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ABSTRACT

As one of the Puget sound InterÍm studies, grouPs of drogues (i.e.,

currenÈ followers) were released over the I,IesÊ Point seúrage ouËfall at

depths of maxímum effluent concentraËÍon. Through statistical analysís

of subsequent drogue posiËions, the rel-ative dilutíon of maximum concen-

tration has been determíned using an approPriaËe form of tTile Lagrangian

diffusion equaËíon during seven ebb, seven flood and two slack tídal

phases in suumer and winter.

By separating the eddy spectrum aË the drogue grouPrs effective

diameter (average = 0.9 km) larger scale eddÍes aPPeaT as shear of the

mean flow, whereas smaller scaLe eddies appear as turbulence charac-

EerLzed by an eddy diffusivíty (average = 2,2 x 104 "r2 "-1¡. Duríng

establíshed tídal currents the effl-uent is priurarily sËirred by Èhe mean

flow and 1-arge-scale eddies, thereby producíng compl-ex patterns of rela-

lively concenËrated filaurents and patches. During slack tides, íncreased

fluid accelerations rearrange and dívide the larger eddies resul-ting in

an increased supply of srnall-scale eddies, which more effectively dis-

perse patches and filanenËs.

The neË result is about a l-: L0 dilution of maxímun concenËration

over four hours during major flood or ebb tides compared with more

rapid dílution proporÈional to t-x, x>L.2, during slack tides. Some

effl-uent patches may retain theír ÍdenËity through several tídal phases

as observed ín photographs of dye injected into the Puget Sound Model.

Those photographs also show an eddy in lrlest Pointrs ]-ee on selected

fl-ood tides as confírmed on È$Io occasions by drogue trajecÈories.
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Cooperative Efforts

Ttris work represents one of the Puget Sound Interim Studies initiaËed

by Ëhe Municipalíty of Metropolitan Seattle (Metro). More specifically,

thís sËudy ís designed to provide a quantitatíve descríptíon of currents

and mixing in support of a major dye study undertaken concurrently by

Èhe Applíed Physics Laboratory (APt) at the University of l{ashingÉon (IJI^I).

A closeLy related study of effluent díspersal using the Puget Sound Model

of Ëhe lIüI Department of Oceanography provided supportíng data for both

studies.

Acknowledgements

Thís work \,/as performed under Purchase Order 10661 from lleËro 1o-

cated at 600 First, Avenue, Seattle, I'lashington 98104.

The drogues \¡reïe construcLed by Beth Chiodo and Dick SylwesEer at

Shorelíne Cournunity College. trIe are gratefuL to them and Jack Serwold,

coordinator of the Marine Technician Program at Shoreline Conmunity Col-

Lege for their f ine work. Drogues \¡/ere monitored from U.S. Geological

Survey research vessel Hydor under the expert navigatíon of Bill Clique,

and a Natíonal Oceanic and Atmospheríc Administration survey vessel

kindly supplied by captain G.L. short and navígated by Ray schmidË.

Sextant fixes were taken by Beth Chiodo, Joseph Glasscock, Lincoln Loehr,

Jolene Patrícelli and Dave Thomson. Joseph Glasscock, Jolene Patricellí

and Darrell Terry plotted and digitized the fixes.

lrle are also grateful to Bill- Bendiner and Richard D. Tomlinson for



provídíng l-iaison l^Iith APL and Metro, resPectively. Under separaÈe

conËract John H. Lincoln at the IIW DeparÈmenÈ of Oceanography took 16-nm

film of Èhe Puget Sound Model-. üIlth his guidance l^re reviewed that uníque

f il-ro and took pictures of selected frames.

tr{e aLso wish to acknowledge the conËínued guidance of Professor

EmerÍÈus Clifford A. Barnes at the lIÍI Department of Oceanography and

Professor Akira Okubo at the Marine Scíences Research Center, State Uni-

versity of New York, Stony Brook, New York.



-1-

I. Sunmary

lhís study is designed Ëo provide a quantitat,íve description of cur-

rents andmixing in supporË of a comprehensÍve dye study undertaken con-

currenËly by the Applied Physics Laboratory* (abbreviated APL). The ob-

jecËive of Ëhat study is Ëo tTace ser,rrage effluent staíned wíth a fluores-

cenÈ dye as íL flows away from the tlesL Point outfall durlng the summer

period 30 August-4 Septenber L974 and Ëhe wínter períod 25 February-

4 March L975 (Figure 1).

Methods and inítial- results of the summer drogue sËudy were reported

by Ebbesmeyer and Okubo (1974). The present study reports Èhe winter

observations with a reanalysís of Lhe summer data. The observations of

both summer and winter may be described briefl-y as follows: groups of

drogues (usually seven) \¡rere released over the outfal-1 duríng selected

tÍdal phases at nominal depths of maxímum dye concentration (50 m in

suuìmer; 20 m in winÈer). Drogue positions, obtained from two small

craft usÍng sextants at 5-L5 minute intervals, vrere plotted and then

processed on a high speed computer usíng sÊatístical regression proce-

dures and an appropríate form of the Lagrangian diffusíon equation.

Table 1 shows general information for releases of 16 drogue groups.

The analysis separates Ëhe eddy spectrum at the drogue grouprs ef-

fective diameter (average = 0.9 krn) so that larger scale eddíes appear as

shear of the mean flow (see Table 2), and smaller scal-e eddies appear as

turbulence characLerized by an eddy diffusivity (Table 3:average =

t. I -12.2 x l-0+ cm's'). During established gidgl- currents the gffl-uent is

""- at" t"t*-tty of I{ashingËon, Seattle, }Jashington.
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primarily stírred by the mean flor¿ and large-scale eddies, Èhereby pro-

ducíng couplex patterns of concenËrated filamenËs and paËches. Maximum

concentratíons wíthin patches requíre about four hours or five kilometers

to achieve a 1:L0 dilution.* After an inítial interval of slower decay,

maximum concentratÍons decay at the raÈe of approximately t-1'2
J,

(Figure 2 ).

Duríng slack tíde, increased fluid accel-eratÍons rearrange and divide

the larger eddíes resultíng in an íncreased supply of smalL-scale eddíes.

the result is an increased rate of dílution according to t'2 to t-4 for

pat.ches toward shore, whí1e patches toward ¡níd-channel may only experience

decay rates moderately faster than t-1'2.

Figure 3 shows drogue plumes for alL releases. Superpositions of

Ëhese on corresponding photographs of dye ínjected into Ëhe Puget Sound

Model shov¡ that drogue plumes often approxÍmaÈe dye plumes (cf., Plates

IrII). Deviations occur due Ëo dye recirculated from prevíous tídal phases.

Drogue trajectories tend to fol1or¿ the more concentrated filaments and

patches.

I'he phoËographs also índÍcate an asymmeErical distribution of patch-

íness between ebb and flood tides, possibly as a result of net freshwater

accumulation flowing norEhward. During flood tídes two types of patch-

iness are often evident: (1) effluent patches dispersed between míd-chan-

nel and Magnolía Bluff; (2) an eddy in Ìlest PoinËrs lee círculating coun-

terclockwise. Ebbs produce a characterist,íc fílamentary dispersíon sweep-

ing northward around Meadow Point. Selected patches T^7ere observed to uain-

tain Ëheír ídentity for up to 15 hours.

*Beca,tse of assumptions basic to the Lagrangían diffusion equation these
dilutions should be treated as estimates of maximum dilution.



Table 1. General inforuaËion for suûImer and winËer drogue studies.

launched reËrieved

Date

8-30-74
8-3L-74
9- L-74
9- 2-74
2-25-75

9- 3-74
2-26-7 5
2-27 -75
2-28-75
3- I-7 5
3- 2-75
3- 3-75

9- 3-74
2-28-75

2-26-75
2-27 -75

Tidal
phase

Fl-ood
tt

n
il

It

Slack
ll

Shilshole
flood

Flood eddy

Hour
first
drogue

L3.4
L2.2
11 .5
L2.8
].4.5

7.3
8.5
7.9
8.2
8.7
9.5
9.5

L2.7
13. 1

13.8
L4.2

Hour
last

drogue

19.5
19. 1
L7 .6
18. s
L7 .3

L2.L
11. I
L2"2
LT.7
t4.7
L4.3
L5.4

L4"7
L6.2

17.8
18.7

Elapsed
tÍme
(h)

6.1
6.9
6.1
5.7
2.8

4.8
3.3
4.3
3.5
6.0
4.8
5.9

2.O
3.1

4.0
4.5

Tidal
range
(')

3.2
3. 1_

3.0
2.9
2.L

2.3
3.0
3.4
3.6
3.7
3.6
3.4

lÉ drogues
launched

Depth
(.)

50
50
50
50
20

50
20
20
20
20
20
20

Ebb
il

ll

il

It

It

It

7

7

7

7

5

6
7

6
7

7
7

7

2.6
2.9

50
20

20
20

4
7

5
6



Date

Table 1 Contrd.

Tidal
phase

Interval
anaLyzed

for current.

Inítia1
area of

Final
atea ot

Average
drogue
speed.

-_t

Average
wind

speeds.:"r)? s.:"2?
tie

8-30-7 4
8-3t-74
9- L-74
9- 2-74
2-25-7s

9- 3-74
2-26-7 5
2-27 -7 5
2-28-7 5
3- L-75
3- 2-75
3- 3-7s

Flood
It

It

ll

il

Ebb
il

It

il

tl

il

r

14.2-r5.8
13.1-16.3
L2.8-L6.9
L3.7 -L7 .4
14.8-16.8

8.2- 9.5
9.O-l-]-.2
8.8-11. 7

8.8-11.2
9.3-13.0
9 .9-L3.6
9.8-15.0

13.2-L4.r
13.7-15.8

.7 4L

.366

.816

.288
.0644

.4LL
.077 5
.0685
.L66
.L24
.340
.L7 5

.256

.L37

.0868

.0382

,6L2
8,7 5
4.99
3.42
.418

.501

.496

.2s4

.47L
2.49
.443
.62L

.806

.254

32.8
18. 1
19. 1

23.4
27 .3

29.O
37 .8
36.7
42.9
36. 1

42.4
46.9

18. 8
L7 .9

L7.O
13. s

5.9
5.3
6.7
7.O

15.0

7.8
L4.t
5.7

12.4
7.7

20.r
L6.9

7.8
12.4

L4.L
5.7

I
Þ
I

9- 3-74 Slack
2-28-75 'r

Shilshole
2-26-75 flood 15.5-17 .3
2-27-75 Flood eddy 14.8-18.3

.24L

.206
&

24 }l,our averages. Summer values
at ülest. Point (courtesy of E. E.

airport. hlinter values from IJI,I weather statíonfrom Sea-Tac
Collias ).



TabLe 2. Average centroíd speed and propertíes of the mean flovr and eddies larger than drogue grouPs.

Date Tidal
phase

CenÈroíd
speed-

(crn s 
- r)

mean sÈd. dev.

Horizontal
dívergence
{ro-4 "-r,mean std. dev.

RelaËíve
vortÍcity
(ro-4 

"-1,mean std. dev.

8-30-74
8-3L-74
9-L -74
9-2 -74
2-25-75

9-3 -74
2-26-75
2-27 -75
2-28-75
3-L -75
3-2 -75
3-3 -75

9-3 -74
2-28-75

2-26-75
2-27 -75

Flood
n
il

il

ll

Ebb
il

il

It

il

tl

ll

Slack
il

Shilshole
flood

Flood eddy

32.8
18. 1
19. 1
23.4
27.3

29.0
37 .8
36.7
42.9
36.1
42.4
46.9

18.8
17 .9

L7.O
13.s

2.LO
6-60
3 .39
6.9L
11_.0

3.26
4.66
7.63
1.04
4.O9
L.37
7 .r8

2.15
8"05

6.06
6.56

- .535
2.89
t.2t
t.29
2.43

.344
1.83
1.05
1.05
2.L7
.279
.7 64

4.96
.633

1.52
1" 11

L.72
2.93
. 178
1 .81
.739

1.06
L.77
1.99
1. 13
1. 13
.989
.858

2.38
t.25

3 .55
3.78

-4.33
r.96

-.566
L.52
I.O4

-1.8L
3. 16
.877
.928

-.833
-.747
-.290

L.7 2
-2.58

-.924
.r44

.908
T.4L
1.09
.703
1.48

.644
2.74
L.72
2.07
.609
.626
.567

1.84
1.89

2.38
2.88

¡
(Jl
I



Table 2. Cont I d.

Date Tidal

Stretchíng
deformation
(ro-4 

"-1,

Shearíng
deformation

lro-4 "-1¡mean std. dev

No. of
data

hase

Flood
tf

It

il

t1

Ebb
It

il

ll

It

n

n

Slack
il

Shilshole
Flood

Flood eddy

-.474
- .309

.7 48
.0781

. 115

.484
4.40
T.L4

-.767
.0881
.5s4
.419

-"7s6
- "566

-1.80
-L.tv

-.724
-.876
-.240
-. 116

.326

-3.70
1.07
L.52

-I.67
.531
.67 5

-.282

-r.7 6
.972

2.49
.t23

sËd oint
8-30-74
8-3L-74
9-L -74
9-2 -74
2-25-7 5

9-3 -74
2-26-75
2-27 -7 5
2-28-75
3-t -7s
3-2 -75
3-3 -75

9-3 -74
2-28-7 5

2-26-75
2-27 -7 5

I.52
3 .30
.538
1. 93
2.t5

.3s4
2.88
3. 98
2.79
.361
.920
.591

L.44
.838

3"33
6.56

.928
L.O7
1.30
T.T7
r.26

.7 55
L.s6
2.64
2.L8
.357
1. 09
L.57

2.7 5
L.57

2.96
2.72

13
29
38
34
L7

10
19
26
2L
34
34
51

6

18

I
o\
I

15
32



Table 3. HorizonEal eddy

large and smaLl

-7-

diffusivlty and

scale eddies.

mean dlvision between

&
Mean dlvision
between large

and snall scale
eddies

(km)

HorizonËa1
eddy

diffus lvity
1104 cm2 s-l

No. of
data

poÍnEs
TidaI

8-30-74
8-3L-74
9-1 J4
9-2 :74
2-25-75

9-3 -74
2-26-75
2-27 -7 5
2-28-75
3-1 -75
3-2 -7 5

3-3 -75

9-3 -74
2-28-75

2-26-75
2-27 -7 5

Flood
il

il

il

il

Ebb
il

il

il

il

ll

il

Slack
ll

Shí1sho1e
Fl-ood

Flood edd!

.7LL
9.23
4.78
5.58
.208

.799
2.08
.386
.289
.44s
.904
.494

2.03
.22L

.836
1. 63
L.64
1 .38
.516

.824

.680

.400

.57 6
1. 16
.692
.584

.728

.472

.6t6

.360

13
29
38
34
L7

10
L9
26
2L
34
34
51

6

18

t_5

32
.852
. 156

*Diameter of drogue group.
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Photograph of dye injected into PugeÈ Sound Model
during flood tide of 27 Eebrtary L975. Note eddy
in üIest PoínÈrs Lee and three patches between
Magnolia Bluff and mid-channe1. For comparison
wíth corresponding drogue pLurne and trajectoríes
see Fígure¡3a3 and 8a3, resPectívely.
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Plate I.
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Photograph of dye injected into Puget Sound Mode1
duríng ebb tide,of 1 March 1975. For comparison
wíÈh corresponding drogue plume and trajectories
see Figures 3b4 and 8b4, respectívely.
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NoËe: These are Èheoretical
effluenË dilutions afËer
an initial dilution of
approximatelY 1/100 near
the diffuser.
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Figure 2a. Average and limits of relative dilution of maximum

"orr..ott"tion.Averageconsistsoffivefloodandseven ebb tides listed in Tables 1-3'
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0.1

ELAPSED TItfE (hours) after initial Jílution by diffuser
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Figure 2b1. Relative dilution of maximum concentratíon for flood
tídes versus elapsed time.
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Figure 2bI. Relative ctj-lutron ot maxl-mum concenEraElorl ror rloocl
tides ve.rsus elapsed time.
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Figure 3a1. Drogue plume (dashed line) for flood tlde on
25 February L975. Dots mark cenÈroíd every
six minutes. Selected principal axes of drogue
areas contain 95% of drogue Positions '
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Fígure 3a2. Drogue plume for Shil-shole flood tide on 26
February 1975. Dots mark centroid every sir
minuÈes. Selected principal axes of drogue
areas contain 95% of. drogue positions.
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Figure 3a3. Drogue plume (dashed f.ine) for flood eddy on
27 Eebruary L975. Dots mark centroid every
síx minutes. SelecÈed principal axes of drogue
areas contafn 95% of. drogue positions.
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Figure 3b1. Drogue plume (dashed líne) for ebb tlde on
26 February I975. Dots mark centroid every
six minutes. Selected principal axes of drogue
areas contaín 95% of. drogue positions.
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Fígure 3b2. Drogue pLume (dashed line) for ebb tlde on

27 Februaty I975. Dots mark centroíd every
síx minutes. Selected principal axes of drogue
areas contaín 95% of drogue positlons '
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Figure 3b3. Drogue plume (dashed line) for ebb tÍde on
28 February L975. DoÈs mark centroid every
slx minutes. Selected princlpal_ axes of
drogue areas contain 95% of. drogue positions.
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Figure 3b4. Drogue plume (dashed line) for ebb tide on
1 March L975. Dots mark centroid every six
minutes. Selected princlpal axes of drogue
areas contain 95% of drogue positíons.
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Drogue plume (dashed f.ine) for ebb tíde on
2 March 1975, Dots mark centroid every six
mínutes. SeLected princípal axes of drogue
areas contaín 95% of. drogue positions.

Figure 3b5.
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Flgure 3b6. Drogue plume (dashed line) for ebb tlde on
3 March L975. Dots mark centroid every sfx
minutes. Selected princiPal axes of drogue
areas contain 95% of drogue positíons.
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Figure 3c. Drogue pJ-ume (dashed line) for sLack tide on
28 February L975. DoÈs mark centroid every
síx minuÈes. SeLected principal axes of drogue
areas contain 95% of. drogue positions.
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3d1. Drogue plume (dashed line) for flood tide on

30 August 1rg74. Dots mark centroid every six
minutes. Selected principal axes of drogue

areas conËaln 95% of drogue positions '
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Drogue plume (dashed líne) for flood tide on

31 Ãugust L974. DoÈs mark centroid every six
minutes. Selected principal axes of drogue
areas contaín 95% of. drogue positíons.

Figure 3d2.
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Drogue plume (dashed line) for flood tide on
1- September L974. DoÈs mark centroid every
six minutes. Selected principal axes of
drogue areas contaín 95"/" of. drogue posítions.
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Fígure 3d3.
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Drogue plume (dashed l-1ne) for flood tide on
2 September L974. Dots mark centroíd every
six minutes. Selected principal axes of
drogue areas contain 95% of. drogue positions.

Figure 3d4.
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Flgure 3e. Drogue plume (dashed line) for ebb tlde on
3 September L974. DoËs mark centroid every
sÍx mínutes. Selected principal axes of
drogue areas contaín 95% of. drogue positíons.
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Flgure 3f. Drogue plume (dashed llne) for slack tide on
3 Septenber 1974. Dots mark centroid every
six minutes. Selected principal axes of
drogue areas contaLn 95% of drogue positíons.
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II. Introductíon

Ttris study is designed to provide a quantiËative descriptíon of cur-

rents and assocíated míxing in support of concurÏent observations of dye

puurped continuously from the l.Iest Point ser¡rage outfall. The observations

of dye concentraÈíon were performed under a seParate contract Ëo APL' In

that study rhodamíne B* dye was conËinuousl-y injected into ser^Iage wíthin

the treatment plant l-ocaËed close onshore at VJest Point. Ttre sewage and

dye enter Puget Sound approxiuately 1-100 m InlesË of trIest Point at a nomi-

nal depth of 73 m. The combined effluent rises to an intermedíaÈe depth

controlled prímarily by prevailing density sLructure. Ttre resul-Ëing ver-

tical anð. horizontal dye disÈributíon was observed by APL using a towed

ínstrument package. Preliminary analysis of Èhose observaËions on board

ship showed that 50 n approximated the depth of maxlmum dye concentration

ín summer, and 20 m in wínËer. Groups of drogues (usually seven) were

then placed at Ehose depths near Ëhe beginning of major flood and ebb

tidal phases (Tabl-e 1 and Figure 4) .

III. Methods

A. Drogue design

A drogue may be defined as a devíce which is theoretícalLy free to

follc¡rnr currents. Practical consideraËions often result ín a drogue

which rídes at a fixed depth by suspension from a surface float. OPti-

*A fl-,ror.scent bluish red dye.
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susPending elemenÈs. Ttre drogue used ín this study fs patterned afËer a

design used prevíously for exËensíve fíeld studíes in Great Lakes Michigan

and Eríe (okubo and verber, 1967 and, okubo and FarLow, Lg67).

The design consíst"tt of thro recËangles of coaËed lighËweight nylon

seÏ¡/n over small dÍameter zÍnc-coated electrÍcal conduit (Figure 5). The

conduíts and nylon were fastened aÈ the center and the frame guyed with

srnall diameËer braided nylon cord. The surface float consisted of poly-

urethane sandwíched between square pieces of plyruood. previously coated

wíth fÍber glass. Nylon cord (l/Bt') connecËed Ëhe drogue and surface

fl-oat. Assuming a wind speed of 10 knots and a current of one knot, the

drag on the droguers suspending elements is approxímately fÍve percent of

that on the drogue ítself. A several- pound weíght suspended about I meter

below the drogue kept ít nearly vertical and. also resulted in a descent

tÍme of approximately fíve mÍnutes.

B. FÍeld procedure

Shortl-y after dawn Èwo small craft arrived over the outfall near

times of high or l-ow water. In an established tídal currenË 5-8 drogues

were launched wíthin a several hund.red meter diameÈer. After observing

posítÍons for 4-5 hours drogues r^rere reËrieved usually near midday and

dusk. By assigníng small craft to selected drogues the posíËíon of each

could be obtained at l-east once every 15 minutes. T\¿o observers in each

craft obtained drogue positíons using micromet,er drum sexËants during

dayLight hours of sufficient visibíliËy. Table 1 suumarizes general in-
ormation for sixteen rílLenËs during seven flood

*rdentical- 
drogues were used in suuuner and winter periods.

ebb and
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Figure 5. Sketch of drogue'
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slack tída1 phases.

C. StaËistics of drogue posíËíon

SexËant fíxes were fírst plotted usíng a three arm protractor; then

dígÍËÍzed on a master grid wíth x, y reckoned positive toward east and

north, respectively; and fÍnaLly interpol-ated at síx minute íntervals

usíng polynomíaL curves fitËed Eo the tíme series of x and y by means

of leasË squares. T?re following statistics r¡rere compuËed frour Ëhe inter-

polated posítíons:

1. Centroid position and speed.
2. Orientation of Ëhe príncipal- axes.
3. SËandard deviations along the princípal axes.

Ttre principal axes are mutuall-y perpendicular and pass through Ëhe cen-

troid wíth respect to which Ëhe standard devÍaËion ís either maxímr:m

(or" alottg the major axís) or minimum (oo,, alotg the mÍnor axís). T\¿o

standard devíatíons along these axes form an ellipse of area A = 4no*"ori

whích contaíns 95% of, the observed drogue positions. Henceforth thís area

wiLl- be referred to as rdrogue area,t A. tJe defíne a tdrogue pLumer by

contouríng successíve positions of two standard deviaËíons measured from

the centroíd along major axes (cf. Okubo, L970, p, 93).

Idean standard deviation for n drogues is defined geomeËricaLly as

(1)

r^lhere
i)2

ã)2

L-
ô=(o o.)'2' ma ml--

n1cú-=----=- i (x--ma n-l .L'-'-ia=I
n1-o^l = Ér )- (si

l_=I
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where r, s refer to coordínates in the príncipal axÍs frame and the

centroíd (?,ã) ís located at

In eq. (1) the denominator n-l replaces the more cofltrnon n. According to

cramer (1966, p. L82) this formulaËion approximates Ëhe varíance of a

contínuous populaËion as observed wíth n discrete samples. CaLculation

of centroid posltion requires no correction. Ttre rhatst (^) denote use

of this correcÈed sÈandard deviation.

D. Dívergence, vortícíty, deformaËion rates and frictional- torque

Tfiese propertíes of mean current shear rrrere computed from interpo-

lated posítions using Linear regressÍon procedures described in Appendix B.

Drogue area is approximaÈel-y related to horizonÈaL divergence by

(2)

so that

_n
-Içrr = - ) r.nl-

l-=l

-n
-lF,s = - ) s.nl_

1=l_

1dA
' Adt

lf :',.'r 
a.']A=exp (3)
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referred to as

of the absolute

havíng unÍt volume

D o A-1, or

the 1nËegrated divergence.

vorticlty (C + f) obeys the

where the íntegral will be

The vertícal component

following dynamíc equation

where e

f

Y

Ur\rrI¡I

a)

ø

CX

P

F.Fx'y

If we associate A wiËh a vertic

and heighÈ D, Ëhen for this vol

D=exp-

al cylÍnder of r¡rater

ume to be conserved

l.r 1

ll tc.')d.'l
L'o J

(4)

d
dr

(E+f) + (E+r) y + (#

F*dx
, âcr

- (=-
dx

âo
ây #,*(*- +,

âw_àu
âx àz F)- zn"o"Ø P +ðy òy

.,Sç.n Ø =

( s)

vertical- component of relatíve vorticity

vertícal component of planetary vortfcity (1.08 x fO-4 
"-1)

horizontal divergence

x, yr z components of veLocity

earthrs angular rotation

l-atiÈude

specific volume of sea water

Pressure

x, y - components of frictional forces



-4L-

If we ígnore the terms ínvolvlng the vertlcal velocíty and also the

baroclinic term, (5) is reduced to

d
dr

(e+f) + (r+f)y = Tf

ðFv ðFx= --.t- - : : tríctional torque.-âx ây

(6) by D, the vertical- helght of a ríater column and uslng the

- (4),we obÈain

d .g+f., : Tf
dT\ D, D

where Tf

Dlviding

relatíon

(7)

Equation (7). states that without

1s conserved:

frictíonal torque, poËentíal vortícity,

consËanË

E. Dilutíon of maximum concentration

Ttre dlLuËion of the maxímum concenÈration, So', wÍthin an effluent

patch formed at t = O ís approxímaËed by the foll-owing Lagrangian dif-

fusíon equation adapted fron Okubo (1966):

* o*ro) (or + orio) -t22cr-)(Fz-+G2)-(r1r2+

Ëq
D't)

e+f 
=

D
(8)

(¡r2 +
ST
f = {z'<o, l-'

.,,J,GtGz (e)
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where: (1)

(2)

(3)

Q is Ëhe amounÈ of substance released per unit depth at t = 0.

or.o, oo,lo are sÉandard devÍations along Ëhe najor and mínor
axes at t = 0, respectÍvely.

oT Í" the sËandard deviatÍon due Èo surall-scale eddles

oT' = 2Rt

(4) K ís the tíme average horízontal eddy dlffusivity

K(È')dr'

(5) K ís the ínstantaneous eddy diffusiviry

R=ll'rl rO

(10)

( 11)

(12)* = + (orrorr. - onaMomiM)

Ín which omaM , omiM are major and mínorof the drogue group-ãtter s,rbËraction of
ments from drogue positíons.

(6) Ff, F2, G1, G, are the Lagrangian displacement properties
r¿hich depend on time and charac'etize the mean flow (see
Appendix C for details of computations).

(7) Ttre overbars denote use of the time average process as usedín eq. (11) .

Equation (9) assumes that verticaL níxíng is neglígible and Ëhat the
eddy spectrum may be separated inÈo Ëwo major parts: eddíes larger than
the drogue group (í.e., large-scare eddies) appear as shear of the mean

flow and eddies smaller Èhan the drogue group (Í.e., sna1L-sca1e eddies)
appear as turbulence.

axes, respectively,
turbulent displace-



From eq. (9) we define the rel-ative dílutíon of the maxímum concen-

tration as:

sn(r) (13)Relat,lve dllution 
= S (t=0)

m

F. PhoËographs of dye ínjected into the Puget Sound Model

As part of anoËher study for lufetro, J.H. Lj-ncoln* took 16-rrr fíln

of dye injected at the VJest Point outfall in the Puget Sound Model. I,Ie

reviewed thaÈ footage magnifíed several times and shot píctures of 16-un

frames near times coinciding with the beginning, roid-poínt and end of

drogue runs from 26 February-2 March 1975. Additional pictures ürere made

of two dye patches which maintaíned their ídenËíty f.or L2 and 15 hours.

T\¿o of Ëhe more ínteresting píctures are shown in PlaÈes I and II.

IV. Results and díscussion

A. Drogue díspersion

Applícation of these methods results in drogue plumes (Figure 3);

divergence, vortíciËy and deformation rates due Ëo the mean flow and

large-scale eddies (TabLe 2); and eddy diffusivíËies due to small-scaLe

eddies (Tabl-e 3). The separation between these two scales varies r¿íth

time according to the drogue grouprs ínstanÈaneous size. Fro¡o Table 3

for ebb and flood Ëides Ëhe mean separation is 0.9 km.

Additional analysis shows Ëhat the mean flor,r and large-scale eddies

are primaríly responsibLe for drogue dispersion duríng esÈablished tidal

DepË. of Oceanography, UnÍversity of l,Iashington, SeaÈtl-e, llashingÈon.
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Phases. I{e can demonstrate this by trüo curves relating drogue area to

ÍntegraÈed dívergence: cun¡e A in Fígure 6a shærs typicaL observed

val-ues, while curve B relaÈes theoretÍcal- values computed from eq. (3)

due only to the mean flonr and large-scale eddies. The ratío of B to A

is the approximate fraction of drogue area due Ëo the mean fLow and

Large-scale eddies, whí1e theÍr dífference is proportionaL Èo the area

due to smal-l-scaLe eddíes. Hence abouÈ 90-95% of drogue dfspersíon is

caused by fLows havíng lengËh scales larger than drogué groups and the

temaining 5-10% is due. to, small-scale eddíes.

InspecÈÍon of drogue Ërajectories (Appendix A) shor¡s thaË a drogue

SrouP tends to disperse in subgroups. ltris behavíor correlates wiËh

patchiness ín photographs of dye injected inËo the puget sound Model

(e.g., Plates I'II). Moreover, patchiness ís asymnetrlcalLy distributed

between flood and ebb Ëides. DurÍng establíshed flood tides three dye

patches characteristícaLly disperse beËween mid-channel and Magnol-ia

Bluff whÍ1e an eddy forms ín I,Iest Poíntrs Lee. During establíshed ebb

tides a characËeristlc filamentary dispersion sweeps northward around

Meadow PoinË.

Close ínspecÈíon of our phoËographs revealed that selected patches

formed on both ebb and flood tides and mainËained theír ídentity for
L2'L5 hours. Other dye patterns showed eddy circulaËions with diameters

exceeding one kilometer, yíelding additional evidence of large-scale

eddíes. FinallYr wê note that drogue and dye plumes do not aLways match

precisely because of dye recirculated from previous tidaL stages.
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B. DíluËion of maximum concentrations

Relative dil-utions of maximum concentïatÍons* r,¡ithin effluent paËches

are displayed for Índivídual drogue releases and averaged for fíve flood

and seven ebb tides during r¿hich drogue plumes were oríenÈed approxÍmate-

ly north-south (FÍgure 2). These compuËations suggest Èhat a patch formed

during an estabLished flood or ebb Ëide requires approximately four hours

for its maxinum concentration to decrease to 10% of iÈs initial va1ue.

This interval corresponds Èo a dÍstance of about fíve kílometers using

average tidal speeds.

Relative dilution decays at a rate proportional to {L.2 after an

initíal inËerval- of slower decay. Our LimiËed observations during so-

called slack tide, ín a flood eddy and ín aïeas of high currenË shear

suggest Èhat the decay rate increases Eo t-2 to t-4 between esËablished

tidal phases depending on the patchrs LocaËion.

C. Vorticity balance

conservation of potential vorticity is usually vaLid for a large-

scale motion like the Gul-f stream (stommel, 195s). For smaller scale

motíons frictíonal torque and verËícal velocity may become significant.

A large fracÈion of our observations satisfy the balance of potenËial

vortícity and frictÍonal torque ín eq. (7) (e.g., Figure 7). However

the remainÍng observations appear to require a more complex vorticity

balance which retaÍns terms containlng vertical velociËv.

Computed from eq. (13).
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V. Conclusion

Our results suggest Ëhe following tlyo-step míxing process as a work-

íng hypothesís:

1. During establíshed tidal phases the effluent is príuraríly stírred
by the mean flow and large-scale eddíes, thereby producÍng com-
plex paËterns of filamenÈs and patches.

2. BeËv¡een esÈablished tidal phases increased fluid acceleration
leads to a relaËÍve increase of small-scale eddíes at the ex-
pense of their larger scale parenËs. In Èurn these offspring
disperse the fílaments and paËches.

Ttre net result Ís about a 1:10 dilutíon of maximum concentration ín a

paÈch during established tídal phases and more rapid dilutlon at a rate in

excess of t-1'2 d.rrirrg so-called slack tide. However tidal urixing is com-

paratively inefficienË such Ëhat some effLuent patches may retain Ëheir

identíty Ëhrough several tidal phases.

On Èwo flood Èídes drogues Ëravell-ed around an eddy in trIest Point lee.

PhoËographs of the Puget Sound ModeL confirm Ëhe presence of this feaËure.

However, drogue pLumes do not a1-ways match precisely dye p1-urnes because of

dye recírculaËed from previous tidal phases.

Finally, it should be kept in mind that drogues are primaríly responsíve

to horizontal fluid moËíons. Our results suggest that natural horízontal

varíabil-iËy of drogue paÈterns are sufficient to mask signifícanË differences

between observed summer and wínter patterns. Moreover, sunmer and winter

observaËions hrere obtained at dífferent depths and tidal phases; and phoÈo-

graphs of the Puget Sound ModeL l¡/ere not avaílable for sunmer to conÈrast

those reported here for winter. A deflnitive discussion of summer-winter

dÍfferences of dispersion patterns must consider additional analyses of



hydrographic conditions and dye observaËions --- tasks beyond the scope

of thÍs study. We have reporÈed our results for both surnmer and winLer

ín the hopes thaÈ they will provide a Partial basis for del-ineatlng

seasonal- characteristics .
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Ttre folLowing

positions.

trajectories.

fígures show trajecËoríes from interpolated drogue
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t2?" 26'

Figure 8a1. Drogue Èrajectories
February L975. Tics

for fl-ood tide on 25
mark hal-f hour intervals.
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l2?" 26'

Figure 8a2. Drogue trajecEories
on 26 February L975.
intervals.

for Shílshole flood tÍde
Tics mark half hour
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Flgure 8a3. Drogue traJectories for flood eddy on 27
February I975,
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Drogue trajectories
Februa:ry L975. Tics
Íntervals.

for ebb tide on 26
mark half hour

Flgure 8b1.
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Figure 8b2. Drogue traJectories for ebb tide on 27
February L975. Tics mark half hour
intervals.
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Figure 8b3. Drogue trajectories
February 1975. Tícs
intervals.

for ebb tíde on 28
mark hal-f hour
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Figure 8b4. Drogue trajectorles for
March 1975. Tics mark

ebb tlde
half hour

on1
intervals.



Fígure 8b5. Drogue
March
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trajectories for ebb tide on 2
L975. Tics mark half hour intervals.
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Flgure 8b6. Drogue trajectorÍes for ebb tlde on 3

March L975. Tics mark half hour lntervals.
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8c. Drogue Èrajectories
FebruarY 1975. Tics
intervals.

for slack Èide on 28

mark haLf hourFigure
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Figure 8d1. Drogue
August

trajectories for
L974. Tics mark

flood tide on 30
half hour intervals.
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FORT LAWTON

+

Figure 8d2. Drogue trajectoríes for flood tide on 31
August L974. Tlcs mark half hour intervals.
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Figure 8d3. Drogue trajectories for fl-ood tide on 1

September L974. Tics ¡nark haLf hour
intervals.
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Figure 8d4. Drogue trajectories for flood tíde on 2
September 1974. Tics mark haLf hour
íntervals.
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Drogue trajectories for ebb tide on 3
September 1974. Tics mark half hour
intervals.

Flgure 8e.
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Figure 8f. Drogue trajectories for slack tíde on 3
Seprember 1974. Tícs mark half hour
Íntervals.
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ABSTRACT

If several drogues (i."., four or more) are followed simul-taneously not only

the mean flow, d.ispersion, and. ed.dy d.iffusivities but al-so the fiel-d. of mean

vorticity, d.ivergence, and d.eformation rates may be determined. as functions

of time. Confid.ence l-evels of the l-atter quantities may also be calcul-ated.

These nev proced.ures use a matrix approach to linear regression.
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Various methods have been developed for experimental studies of oceanic diffusion.

Ilowever, our present undersbanding of oceanic diffusion stil-I comes largely

from fiefd. studies. Arnong the fiekl methods, the use of d.rogues is both rel¿r-

tivety simple and inexpensive. Yet, their fuJ-I potential- has not been system-

atically explored in a manner similar to studies of the vorticity and strain

rates in arctic sea ice by Hibler, Weeks, Kovacs, and AckJ-ey (lgfl+). This note

examines the use of several d.rogues simultaneously observed in order bo separate

the mean and turbulent components of fJ-uid fLows.

For simplicity, though not of necessity, r+e wil-I confine our attention

to tvo-dimensional d.rogue notions. The outline of the data analysis is as

foflovs. Obser.vations of the x,y coordinates are used to calcuLate the u, v

speecls, respectiveÌy, of n drogues simul-taneously at m times:

x, (tc )

u. (t<)
1

vi(k)

vr(t)

_n
*(x) = * I-

1=l-

i = 112r3r...n

k = 1r2r3r...fr
(r)

Next ve expand. the u.,v. speed.s of each drogue at each time in Taylor

series about the centroid. located, at î(t), v(t)t

u.(r) =l(r) -HG)[x.(r) -*(r,,-#[vr(r.) -v(r)] +uï(r)

vr(r<) =7(x) .qP[x.(rr) -*(r.,, .#[vr(r.l -ltrl1 +vi(x)

where (z)

x. (rr) , v(r.)

âu ðu âv ðvand where A*, A", Ë, A, are linear velocity gradients at the centroid, and

ui, vil are the "turbul-ent" speeds.1' ].

_nl-r
-t n ."-r=l-

yi(k)
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In these Taylor series we have assumed, that the veloeity gradÍents

are unífor¡r within the group of d.rogues and. that terrns of second and. higher

order are considered as ttr¡bul-ence. This formuJ-ation, as wel-l- as those of

others (".g., okubo, 1966), view the spectrum of oeeanic turbur-ence as

separabJ-e into two major parts: the large-scale ed.dies which appear as

shears of the mean velocity, and. the small--sca1e eddies responsibJ-e for eddy

diffusion. fn the real- ocean, the spectrum of oceanie turbul-ence contains

a vide variêty of edd.ies and. is not easiry separable in this vay. Thus,

as the group of drogues spread.s, the division betr+een the part of the spectrum

assignabJ-e to shears a.nd the part assignable to ed.d.y diffusion tends toward.

smaller r¡ave-numbers and, frequencies. Even if the spectrum presents no

natural separation, we may assume that the concept of shear-diffusion is

still valid iocal-iy in time (Eblesmeyer and Okubo , 1975).

Equation (Z) can be expressed. nore simply as

U=RA+E

V=RB+F

vhere the fol-lowing matrix definitions are used.:

(:)

Eoqil-rqn matrices;

X(t<¡ =

xi(x)
x!(t)

-;,n,

yT(k)

yi(k)

,¡t*l

Y(t) = R(tc ) =

I
1

I

xf(t) yi(k)
x|(t) yä(k)

xfi(t) yä(k)

centroid.vhere the asterisks d.enote position with respect to the



U(x) =

u (t)
I

u (t)
:

u (tç)
n

Current property matrices;

A(t< ) =

Turbul-ence matrices;

rr, tnl\
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V(t) =

)

)

v (x)
n

B(t<) =

v(t )

âv(t )

âx

âv(k )

ây

F(tc) =

of drogues exceeds three, an," velocity grad.ients and.

, the matrices A and. B, may be caLcu-l-ated foltowing

proced.ures of Draper and Smith (1g66). ff n < 3,

are not appJ-icabl€r €.g., if n = 3 then turbul-ent components

Practical consid.erations of confid.ence limits as described

be approximateJ-y six or more.

(t
I

(r
2

hut \l.a" I

\ ,;r*r /

\ ã'-/

E(tr) =

I,Jhen the number

centroid speeds, i. e.

the linear regression

then these procedures

cannot be determined..

l-ater dictates that n

ll

u, (t)

,-r"(t )n

il

v, (L)
il

":'o'

"ltn,n
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AppJ-ication of the finear regression proced.ures requires that the mean

tu¡bulence speed.s be zero and that the standard. deviation of the turbulence

speeds be mini¡nízed.. For d.rogue observations we use the "unbiased" sample

standard' deviation as recommended by Cramer Ígee) when cal-cul-ating the

standard devÍation from discrete sampl-es d.rawn from a contÍnuous population:

â,r{n) = tå

o(t)=v

The result is as fol-lor.rs

(l+)

n

I
Í=1

n

I
i=l

t/ z
ur"2(t)J

t/ z
v."2(ir)l

[ = (R'R¡- t*',

g = (R,R)-IR'V

vhere R' is the transpose of R and. (R'R)-l i" the inverse of (R'R).

Substitutite (5) into (S) tire turbulence matrices can be vritten as

E = [ì - R(R'R)-tR' ]U

F=[l-R(R'R)-rR']V

rn rearity the turbulence terms consist of two parts: one is the

variation due to the real inhomogeniety of velocity grad.ients within the

drogue group, and the other is due to measurement errors in d.rogue position

and velocity. We may estimate measurement errors in several ways. For ex-

ample' if we make the usual- assurnption that the real turbulent fl-uctuations

and' measurement errors are mutually uncorrelated., and. that the measurement

errors themselves are u¡¡correlated r¿ith the sa¡re zero mean and. variance, ol,
ve then can obtain the unbiased. sample stand.ard. d.eviations for the real

(:)

(6)

=-ç
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turbulence by subtracting ofi from u'.'2 and vI2 on the right-hancl side of eq. (lr).

ObviousJ.y if ui', rl' ,, ol , ve can regard. the total variation clue to real-

inhomogenieties. l'leasurement errors may also be estimated. by substituting
positional errors directly into X, Y, R matrices and. noting their effect on

A, B, E, F matrices.

The standard. deviations of the parameters in A and B correspond

square-root of the diagonar terms of the matrj-ces (R'R)-t â;, (R,q¡-r

respectively. Then it is convenient to define the foll-owing stand.ard.

tion matrices

üo the

ot ,

devia-

S.D. (A)

e

[r.o. 
(1\

s.D. (B) = / ..'.rffr l

\-t
\r.o,#,J

etocities "t" il from th

limits of A and. B may be

I - å a) s.¡. (A)

1 - å a) s.¡. (B)

t(n-2, I- , a) has n-2 d

ls.t. (u) \
| - \

= i s.o. tPl ìI '1 I

\'.' ,#,)

that the turbul-ence v

100(l--a)% confidence

A r t(n - z,

As sr::ning

tion, the

B t t(n - 2,

where Stud.entrs t distributi_on
_lÞrooabrl-rtv l-- = a.

2

The stability or instabil-ity of the

dispJ-acement may be cal-cul-ated fol_l-owing

3)

sa¡ne normal_ distribu-

expressed as

(B)

of freedom andegrees

stand-ard. deviation of the drogue

Okubo (fqlO). First we define
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Horizontal dÍvergence

Rel-ative vorticity

-76-

v(r) = #-
n(k) = P

,- \ â;(k)
ct( l(, = A*

ir(r) = #r)

aî(x)
ây

a;(k)
ây

a;(k)
ây

al(r )

ây

(q)
Sbretching deformation rate =

Shearing d.eformat,ion rate

The presence and. type of any velocity singularities are then d.etermined. accord-

ing to the graph of y(t)versus q2(k) + h2(k) -n2(X) and fig¡res given by Okubo

(rgzo).

The ed.dy cliffusivities K*, oy r"y be obtained. by analog¡ to a combination

of nixing length theory and. turbulence theory (Obukhov, I9l+1), i.e., the

d.iffusivity is proportional- to the prod.uct of a mixing length I and. intensity

of turbirl-ence vel-ocity (e\)t/2, where e is the rate of energl¡ d,issipation as

in the four-thirds power lav

K(1,) = " r'/t gv/t

Ozmidov (lg0O) argued that the proportionality constant c shou-l-d be of ord.er

0.1. In the present work we assume that turbul-ence intensity equals ; , ;-u'v
and' that the mixing length equals the standard. d.eviation of d.rogue displace-

^^mentO.O sothat.x'y

Kx(k) = 0.1 â,r{n) â*{n)

^^Ky(k) = o.Ì o.,n(t) or(t<)

(ro )

(r:- )



where

o.,(k )

o (tc) =
v

nt

= { ; I t*.(t) - itxll'}'''
I--L

nt 2 tt 2

i iv:-(r) - ltxll ]
t_-r

futn+r) +(n+r) y=þ #

,l
L. n-l

The foregoing calcuLations al-Ior,¡ deter¡nination of the mean field of

current shear in add.ition to eddy d.iffusivities and the mean current speed

versus time. These resuLts may be substituted directty into a comprehensive

model for ad,vection and. diffusion previously developed. by Okubo (1g66). In

that way d.etailed comparisons between drogue and. dye observations may be

obtained.

By- ,,i-ea',ing drogeie accelera't ions in a siniiar way Ìre may obtain stress

components such as in the right-hand side of a simple vorticity bal-ance

(rz )

where f is the vertical component of planetary vorticity and. F*, Fy are x'y

components of frictionaL forces per unit mass. In this bal-ance we have neg-

Iected vertical vefocities and. baroclinic terms. 'Both the kinenatics and

d,ynarnics of fluid. fl-ows can thus be examined usi-ng drogues.

It can be seen that the present analysis nay vell be appÌicabfe to records

obtained from an array of several moored' current meters.
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Appendix C. Detetulnatlon of Lagranglan Digplacenent Propertfes

Observatlons of Èhe x, y coordinates are used to calculate the Lagrangian

Dlsplacement, Propertles (abbrevfated LDP) for n drogues observed at n times:

xr(k)

vr(k)

I{e expand the xi'yi coordinates

about the centroid:

ðxf(k)
xf(r<) = ç1|',;xi(

= Lrzr3r...n
(1)

= lr2r3r...D

each drogue at each tlme 1n Taylor series

f

k

of

vT(k)

where asterisks

1) + xfr

1) + yf'

(2>

(3)

denote posj.tfon with resPect Èo the centroid

xf(t) =x.(k) -i(tl

y'l(k) =v1(k) -ictl

I x, (k), itt>
1=1 r I v., (k)

l=1 ¡
1=-n

I=-nx(k)

where prlmes denote displacernents due to ttturbulencett.

Equation (2) can be expressed more slmply as

X=RF+L

l=RG+M

where the following maÈrlx deflnitions are used:
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PosÍtfon mâtrlces;

x(k) = Y(k) 
=

vT(k)

y'k(k)
2

:

vl(k)

xT(k-1)

x*(k-l)

lxfi(t-r)

vT(k-1

y*(k-1

v* (k-l-

LDP matrices;

Turbul-ence rr,atríces ;

L(k) 
=

x*'(k)
I

x*' (k)
2

x*' (k)
n

M(k) 
=

R(k) 
=

vl'(k
y*' (k

2

*',n

The matríces F, G may be calcul-ated following the linear regresslon

procedure of Draper and Sníth (1966). Application of the linear regressíon

procedures requires that the mean turbulence displacements be zero and that

the standard deviatíon of the turbulence displacements be minimízed. For

drogue observaËíons we use the "unbiasedt' sample sËandard devíation as

reconmended by Cramer (1966) when ealculatlng the sËandard deviation fron

dÍscrete samples drawn from a contlnuous population:
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n
â*{t) = t$ I*T'z1u)14

Í=1

n

âr(n, = t# Ïrî''(k)l%
i=1

(4)

(5)

The result is as follows

where Rr is

F = (Pt3¡-r Pt¡

G = (¡rP¡-1 Pt¡

the transpose of R and (R'R)-l Ís the ínverse of (R'R) .


