e  da ily  m ean Reynolds s tre ss  a f te r  neap  t id e  (.Julian 
d ay  207) and  sp r ing  t id e  ( Ju lia n  day  214), w ith  v pos it ive  in th e  d irec tion  of the  
o r ien ta tion  of A D C P  b e a m  3, 335 from tru e  no rth .  T h e  d ashed  lines represent the  
959c confidence in te rva ls  d e te rm in e d  from a  b o o ts tra p  techn ique .

( 10 south  of eas t) .  T h e  u w  a n d  v w Reynolds stresses a re  not significantly  different 

from zero over m uch  o f  th e  sp ring -neap  cycle (F igure  7.11 ). an d  a re  largest du ring  the  

th re e  or four days  a ro u n d  neap  tide . This is consis ten t w ith  th e  reduced  Richardson 

num bers  found following neap  t id e  (F igure  7.6). and  also w ith  th e  enhanced  es tuar ine  

exchange a t th is  t im e . A lth o u g h  th e  salinity  a t Race Rocks is cons iderab ly  recovered 

by Ju lian  day  213 from  th e  anom alously  low values over m uch  of th e  previous m on th  

(F igure  4.4), in d ica t in g  a  r e tu rn  to  a  m ore com m on  sp r in g -n eap  cycle in th e  es tuar ine  

exchange, th e re  is so m e  ind ica tion  th a t  Reynolds s tresses  d u r in g  th e  neap  centred  at 

Ju l ia n  day 221 a re  ag a in  significant. Thus, while it m a y  b e  th a t  th e  m easured  stresses 

a re  enhanced  c o m p a re d  to  th e  regu lar  neap values, th e  d a t a  suggests  th a t  a  regular 

spring-neap  cycle in t h e  m ix in g  in J u a n  de Fuca S tra i t  ex ists .
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Fig. 7.11. V aria t ion  of u 'w ' an d  u'w ' Reynolds s tress  th r o u g h o u t  the  sp ring -neap  
cycle. In each case, th e  solid lines represent th e  daily  averages  over th e  d ep th  ranges 
shown and  th e  d a sh e d  lines in d ica te  the  s ta n d a rd  d e v ia t io n  over th e  d ep th  range. 
T he  (u . v) axes a re  r o ta te d  such th a t  u is positive up -ch an n e l .

T h is  was fo und  to  be  th e  case in th e  resu lts  of M asson  a n d  C u m m in s '  (2000) 

num erical m odel in v es t ig a t in g  th e  effect of a  fo r tn ig h tly  m o d u la t io n  of th e  t idally -  

induced m ix ing  over V ic to r ia  sill on th e  c ircu la tion  an d  d y n a m ic s  w ith in  Ju an  de  Fuca 

S tra it itself. T h a t  is, in te rfac ia l mixing in th e  cen tra l  sec tion  o f  th e  s tra i t  was found 

to  be la rger d u r in g  n e a p  t id e  th a n  a t  spring tide, e n h a n c in g  th e  vertical exchange  of 

m o m en tu m . A s  a  re su lt ,  th e  spring-neap  cycle in th e  e s tu a r in e  exchange  was reduced  

in the  d o w n stream  d irec t io n ,  a  ‘̂ negative feedback" (P a tr ic k  C u m m in s ,  personal co m ­

m unica tion , 2000) w hich  la rgely  confined th e  sa lin ity  a n d  c u r re n t  variations to  th e  

easte rn  po rtion  of th e  s t ra i t .
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Fig. 7.13. M ean  ver t ica l  R eynolds  stress and vertical d e r iv a tiv e  over th re e  days a t  
n eap  (.Julian day  206 to  208. th ick  lines) and spring t id e  ( Ju l ia n  d a y  213 to  215, th in  
lines). T he  dashed  lines in d ica te  th e  s tan d a rd  dev ia tion  over th e  th re e  days.

S trong  neap  u w  s tresses occu r  between s tro n g  ebb  a n d  th e  following flood 

(F ig u re  7.12). T h is  is t r u e  b o th  below 85 m, where th e  s tresses  a re  p redom inan tly  

negative , an d  above  85 m , w here th e  stresses are  positive. T h e  stresses occur a t 

th e  sam e d e p th s  an d  t im e s  as th e  low Richardson n u m b ers  (F ig u re  7.7). T here  is

a  suggestion th a t  th e  u w  s tress  a t  spring tide also occurs  w hen  R i < 1/4, bu t the  

m a g n itu d e  of th e  s tress  is m uch  w eaker and the  signal is no t a p p a re n t .

W ith  th e  e x ce p tio n  of th e  b o t to m  b oundary  layer, th e  m e a n  R eynolds  stress 

d u r in g  spring t id e  is no t  s ignificantly  different from zero th ro u g h o u t  th e  w a te r  column 

(F ig u re  7.13). T h e  m e a n  b o t to m  stress  acting  on th e  w a te r  can  be  p a ram ete r ised  as 

T Ip  =  —\!~ C j^ U ^ u .  w here  is th e  m agn itude  of th e  t id a l  c u r re n t  a n d  u is th e  m ean
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n ear-b o t to m  velocity. For =  3 x 10 ^ % 1 m  s  ̂ and  0.5 m  s * a t  spring  a n d  

neap tide , respectively , and  n % 0.1 m s \  th e  R eynolds  s tress  should  be o f  the  o rd e r  

—4 x 1 0 ^  m^s  ̂ a t  sp r ing  tide .  T he  m easured  value of th e  Reynolds stress near  th e

b o tto m  is in rough  ag ree m en t ,  with u w '  % —2 x 10  ̂ m^s a n d  about half th a t  a t  

neap tide  (F igu re  7.13).

.Above th e  b o t to m  b o u n d ary  layer, th e  R eynolds  s tress  d u r in g  neap tide is large

th ro u g h o u t m os t o f  th e  w ate r  column. T here  is a  s t ro n g  d ivergence of u w w ith in  

a 30 m b an d  c e n tre d  a t  th e  dep th  of th e  zero  m e an  along-channel cu rren t ,  w ith

convergences above  a n d  below. During neap tide , th e  d e p th  averages of both  ii w

and v 'w ' be tw een  50 m  a n d  th e  b o ttom . ( 6 ± S )  x 10 ’ m^ s  ̂ a n d  ( —5 ± 6 )  x 10  ̂ m^ 

s ^. respectively, a re  not s ta t is t ica lly  different from  zero, in d ica tin g  th a t  th e  m easured  

stresses are  cons is ten t w ith  a  red is tribu tion  of m o m e n tu m  over th e  w ater colum n.

7.3.3 T h e V ertica l E d d y  V iscosity

T h e  a long-channel e s tu a r in e  c irculation is en h an c ed  a t neap  tide, w ith in te ­

g ra ted  inflows below  85 m  d e p th  of ap p ro x im ate ly  6 m^ s ' .  com pared  to  ab o u t  4 

rn* s ' du r in g  sp r in g  tide  (F igure  7.14). T h e  increase  in th e  transverse  flows is even 

m ore d ra m a t ic ,  w ith  velocities a t  95 m increasing four-fold, to  abou i 0.16 m s ' .  

These cu rren ts  a re  not significantly affected by th e  choice of cross-channel d irection; 

ro ta t ing  th e  axes o r ie n ta t io n  clockwise by a  fu r th e r  20° reduces th e  neap m a g n itu d e  

at 95 m d e p th  to  on ly  0.12 m s ' .  T he  d ep th  of th e  m a x im u m  transverse  cu r ren t  

increases from 98 m  a t sp r ing  to  about 94 m d u r in g  neap  tide ,  closer to  the  90 m  

peak in th e  vertica l de r iva tive  of the m easured  R eynolds  s tress  (F igure  7.13).

T h e  en h an c ed  e s tu a r in e  exchange and  tran sv e rse  flows a t  neap tide  lead to  

larger shears  in b o th  horizon ta l com ponents  (F ig u re  7.14). pa r t icu la r ly  between SO 

and 90 m d ep th .  .As a  result,  th e  gradient R ichardson  n u m b e r  is considerably  sm alle r  

over these  d ep th s  a t  neap  tide  (F igure 7.6). T h e  vertica l ed d y  viscosity, p a ram eter ised

as .4^ =  —u w  / f  , .  w ith  th e  vertical shear  in th e  m ean  along-channel velocity, is 

positive and  increases w ith  height above th e  b o t to m  in th e  lowest 15 m. and  is larger
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Fig. 7.14. M ean res idua l a) a long-channel and  b) c ross-channel c u r ren t  w ith  c) a n d  
d) assoc ia ted  shears .  T h e  vertical e d d y  viscosities, p a ra m e te r i s e d  as (2.6) are  p lo t te d  
in c) an d  f). T h ic k  lines a re  th e  th re e  day  averages a t  n eap  t id e  (.Julian day  206 to  
208) and  th in  lines d u r in g  spring  tide  (.Julian day  213 to  215).
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a t  spring  t ide  th a n  a t  n eap  t id e  (F igure  7.14). T h is  is th e  e x p e c te d  resu lt for wall- 

bounded  flow, w h e re  e d d y  sizes are  res tr ic ted  close to  th e  so lid  b o u ndary .

.Above SO m  an d  be tw een  100 m  an d  120 m , th e  s h e a r  is w eak, m agnify ing  

unce r ta in t ie s  in t h e  m e a su re d  Reynolds s tress  to  th e  p o in t  w here  th e  vertical eddy  

viscosity p a ra m e te r ,  is no t m eaningful. In th e  in te rfac ia l  reg ion  (betw een  80 and  

100 m ). however. .4^ varies w ith  dep th , and  is negative  be low  th e  interface. This  

ind icates  th a t  th e  R eyno lds  s tress  is t r a n sp o r t in g  m o m e n tu m  u p -g rad ie n t  (possibly 

by in te rna l waves g e n e ra te d  a t  th e  b o t to m  an d  break ing  a t  m id -d e p th s ) ,  suggesting 

th a t  th e  f lu c tu a tio n s  m a y  be  d r iv ing  the  m ean  cu rren t .  .At n e a p  t id e ,  th e  Richardson 

n u m b e r  was lowest a t  m id -d e p th ,  pa r t icu la r ly  a f te r  th e  e b b  t i d e  a n d  on  th e  subsequent 

tran s i t io n  to  flood (F ig u re  7.7), i.e. when th e  a long -channe l c u r re n ts  a t  SO m were

nearly zero. T h e  u  w  s tress  d ivergence was also la rgest a t  SO m  d e p th  during  this

t im e  (F igu re  7.12). T h is  suggests  th a t  a  crit ica l layer ex is ts  n e a r  th e  in terface, w here

in te rna l waves g e n e ra te d  as th e  t ide  flows over to p o g rap h y  w i th in  th e  s tra i t  b reak .

7.3 .4  E ffect on th e  M ean  Flow

T h e  s tress  d ive rgences  du r in g  spring t id e  a re  re la t iv e ly  sm a ll ,  an d  have li ttle  

effect on th e  m e an  flow c o m p a re d  to  the  forcings a t  neap  t id e .  T h e  v er tica l derivatives 

of these R eynolds  s tresses  a p p e a r  explicitly  (i.e. a re  not p a r a m e te r i s a t io n s ) in the  

m o m e n tu m  e q u a t io n s ,  w hich can  be w rit ten  as

u^ + { u ' w ) ^ - f v ^  =  0 (7.3)

-f- ( i / u / ) _  4- fu ^  =  0

where (u^.i>^) a re  t h e  ageos troph ic  horizontal velocities. T h e  d ive rgence  in a w  for 

exam ple ,  can d ire c t ly  a l te r  or lead to  acce lera tions  in u.  W i th  th e  m easured  

hydrography  a t  th e  .ADCP s i te  very  s im ilar be tw een  spring  a n d  n e a p  t id e  (F igure  7.4). 

th e  geostrophic  velocities  shou ld  be rela tively  unchanged .
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T h e  d e p th  av e rag e  of th e  stress d ivergence over th e  b an d s  c e n t re d  a t 100 an d  

S-5 m a re  of m a g n i tu d e  % 0.5 x  10  ̂ m s im ply ing  [ u w ' ) J  f  % 0.5 an d  —0.5 m s  ' .  

respectively. A l th o u g h  these  a re  of the  sam e  sign as th e  change  in th e  cross-channel 

cu rren t from  sp r in g  to  neap  (F igure  7.14), th ey  are  too  la rge  by a b o u t  a  fac to r  of

three . T h e  peak  in  {u w  )_ a t  65 m is no t  associa ted  w ith  a  significant sp r ing -neap

difference in  th e  cross-channel flow. A bove 80 m  d e p th ,  —{v w  ) / f  is co n s is te n t  w ith  

changes in th e  a long -channe l flow, w ith in  a  fac to r  of two. T h e  large narrow  b and

with {v w ) < 0 c e n t r e d  a t 90 m  dep th  does not a p p e a r  to  affect th e  a long-channel

cu rren t .  T h e  average  of {v'w ')_  between 75 and  100 m % 8 x l O * ^ m s  however,

which is consis ten t w ith  th e  changes in u a t  100 m  of 0.08 m s  \

T h e  (u w )_ profile is also qua lita t ive ly  s im ilar  to  sp r ing -neap  differences in 

II. excep t for th e  region below 110 m, suggesting th a t  som e par t  of th e  m easured  

Reynolds s tress  d ive rgence  m a y  be acce lera ting  th e  flow. T h e  ag re e m e n t  in shape

between {v w  ) a n d  v above  100 m d ep th  is also reasonable . However, t h e  difference 

of —0.1 m s  in u seen a t  80 m  dep th  could be d riven  by th e  m e asu re d  R eynolds 

stress d ivergence o f  a b o u t  5 x 10  ̂ m s in only 2000 s. o r  a b o u t  30 m in u te s ,  w hereas 

the  stress d ivergences  ac t  on th e  m ean flow for a period of a b o u t  th re e  days.

P re l im in a ry  analysis  of 1998 .ADCP d a ta  from a  location  a  few k ilom etres  

away reveals th a t  b o th  th e  m ean  cross-channel cu rren ts  an d  e s tu a r in e  ex ch a n g e  were 

considerably  sm alle r .  In 1998. th e  cu rren t s t ru c tu re  was s im ila r  to  t h a t  observed  in 

1996 d u r in g  sp r in g  t id e ,  suggesting th a t  th e  neap  tid e  resu lts  m ay  be  d u e  to  very 

localised processes. T h a t  is. if th e  1996 c u rren t  s t ru c tu re  elsew here  in th e  s t ra i t  were 

s im ilar th ro u g h o u t  th e  spring-neap  cycle to  th a t  found a t  th e  .ADCP s i te  a t  sp ring  

tide, as in 1998, th e  c u rren ts  would only be  driven by th e  s tro n g  neap  R eyno lds  s tress  

divergences as th e  a long-channel curren t advec ts  w a te r  pas t th e  .ADCP site . For a  

roo t-m ean-square  t id a l  velocity  of =  0.5 m s  \  a  s im p le  e s t im a te  o f  th e  along- 

channel leng th  scale  o f  th e  forcing field requ ired  to  d rive  th e  cu r ren ts  o bse rved  above 

the  1996 .ADCP is 10^ m . roughly  the  length  scale of th e  local to p o g rap h ic  fea tu re  

u n d ern ea th  th e  A D C P  un it .  .After passing over th e  local b a th y m e t ry  th e  forcing
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would end  an d  fr ic t ion  would reduce th e  shears  an d  cu rren ts  to  values m ore  typ ica lly  

found e lsew here in th e  s tra i t .

However, n u m e rica l  models (M asson a n d  C u m m in s  2000) suggest t h a t  th e  

sp ring-neap  cycle in th e  e s tuar ine  exchange  flow is m ore  pervasive, a l th o u g h  th e  

m a g n itu d e  of th e  m o d u la t io n  was found to  be  a b o u t  20% of the  m ean , cons iderab ly  

less th a n  th a t  m e asu re d  (F igure  7.14). T h is  im plies th a t  the  variab ili ty  m e asu re d  

is only p a r t ly  d u e  to  th e  regular sp ring -neap  cycle. T h e  anom alously  low surface 

salinities a t  R ace  Rocks du ring  the  d ep lo y m en t period  (F igu re  4.4). which w ere not 

found d u r in g  th e  1998 dep loym ent,  a re  cons is ten t w ith  unusually  large ex ch an g e  flow 

resu lting  from no r th w es te r ly  winds in th e  S tra i t  of G eorgia  du ring  neap  t id e  (Griffin 

and  LeBlond 1990).

T h e  m id -d e p th  Reynolds stresses m easu red  during  th e  neap t id e  which occured  

during  th e  d ep lo y m en t a re  sufficiently large to  cons iderab ly  a l te r  the  cu rren t  s t r u c tu re  

w ithin .Juan de  F uca  S tra i t .  U nfortunate ly , while th e  surface salin ity  recovered tow ard  

the  end  of th e  d ep lo y m e n t ,  curren ts  an d  R eynolds  s tresses were m easu red  over only  

the  single neap  tid e ,  m ak in g  it difficult to  d raw  firm conclusions regard ing  e i th e r  

the  te m p o ra l  o r  sp a t ia l  variability  of th e  observed  spring-neap  cycle in th e  tu rb u le n t  

mixing.
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C hapter 8

C onclusions

T h e  a long-channel c i rc u la t io n  in pa r t ia l ly -m ixed  e s tu a r ie s  is fairly well u n d e r ­

s tood .  Salin ity  in th e  b rack ish  u p p e r  outflow increases in  th e  d o w n s tream  d irec tion  

d u e  to  e n t ra in m e n t  an d  diffusive fluxes, while sa lt ie r  o cea n ic  w a te r  flows in to  th e  

e s tu a ry  a t  d e p th .  In J u a n  d e  F uca  S t ra i t ,  th is  e s tu a r in e  flow is h ighly  seasonal, as e v ­

idenced by h istorical c u r re n t  m e te r  an d  hydrograph ic  d a t a .  M ax im al exchange  flows, 

for exam ple ,  occur a f te r  th e  s u m m e r  freshet.

H istorical cu rren t  m e te r  d a t a  from  a  n u m b e r  o f  d e p lo y m en ts  were used to  

d e m o n s t ra te  th a t  th e  u p p e r  to  lower layer differences in a long-channel c u r re n ts  were 

consis ten t w ith  th e  th e rm a l  w ind eq u a t io n  over a  large ran g e  o f  s tra t if ica tions , im ­

ply ing  significant seasonal a n d  in te r -an n u a l  variab ili ty  in  th e  cross-channel isopycnal 

slopes. T h e  cross-channel difference in th e  d ep th  of th e  m e a n  along-channel flow was 

found to  be consis ten t w ith  t h a t  o f  th e  isopycnals.

M onth ly  average sea  level a n d  a tm ospheric  p re s su re  d a t a  reveal th a t  surface 

pressure  g rad ien ts  inside J u a n  de  F uca  S tra i t  reach a b o u t  5 x 1 0   ̂ Pa  m  ̂ seaw ard  in 

.August. However, u p p e r  layer  c u r re n ts  a re  fairly c o n s ta n t  in th e  seaw ard d irec tion , 

im p ly ing  th a t  friction b e tw ee n  th e  two layers p a r t ly  offsets  th e  pressure  te rm .  A 

m o m e n tu m  ba lance  suggests  t h a t  th e  vertical eddy  v iscos ity  .4^ % 0.02 m^s * a t 

in terfacial d ep th s  in M ay a n d  la rge r  values m ay be m o re  a p p ro p r ia te  in su m m e r .

A breakdow n in th e  geo s tro p h ic  balance, a  resu lt  o f  fr ic tion  ac t in g  on shear, 

leads to transverse  cu r ren ts .  H is to rica l cu rren t  m e te r  d a t a  reveal s trong  cross-channel 

flows of up to  0.06 m  s * a t  m id -d e p th s  in J u an  de Fuca, a l th o u g h  vertical reso lu tions 

have been insufficient to  p ro p e r ly  resolve th e m . L a b o ra to ry  e x p e r im e n ts  (Jo h n so n  and  

O hlsen  1994) have d e m o n s t r a te d  t h a t  s tro n g  transverse  c u r r e n ts  ex ist  a t th e  in terface  

of a  two-layer ro ta t in g  flow, allow ing  w a te r  masses fo rm ed  a t  th e  sidewalls to  sp read
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in to  th e  interior, l im it ing  th e  a long-channel exchange, an d  a id in g  in th e  dispersal of 

trace rs .  T he  s t r u c tu re  o f  c ross-channel flows in real e s tu a r ie s  is considerab ly  m ore  

com plex  th a n  in  th e  lab o ra to ry ,  how ever, owing to  co n tin u o u s  s t ra t if ic a t io n  and the  

p resence  of tides an d  in te rn a l  waves, an d  they rem ain  poorly  u n d e rs to o d .

T urbu lence , which e leva tes  m ix ing  rates and  en h an ces  s tresses  which can affect 

th e  m ean  flow, is also assoc ia ted  w ith  s trong friction. T ra d i t io n a l  cu rren t m eters  

m e asu re  only th e  horizon ta l c o m p o n e n t  of the velocity  an d  record  on ly  a f te r  significant 

averaging . .Acoustic D opp le r  C u r re n t  Profilers, on th e  o th e r  h a n d ,  sam p le  the  three- 

d im ensional velocity  m uch  m o re  rapidly , enabling th e  f lu c tu a t in g  com ponen ts  to be 

m easu red .  T h is  provides a n  ad d i t io n a l  tool in th e  s tu d y  o f  th e  effect of Reynolds 

s tresses  on the  d y n am ics  o f  geophysica l flows.

A  b e t te r  u n d e r s ta n d in g  o f  th e  cross-channel flows, tu rb u le n c e ,  and  mixing 

w ith in  J u an  de F uca S tra i t  was th e  m otivation  for th e  o b se rv a tio n a l  p rog ram m e of 

1996. Specifically. I was in te re s ted  in adequa te ly  resolving th e  in terfac ia l region, p a r­

ticu la r ly  the tran sv e rse  c u r re n ts ,  an d  in exam in ing  th e  forcing te rm s  w hich drive th e  

d y n am ics  in a  p a r t ia l ly -m ix e d  es tuary .  .An add itional a im  w as to  m e asu re  Reynolds 

s tresses  in a s tra t if ied  fluid to  co m p lem e n t  the dynam ica l  s tu d y .

T im ed  to  coincide w ith  th e  ex p ec ted  m axim al e s tu a r in e  flow d u e  to  the  su m m er  

freshet, a  b o t to m -m o u n te d  .ADCP was deployed in th e  cen tra l  sec tion  o f  J u a n  de Fuca 

S t ra i t  in Ju ly  for 21 days. C u r re n ts  were sam pled  every  30 seconds  w ith  tw o-m etre  

vertica l resolution over a la rge  po r t io n  of the w ater  co lum n , c a p tu r in g  th e  m id-dep th  

region con ta in ing  th e  in terface  be tw een  th e  brackish surface  layer  an d  th e  re tu rn  flow 

b e n e a th .  C o n d u c t iv i ty -T e m p e ra tu re -D e p th  (C T D ) profiles w ere o b ta in ed  over th e  

course  of the  dep lo y m en t to  d e te rm in e  th e  hydrography.

a) Vertical Velocities

Vertical c u rren ts  a re  th e  m os t  difficult velocity  c o m p o n e n t  to  m easure , m ain ly  

because  they a re  genera lly  sm all  in m agn itude . Difficulties in c lu d e  th e  risk of con­

ta m in a t io n  by horizon ta l velocities  th ro u g h  errors in th e  m e a su re d  A D C P  tilt angles, 

sp a tia l  inhom ogeneity  over th e  w id th  of th e  beam  sep a ra t io n ,  a n d  co n tam in a tio n  due
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to  th e  active m ig ra tio n  of zoop lank ton . A m in im isa tion  o f  th e  energy  con ta ined  in tc 

for pitch  an d  roll co rrec tions  revea led  th a t  th e re  is no obvious bias in e i th e r  t i lt  angle, 

a n d  th e  difference in ver tica l velocity  es t im a tes  from o rthogona l b e a m  pairs  was small 

com pared  to  th e  m e a n  vertica l velocity. At tim es an d  d e p th s  o u ts ide  zooplankton  

m igra tion  routes, in te rn a l  wave induced undu la tions  in bands of anom alously  large 

b ack sca tte r  in tens ity  w ere  used as independen t confirm ation  of th e  re liability  of the  

vertical velocity e s t im a te .  S lopes of vertical velocity versus b ack sca tte r  intensity, as 

well as com posite  anom alie s  of w  a n d  the  in tensity  suggest th a t  th e  d iu rn a l  zooplank­

ton  m igration  d id  not have a  significant bias on th e  m easu red  vertica l velocity, even 

th o u g h  th e  m ig ra tin g  z o o p lan k to n  clearly show up in th e  b ack sca t te r  in tensity  da ta .  

T h is  is in co n tra s t  to  P lu e d d e m a n n  and Pinkel (1989). who found th a t  th e  vertical 

velocities m easured  w ith  a  67 kH z A D C P  in an  oceanic en v iro n m en t  were consistent 

w ith  the  b ack sca tte r  signal. T h e  differences, which m ay  be th e  resu lt of th e  frequency 

used or of the  p o p u la t io n s  of zooplank ton . w arran t fu r th e r  ex am in a t io n .

b) Tides

T he effect of b o t to m  fric tion  in reducing th e  m a g n itu d e  of th e  near  b o tto m  

cu rren ts  was clearly  seen  in th e  t ida l constituen ts .  T h is  m o tiv a ted  a  log-layer analysis

of th e  to tal a long-channel c u r re n t ,  an d  the  results  suggest th a t  th e  d rag  coefficient was

g  =  2.9 X 10  ̂ and  C ^on ly  slightly larger on flood t id e  th a n  on ebb . w ith C  =  2.9 x 10  ̂ and  C  =  2.8 x

10 ^ . respectively. For rec t i l in ea r  curren ts, one would expec t  th e  b o t to m  roughness 

p a ra m e te r  to  be in d e p e n d e n t  of th e  freest ream  velocity. T h e  d a t a  showed very small 

corre la tion  ( r  =  —0.023) be tw een  and for flood tide, and  som ew hat larger 

corre la tion  ( r  =  0.21) for ebb .

T he  flip in ro ta t io n  sense o f  th e  A/2 cu rren t vec to r  ju s t  above th e  b o tto m  was 

d e m o n s t ra te d  to  be th e  resu lt  of different bou n d ary  layer th icknesses for th e  clockwise 

a n d  anticlockwise r o ta t in g  com ponen ts .  T h e  m o m e n tu m  balance  analysis  proposed 

by Soulsby (1983) p re d ic te d  th e  shear of th e  m a g n itu d es  for th e  two com ponents  

fairly well in th e  b o t to m  15 m . In con trast ,  ag reem en t betw een th e  theore tica l and 

m easured  phases was poo r .  .A. fuller num erical m odel, i.e. involving a  t im e-vary ing
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e d d y  viscosity, shou ld  im prove  the  p red ic tion , b u t  w ith o u t m ode lling  th e  effects of 

s tra t if ica tion  c a n n o t  be expec ted  to  do so above  th e  b o t to m  w ell-m ixed  layer. T h e  

presence o f  in te rn a l  tides , as evidenced by th e  baroc l in ic i ty  of th e  t id a l  m a g n itu d es  

above  th e  b o t to m  b o u n d a ry  layer, is a  fu r th e r  com p lica tio n ,  an d  a  p ro p e r  analysis  

w ould necessarily  inc lude  th e  topog raphy  of J u a n  de  Fuca S tr a i t ,  an d  possibly th e  

she lf  break as well.

Energy  s p e c t r a  showing th a t  considerab le  energy  is p resen t a t  nea r- t ida l  fre- 

c{uencies also suggests  th a t  th e  tides w ith in  J u a n  de  F uca S tra i t  co n ta in  in te rna l  

m odes. T h e  v e r t ica l  s t ru c tu re  of these  m odes can  be  s ignificantly  a l te red  in th e  

presence o f  a  m e a n  c u r re n t .  F u rtherm ore ,  incom ing  an d  ou tgo ing  w aves are  affected 

differently  by th e  e s tu a r in e  flow w ith in  th e  channe l.  T hus ,  w ith o u t  horizon ta l reso­

lu tion  of th e  t id a l  cu r ren ts ,  a  decom position  of th e  to ta l  t id e  in to  its b a ro trop ic  and  

baroclin ie c o m p o n en ts  is a  difficult task .

T h e  vertica l s t r u c tu re  of th e  in te rna l m odes  in a  n o n -ro ta t in g  fluid is given 

by the  T ay lo r-G o ldste in  equation . T h e  Rossby rad ii for th e  b a ro tro p ic  tides and  

th e  first baroc lin ie  t id e  a t  d iu rna l frequencies a re  m uch  la rger th a n  th e  w id th  o f  th e  

s t ra i t ,  an d  th e  t id es  a re  rectilinear. For h igher m odes,  however, cross-channel tidal 

co m p o n en ts  are  no t  cons tra ined  to be zero, an d  th e  T ay lo r-G oldste in  eq u a t io n  m ay  

not be a p p ro p r ia te .  T h e  m odal fits to  th e  m e asu re d  tida l c u r re n ts  d id  not allow 

m odes h igher th a n  th e  first baroclinie to  be identified  tho u g h , so th is  was no t an  

issue in th e  p resen t study .

.A m oda l fit to  th e  observed M 2  t id e  suggests  th a t  th e  b a ro tro p ic  t ide  has a 

m a g n itu d e  of a b o u t  0.47 m s  \  T h e  first baroc lin ie  m ode  has m a x im u m  associa ted  

cu rren ts  of be tw een  0.0-5 a n d  0.10 m s \  H orizon ta l reso lu tion  of th e  t id a l  s t ru c tu re  

w ith in  J u a n  de  Fuca  S tra i t  is required  to  p ro p er ly  d e te rm in e  th is . U nfo rtuna te ly ,  

historical d a t a  se ts  which con ta in  som e degree  o f  horizon ta l reso lu tion  suffer from a 

lack of vertical reso lu tion .
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c) The M ean Flow

T h e  vertical s t r u c tu r e  of th e  cu rren ts  a t m id -d e p th  was resolved, revea ling  

large cross-channel cu r ren ts  an d  s tro n g  shears in th e  in te rfac ia l  region. T h e  m ean  

a long-channel flow is ty p ica l  o f  e s tu a r in e  c irculation, w ith  outflow  in the  u p p e r  layer, 

a n d  r e tu rn  flow b en ea th .  T h e  m easu red  curren ts  a re  g en e ra lly  la rger a t  all d e p th s  

th a n  geostrophic cu r ren ts  b a se d  on  th e  m easured  h y d rog raphy ,  suggesting t h a t  th e  

d y n a m ic s  affecting the  flow m a y  be sufficiently localised th a t  th e y  do not affect th e  

h y d ro g rap h y  a t  th e  n ea re s t  C T D  s ta t io n s .  C u rren ts  are  p a r t ic u la r ly  s trong  a t  m id ­

d e p th  (i.e. near th e  in te rface) ,  w ith  m eans  reaching —0.07 m s  *. a n d  are  ro b u s t  to  

sm all  ro ta t ions  of th e  ( x .y )  axes.

T h e  th ree -d im ensiona l m e an  residual flow in J u a n  de  Fuca S tra i t  agrees in 

a q u a l i ta t iv e  sense w ith  re su lts  from  a  labora to ry  e x p e r im e n t  of two-layer ro ta t in g  

ex ch a n g e  flow (Johnson  an d  O h lsen  1994), a lthough the  s p r in g -n e a p  and in te r -an n u a l  

v a r ia tions  m easured  suggest t h a t  th e  dynam ica l processes m a y  not be s im ilar.  B oth  

th e  along- and  cross-channel m e a n  c u rren ts  were significantly  la rge r  during  n eap  tid e  

th a n  a t  spring tide. T h e  fo r tn ig h t ly  m o d u la tio n  of th e  e s tu a r in e  exchange flow can  be 

u n d e rs to o d  in te rm s  of e lev a ted  m ix ing  levels in the  G ulf  Is lands  u p s tream  of J u a n  de  

Fuca  S tra i t  during spring  t id e s ,  which enhances  the  vertica l ex ch a n g e  of m o m e n tu m ,  

red u c in g  the  e s tu a r in e  exchange .  Occasionally , n o r thw es te r ly  w inds in th e  S tra i t  of 

G eo rg ia  du ring  neap  tides  re su l t  in a n  add itional increase in th e  exchange flow, an d  

su rface  salin ity  d a t a  from  R ace  Rocks suggests th a t  such a n  ev en t occured  over th e  

t im e  of th e  .-VDCP d ep lo y m en t .

d) [n lerfac ia l M ixing

Direct m e asu re m en ts  o f  th e  R eynolds  stress were m a d e  in  a  s tra tif ied  e n v iro n ­

m e n t  a n d  tem pora l var iab ili ty  was c learly  seen, bo th  on s e m id iu rn a l  and fo r tn igh tly  

t im esca les .  T he  sp r ing-neap  cycle  in th e  tu rb u len t  m ix ing  m a tc h e d  th a t  of th e  shear  

in t h a t  e levated  m ix ing  levels were associa ted  with lower g ra d ie n t  R ichardson  n u m ­

bers. T h e  decrease in th e  g ra d ie n t  R ichardson  nu m b er  d u r in g  neap  tide  im plies  th a t  

th e  exchange  flow is m ore  u n s ta b le  to  shear  instability , a n d  th e  prevalence o f  low
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R ichardson  n u m b e rs  d u r in g  th e  trans i t ion  from  eb b  to  flood a t  interfacial d e p th s  sug­

gests  th a t  critical layer  abso rp tion  of in te rna l waves m a y  be dynam ica l ly  im p o r ta n t .

T he  m a g n itu d e s  of th e  m easured  Reynolds s tresses  were q u a l i ta t iv e ly  consis­

te n t  w ith th e  observed  spring-neap  varia tions  in th e  m e an  along a n d  c ross-channel 

cu rren ts .  W hile  th e  fo r tn ig h tly  m odu la tion  in the  e s tu a r in e  exchange arises u p s t r e a m  

in th e  narrow  and  shallow  constric tions betw een  th e  G u lf  an d  San J u a n  Is lands, th e  

add itiona l m ix ing  ins ide  J u a n  de Fuca S tra i t  d u r in g  neap  t id e  enhances  th e  ver tica l 

t ran s fe r  of m o m e n tu m ,  an d  likely ac ts  as a  brake on th e  spring-neap  cycle  o f  th e  

along-channel flow.

d) Future W ork

Efforts to  fu r th e r  s tu d y  the  sp ring -neap  v a r ia tion  in tu rbu lence  an d  th e  asso­

c ia ted  effects on th e  m e an  cu rren ts  would benefit from  a  m ore  thorough  analysis  of 

th e  hydrograph ic  a n d  c u r re n t  s t ru c tu re  w ith in  J u a n  de  Fuca S tra i t .  M ost o f  th e  C T D  

profiles near th e  .ADCP site , including th e  only t im e  series, were taken  over a  single 

tw o-day period, a t  n eap  tide . In ad d it io n  to  increased  m easu rem en t o f  th e  sp ring- 

n eap  hydrographic  cycle, h igher resolution in th e  ho rizon ta l d irection  is needed . T h e  

spacing  betw een C T D  s ta t io n s  near th e  .ADCP site  was too  large to  m e asu re  th e  ef­

fect of any localised d y n a m ic  processes which were occuring . .A. series of h y d ro g rap h ic  

m oorings would accom plish  b o th  of these  ob jec tives,  an d  th e  synoptic  coverage w ould 

also allow in terna l w aves to  be m easured .

T here  is also som e u n ce r ta in ty  as to  w h e th e r  th e  spa tia l  var iab ili ty  in th e  

observed cu rren t  s t r u c tu re  an d  Reynolds stresses is p a r t  of th e  regular sp r in g -n eap  

cycle  in J u a n  de F uca  S tra i t  o r  if it was a  resu lt of th e  freshw ater  event which o ccu re d  

in la te  July. M easu rem e n ts  over several sp r ing -neap  cycles are requ ired  to  m o re  

fully u n d ers tan d  th e  degree  to  which m ix ing  w ith in  th e  s t ra i t  is m o d u la te d  by th e  

fo r tn igh tly  t idal cycle.
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