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FLUSHING STUDY OF SOUTH BEACH MARINA, OREGON

by Richard J. Callaway'

INTRODUCTION

Recent increases in recreational and small commercial craft activities

have resulted in the construction of many new marinas. Local, state and

federal government must evaluate applications for marina construction permits.

Little information exists on ecological impacts of marinas or of construction

events such as dredging and spoil disposal.

This report concerns one aspect of the marina permit evaluation process:

water quality impacts related to marina circulation and flushing efficiency.

These physical properties vary with the wind, tide range, water density and

physical dimensions of a marina. Water quality is affected by the degree of

flushing, and sediment redistribution by currents. Detrimental water quality

can determine, e.g., the fate of migrating juvenile fish and benthic organisms

(5,7).

Ecological studies of marinas are few. The most comprehensive have been

performed on Marina del Rey, California (3, 15, 16, 17, 22). Slotta and Noble

(21) discussed the use of berithic sediments as indicators of marina flushing

in several Pacific Northwest marinas. Puget Sound marina water quality.

studies have also been conducted (10, 11, 24).

1 Oceanographer, Environmental Protection Agency. Marine Division, Corvallis
Environmental Research Laboratory, corvallis, OR 97330.

t.

o

a

o

o

o

o

o

a

o

FLUSHING STUOY OF SOUTH BEACH MARINA, OREGON

by R ichard  J .  Ca11away1

INTRODUCTION

Recent  inc reases  in  recrea t ' iona l  and smal l  commerc ia l  c ra f t  ac t i v ' i t ies

have resu l ted  in  the  cons t ruc t ion  o f  many new mar jnas .  Loca l ,  s ta te  and

federa l  government  must  eva lua te  app l . i ca t ions  fo r  mar ina  cons t ruc t ion  permi ts .

L i t t le  in fo rmat ion  ex is ts  on  eco log ica l  impacts  o f  mar inas  or  o f  cons t ruc t ' ion

events  such as  dredg ing  and spo i )  d ' i sposa1.

Th is  repor t  concerns  one aspec t  o f  the  mar jna  permi t  eva lua t ion  process :

water  qua i i t y  impacts  re la ted  to  mar ina  c i rcu la t ion  and f lush ing  e f f i c iency .

These phys ica l  p roper t ies  vary  w i th  the  w ind ,  t ide  range,  water  dens i ty  and

phys ica l  d imens jons  o f  a  mar ina .  Water  qua l i t y  i s  a f fec ted  by  the  degree o f

f lush ing ,  and sed iment  red is t r ibu t jon  by  cur ren ts .  Det r imenta l  water  quaf  i t y

can  de te rmine ,  € .9 . ,  the  fa te  o f  m ig ra t ing  juven ' i l e  f i sh  and  ben th jc  o rgan isms

(5 ,7 ) .

Eco log ica l  s tud ies  o f  mar inas  are  few.  The most  comprehens ive  have been

per fo rmed on  Mar ina  de l  Rey ,  Ca l i fo rn ia  (3 ,  15 ,  .16 ,  
17 ,22) .  S lo t ta  and  Nob le

(2 . I )  d ' i scussed the  use  o f  benth ic  sed iments  as  ind ica tors  o f  mar ina  f lush ing

in  severa l  Pac i f i c  Nor thwest  mar inas .  Puget  Sound mar jna  water  quq l i t y

s tud ies  have  a lso  been  conduc ted  (10 ,  l l ,  24 ) .
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MARINA MODEL STUDIES

Most mathematical studies of marina circulation and flushing have been
.

concerned with vertically well-mixed waters in one and two dimensions (1, 2,

4, 6, 18, 20).

Hydraulic model studies of small harbors provide an alternative method of

assessing flushing ability, although not without deficiencies related to scale

distortion. Several hydraulic model studies of Pacific Northwest marinas have

been conducted by Nece and Richey and their associates at the University of

Washington (9, 12, 13) and by Slotta and others at Oregon State University (1,

20, 21).

Because of the small size of most Pacific Northwest marinas, use of

numerical models employing finite difference grids or finite elements is not

always practical. Iii order to utilize the numerical method to its best

advantage, very

analogs employin

steps less than

wave, 1Jgh, for a

say, a 20 ft (6

step would need

small grids would need to be used; for finite difference

g explicit solutions this would in turn require small time

the grid size, x, divided by the speed of a shallow water

1-dimensional simulation. For a 328 ft (100 m) grid size in,

m) deep marina (depth + 3.3 ft (1 m) tide amplitude) the time

to be less than 13 seconds. Smaller grid sizes or greater

depth, h, require proportionately smaller time steps and increased computer

time.

The Oregon marinas examined at Oregon State University used Froude scale

models as did those constructed at the University of Washington. All of the

model studies (except that reported by Nece et al. , 13) were site-specific.

One advantage of an hydraulic model over a numerical one is that small

scale operations relating to mixing can be readily observed and photo-
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MARINA MODEL STUDIES

Most  mathemat ica l  s tud ies  o f  mar ina  c i rcu la t ion  and f lush ing  have been
o

.  concerned w i th  ver t i ca l l y  we l l -m ixed waters  in  one and two d imens ions  ( . | ,  2 ,

4 ,  6 ,  l g ,  20 ) . -

Hydrauf ic  mode l  s tud ies  o f  smal l  harbors  p rov ide  an  a l te rna t ive  method o f

assess ing  f lush ing  ab j1 i ty ,  a l t f rough no t  w j thout  de f jc ienc ies  re la ted  to  sca le

d is to r t ' i on .  Severa l  hydrau l i c  mode l  s tud ies  o f  Pac j f i c  Nor thwest  mar inas  have

been conducted by Nece and Richey and their  assoc' iates at  the Universi ty of

Wash ing ton  (9 ,  12 ,  l3 )  and by  S lo t ta  and o thers  a t  0 regon Sta te  Un ivers i ty  ( . I ,

29,  21).

Because o f  the  smal l  s ize  o f  most  Pac i f i c  Nor thwest  mar inas ,  use  o f

numer ica l  mode ls  employ ing  f in i te  d i f fe rence gr ids  o r  f in ' i te  e lements  i s  no t

a lways  prac t ica l .  In  o rder  to  u t i l i ze  the  numer ica l  method to  i t s  bes t

advantage,  very  smal l  g r ids  wou ld  need to  be  used;  fo r  f in i te  d i f fe rence

ana logs  emp loy ing  exp l i c i t  so lu t ions  th i s  wou ld  in  tu rn  requ ' i re  sma l l  t ime

steps  less  than the  gr id  s ize ,  AX,  d iv ided by  the  speed o f  a  sha i iow water

wave ,  Jgh ,  fo r  a  l -d imens ' iona l  s imu la t ion .  For  a  328  f t  ( . l 00  m)  g r id  s i ze  in ,

sdY,  a  20  f t  (5  m)  deep mar ina  (depth  +  3 .3  f t  (1  m)  t ide  ampl i tude)  the  t ime

step  wou ld  need to  be  less  than l3  seconds.  Smal le r  g r id  s ' i zes  or  g rea ter

depth ,  h ,  requ i re  p ropor t ionate ly  smal le r  t ime s teps  and increased computer

t ' ime.

The Oregon marinas examined at  0regon State Universi ty used Froude scale

mode ls  as  d id  those cons t ruc ted  a t  the  Un ivers i ty  o f  Wash ing ton .  A l l  o f  the

mode l  s tud ' ies  (except  tha t  repor ted  by  Nece e t  a l .  ,  l3 )  were  s i te -spec ' i f  i c .

One advantage o f  an  hydrau l i c  mode l  over  a  numer ica l  one is  tha t  smal l

sca le  opera t ions  re la t ing  to  mix ing  can be  read i l y  observed and photo-



graphically recorded. These phenomena approximate mixing processes which take

place in the prototype. No attempt has been made to study vertical exchange

processes in either the numerical or hydraulic models. Rather, time and space

averages were taken; the water column is assumed well mixed in the vertical.

This assumption prevents the reproduction of vertical or horizontal convection

currents.

FIELD SURVEYS

Dye releases have been used to determine flushing rates in Florida finger

canals (2, 8, 23). Slotta and Tang (20) released dye in 0regons Chetco

estuary boat basin and compared results with an hydraulic and a finite element

model. Discrepancies between field and hydraulic model results were due to

the difficulty of obtaining the proper density differences between dye and the

receiving water in the hydraulic model. Depth-averaged concentration-vs.-time

curves were similar, however.

In the field experiments to be described, dye as a tracer was distributed

throughout the marina during the middle stage of a flood tide. The last two

hours of the flood tide were used to permit the dye to continue mixing. An

initial average dye concentration, CO3 was achieved at maximum high tide;

ideally, this concentration remains constant on the following ebb tide, while

dye mass decreases. Assuming no return of dye on the next flood tide, the

mass of dye in the marina remains constant while the concentration decreases

with an increase of volume during the flood.

These assumptions can be expressed as follows. For dye mass, M, at

concentration, C, and representing increasing volumes as +, decreasing as -,

and constant as a, then for flow Q, and volume V:
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graph' ical ly recorded. These phenomena approximate mixing processes which take

place in the prototype. No at tempt has been made to study vert ical  exchange

processes  in  e i ther  the  numer ica l  o r  hydrau l j c  mode ls .  Rather ,  t ime and space

averages were taken; the water col  umn ' i  s  assumed wel I  m' ixed i  n the vert i  cal  .

Th is  assumpt ion  prevents  the  reproduc t jon  o f  ver t i ca l  o r  hor izon ta l  convec t ion

cuments .

FIELD SURVEYS

Dye re leases  have been used to  de termine f lush ing  ra tes  in  F lo r ida  f inger

cana ls  (2 ,  8 ,  23) .  S lo t ta  and Tang (20)  re leased dye jn  0 regon 's  Chetco

es tuary  boat  bas in  and compared resu l ts  w i th  an  hydrau l i c  and a  f in i te  e lement

mode l .  D iscrepanc ies  be tween f ie ld  and hydrau l i c  mode l  resu l ts  were  due to

the  d i f f i cu l ty  o f  ob ta in ing  the  proper  dens i ty  d j f fe rences  be tween dye and the

rece iv ing  water  jn  the  hydrau l i c  mode l .  Depth-averaged concent ra t ion-vs . - t ime

curves  were  s imi la r ,  however .

In  the  f ie ld  exper iments  to  be  descr ibed,  dye  as  a  t racer  was d is t r ibu ted

throughout  the  mar ina  dur ing  the  m' idd le  s tage o f  a  f lood  t jde .  The las t  two

hours of  the f lood t ' ide were used to permit  the dye to cont jnue mix ' ing.  An

in i t ja l  average dye concent ra t ion ,  Co,  was ach ieved a t  max jmum h igh  t ide ;

idea11y,  th ' i s  concent ra t ion  remajns  cons tan t  on  the  fo l low ing  ebb t ide ,  wh i le

dye mass decreases. Assuming no return of  dye on the next f lood t ide,  the

mass o f  dye  in  the  mar ina  remains  cons tan t  wh j le  the  concent ra t ' ion  decreases

wi th  an  inc rease o f  vo lume dur jng  the  f lood .

These assumpt ions  can be  expressed as  fo l lows.  For  dye  mass ,  M,  a t

concent ra t ion ,  C,  and represent ing  jnc reas ing  vo lumes as  * ,  decreas ing  as  - ,

and cons tan t  as  o ,  then fo r  f low Q,  and vo lume V:

o

o

o



+ + Flood oQ,V. >-M, C

- Ebb oQ, V -.-_ M , C

Then, on a flood tide, mass is constant but C - MO/V+; on an ebb, M

M° C°V where M° is the mass at the end of a flood tide. Note that it is

assumed that the dye is uniformly mixed throughout the basin at the time of

initial high tide.

For the case of no direct fresh water inflow, the volume of water present

in a marina can be evaluated in terms of a mean tide level volume, V , and

variations about the mean. For a mean low tide volume V1 = V0 A0R/2, where

A0 is mean marina surface area and R is the tidal range from mean low to mean

high water.

The tidal prism volume is V = Vh - V1 = A0R. This is the amount of

water on an ebb tide carrying with it a mass ti (for the first ebb) at

concentration C0. At the end of the ebb the mass is, as above,

= M0 C0(A0R).

On the following flood tide, the concentration decreases; at the end of the

flood,

C1 M1/(A0(R+d)),

where d = depth to mean low water level while the mass is unchanged. There is

a stepwise decrease in both M and C; however, the time change between constant

values is gradual rather than abrupt and C and M are out of phase by 900. It

follows that the concentration after the
th

flood cycle is C = Co(Vl/Vh)1.

This relationship can be explored through analysis of a first order

differential equation. The rate of change of concentration is assumed

proportional to the concentration present:
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Q*,  v*-  F lo$ Mo,  c-

q-, v--!!! M , co
Then,  on  a  f lood  t ide ,  mass  is  cons tan t  bu t  C r  Mo, /V* ;  on  an  ebb,  M

i lo -  CoV- where Mo is the mass at  the end of  a f lood t ide.  Note that  i t

assumed that the dye js uni formly mixed throughout the basin at  the t imeo
i n i t i a l  h ' i gh  t i de .

For  the case of  no d i rect  f resh water  in f low,  the vo lume of  water  present

i n  a  mar ina  can  be  eva lua ted  i n  t e rms  o f  a  mean  t j de  l eve l  vo lume,  Vo ,  and

var ia t ions about  the mean.  For  a mean low t ide vo lume V. ,  =  Vo -  AoR/?,  where

Ao is  mean mar ina sur face area and R is  the t ida l  range f rom mean low to mean

high water .

The  t i da l  p r i sm vo lume j s  UO =  Vn  -  V l  =  AoR.  Th i s  i s  t he  amoun t  o f

wa te r  on  an  ebb  t i de  ca r ry ing  w i th  i t  a  mass  M ( fo r  t he  f i r s t  ebb )  a t

concen t ra t i on  Co .  A t  t he  end  o f  t he  ebb  the  mass  j s ,  as  above ,

Mr=Mo-Co(AoR) .

0n  the  fo l l ow ing  f l ood  t i de ,  t he  concen t ra t i on  dec reases ;  a t  t he  end  o f  t he

f1  ood ,

C t  =  M1 l (Ao (R+d ) ) ,

where  d  =  dep th  to  mean  low  wa te r  l eve l  wh i l e  t he  mass  i s  unchanged .  The re  i s

a s tepwise decrease jn  both M and C;  however ,  the t ime change between constant

va lues ' is  gradual  ra ther  than abrupt  and C and M are out  o f  phase by 90o.  I t

f o l l ows  tha t  t he  concen t ra t i on  a f te r  t he  i t h  f l ood  cyc le  j s  C . ,  =  Co(V l l vh ) i .

Th j s  re la t i onsh ip  can  be  exp lo red  th rough  ana lys i s  o f  a  f i r s t  o rde r

d i  f ferent i  a l  equat ion.  The rate of  change of  concentrat j  on i 's  assumed

propor t i ona l  t o  t he  concen t ra t i on  p resen t :
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dC/dt -(Q/V)C

where Q = ½A Rw sin(wt)
0

V V0 + ½A0R sin(wt + ci),

and w = 2m/T is the frequency at tidal period T and a is a phase angle.

Solving by numerical differentiation

Ct+l = Ct It,

V

where the subscripts are time and t is the time step. The t1 are in any

given time units, not necessarily tidal cycles, with the restriction that on

an ebb cycle C1 = C. The equation can also be solved by direct integra-

tion.

South Beach Marina Characteristics

The entrance to South Beach marina is 1.5 nautical miles (2.8 kin)

upstream of the end of the north jetty at Newport, Oregon (Figure 1).

Approximate marina dimensions are: length, L, 1574 ft (480 m); width, W, 623

ft (190 m); depth, d, at mean tide level, 13.4 ft (4.1 in) resulting in a MTL

volume, V0, of 1.34 x lO- ft3 (3.74 x lO in3) and a mean low tide volume, V1,

of 1.04 x iO ft3 (2.90 x lO in3). Mean tide range, R, is 6.0 ft (1.83 m)

resulting in a mean tidal prism volume, VP = R x L x W, of 6.07 x 106 ft3 (1.7

x lO in3). The entrance width is 157 ft (48 in) resulting in a mean cross-

sectional entrance area, A, of 2118 ft2 (197 in2).

The marina is designed to hold 600 boats. At the time of the field work

no boat slips or piles were in place. Dredge spoil was disposed of on the

east bank of the marina. The marina breakwater jetty restricts rapid flow-

through.

-
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dcldt  = -(Q/V)c

whereQ=LAoRurs in (u t )

V = Vo + %AoR sin(u"r t  + u),

and u = 2n/7 js the f requency at  t idal  per iod T and c is a phase ang1e.

So lv jng  by  numer ica l  d j f fe ren t ja t ion

ct*l = ct - glt At,

where the subscr ipts are t ime and At is the t ime step. The t i  are in any

g iven t ime un i ts ,  no t  necessar i l y  t ' i da1  cyc les ,  w i th  the  res t r i c t ion  tha t  on

an ebb cyc le  Ct* l  =  Ct .  The equat ion  can a lso  be  so lved by  d i rec t  in tegra-

t i  on .

Sou th  Beach  Mar ina  Charac te r i s t i cs

, ; . ;  ar  t -a t  t . . .h  mar ina is  1 .5  naut icat  mi tes (z .B km)

upstream of the end of  the north jet ty at  Newport ,  Oregon (Figure I  ) .

Approximate marina dimensions are:  
' length,  

L,  
. l574 

f t  (480 m);  width,  l ' / ,  623

f t  ( ]90  m) ;  dep th ,  d ,  a t  mean t jde  leve l ,  ]3 .4  f t  (4 . . I  m)  resu l t i ng ' in  a  MTL

vo lume,  Vo ,  o f  
' 1 .34  

x  10-7  f t s  G.74  x  lOs  m3)  and  a  mean low t ide  vo iume,  V l  ,

o f  
. | .04  

x  
. |07  

f t s  (2 .90  x  
. l 05  

m3) .  Mean t jde  range ,  R ,  j s  5 .0  f t  ( . l . 83  m)

resu l t ' i ng  in  a  mean t ida l  p r i sm vo lume,  UO =  R x  L  x  W,  o f  5 .07  x  
' l 05  

f t3  ( . l . 7

x  l0s  ms) .  The  en t rance  w id th ' i s  
. I57  

f t  (a8  m)  resu l t i ng  in  a  mean c ross -

sect ional  entrance area, A, of  2118 f I2 (197 n2).

The mar ina  js  des igned to  ho ld  600 boats .  A t  the  t ime o f  the  f ie ld  work

no  boa t  s f ips  o r  p i les  were  in  p1ace .  Dredge  spo i l  was  d isposed  o f  on  the

east bank of  the marina. fhe marina breakwater jet ty restr icts rapid f low'

th rouoh.
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South Beach Marina Hydraulic Model Studies

An hydraulic model study of South Beach marina was made by Richey and

Skjelbreia (19). The model used a 1:10 horizontal/vertical distortion ratio;

Froude scaling was employed with the following scale ratios: horizontal

length - 1:480; vertical length 1:48; velocity 1:6.93; time 1:69.3. The

prototype tidal cycle was taken as 12.4 hours which required 10.74 minutes to

reproduce in the model. Sinusoidal tides were used for 0.9, 1.8 and 2.7-m

ranges. Model water density was uniform; boat slips and pilings and wind

stress were not modeled.

A 20% solution of rhodamine-WT diluted 1:100 was used as a tracer.

Thirty ml of dye was completely mixed in the model at high water location. A

Turner Model 110 fluorometer was used to determine relative concentration at

the end of four tide cycles.

This procedure was augmented by time-lapse photography of the loss of

water soluble dye with time. The photos were analyzed by a densitometer to

obtain relative concentration versus time. Exchange coefficients, defined as

E = l_(C/C0)U1, were determined from both the dye and densitometer data.

Here, C. = concentration at the
th

tidal cycle and C0 is initial concentra-

tion. Exchange coefficients thus calculated are shown for the 5.9 ft (1.8 m)

tide in Figures 2 and 3. Figure 2 shows E-values at the end of four cycles.

These are averaged values and range from about 0.15 in the southwest corner to

0.5 in the northeast corner. Low values correspond to relatively low flushing

while higher values indicate greater flushing. This is shown in Figure 3,

where individual C/C values are 0.35 for station 3 and 0.1 for station 4.

This corresponds to E = .23 and E = .44 for stations 3 and 1, respectively,

which is in the range of the values given in the previous Figure.
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SouthBeach Marina Hydraul ic Modgl Studies

An hydraul ic model study of  South Beach marjna was made by Richey and

Sk je lb re ia  ( . l9 ) .  The mode l  used a  l : . l0  hor izon ta l /ver t i ca l  d is to r t ion  ra t ' io ;

Froude scai  i  ng was empl oyed wi th the fo1 1 owi ng scal  e rat i  os:  hor i  zontal

leng th  -  l : 480 ;  ve r t i ca l  l eng th  -  l : 48 ;  ve loc i t y  -  l : 5 .93 ;  t ime  -  l :G9 .3 .  The

pro to type t ida l  cyc le  was taken as  
. |2 .4  

hours  wh ich  requ i red  
. |0 .74  

minu tes  to

reproduce  in  the  mode l .  S inuso ida l  t i des  were  used  fo r  0 .9 ,  
. l . 8  

and  2 .7 -n

ranges.  Mode l  water  dens i ty  was un i fo rm;  boat  s l ips  and p i l ings  and w ind

stress were not modeled.

A 2A% so lu t ion  o f  rhodamine-WT d i lu ted  l : " |00  was used as  a  t racer .

Th i r ty  m1 o f  dye  was comple te ly  mixed ' in  the  mode l  a t  h igh  water  loca t ' ion .  A

Turner  Mode l  l l0  f luorometer  was used to  de termine re la t i ve  concent ra t ion  a t

the  end o f  four  t ide  cyc les .

This procedure was augmented by t ime-1apse photography of  the loss of

water sol  ubl  e dye with t ' ime. The photos were analyzed by a dens' i tometer to

obta in  re la t i ve  concent ra t ion  versus  t ime.  Exchange coef f i c ien ts ,  de f ined as
1 / ;

E -  1 - (C i /Co) " ' ,  were  de term' ined f rom both  the  dye  and dens i tometer  da ta .

Here ,  C i  =  concen t ra t ion  a t  the  j th  t i da l  cyc ie  and  Co i s ' i n i t i a l  concen t ra -

t ion .  Exchange coef f j c ien ts  thus  ca lcu la ted  are  shown fo r  the  5 .9  f t  ( . I .8  m)

t ide ' in  F ' igu res  2  and  3 .  F igure  2  shows E-va lues  a t  the  end  o f  fou r  cyc les .

These are averaged values and range from about 0. . l5 in the southwest corner to

0 .5  in  the  nor theas t  corner .  Low va lues  cor respond to  re la t i ve iy  low f lush ing

wh j le  h igher  va lues  ind ica te  g rea te r  f l ush ing .  Th ' i s  i s  shown in  F igure  3 ,

where  ind iv idua l  C j lCo  va lues  a re  0 .35  fo r  s ta t jon  3  and  0 . . l  fo r  s ta t ' i on  4 .

Th is  cor responds to  f  =  .23  and f  =  .44  fo r  s ta t ' ions  3  and l ,  respec t ive ly ,

wh ich  i s  in  the  range  o f  the  va lues  g iven  in  the  p rev ' ious  F igure .



The main conclusions of the hydraulic model study were as follows:

1. The basin had good hydraulic characteristics except for poor

exchange in the south corners.

2. Good exchange is due to strong currents in the main channel passing

the marina entrances which can introduce turbulent eddies on flood

tide and prevent recirculation on the ebb.

3. The currents past the entrance improve the exchange coefficient by

about 25% over that were the entrance situated on a quiet bay.

Field Float Studies

Weighted poles of 6, 8, 10, and 12 ft (1.83, 2.44, 3.05, and 3.66 in)

submerged length were released and followed on January 17-18, 1979, in

conjunction with a dye release; pole positions were fixed by sextant.

Easterly winds ranged from 3-10 (1.5-5 m/s) on the first survey day which was

conducted on an ebb tide; 10-knot winds determined the main direction of all

pole trajectories during this ebb cycle although a northwest water current

component toward the entrance was present. Tide decreased from a maximum

(LHW) height of 6.9 ft to 3.9 ft (2.1 in to 1.2 in), about mid-tide. Maximum

pole velocities observed for the 6 and 8 foot poles were 0.8 and 0.9 fps (26

and 27 cm/s), respectively.

Winds were less than 3 knots from the west on the January 18 survey.

Tides increased from 6.2 ft (1.9 m) to 7.5 ft (2.3 in) (HHW). Although this

study was only conducted for a short time, pole trajectories show that surface

water near the entrance had a net outward direction while the deeper layer

showed inward motion. Thus, there was some flushing on the incoming tide in

the upper layers.
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The main  conc lus ions  o f  the  hydrau l i c  mode l  s tudy  were  as  fo l lows:

I  .  The bas i  n had good hydraul  i  c  character i  st j  cs except for  poor

exchange in the south corners.

2 .  Good exchange is  due to  s t rong cur ren ts  jn  the  main  channe l  pass ing

the  mar ina  en t rances  wh ich  can in tnoduce tu rbu len t  edd ies  on  f lood

t ide  and prevent  rec i rcu la t ion  on  the  ebb.

3.  The currents past the entrance improve the exchange coeff ic ient ,  by

about 25% over that  were the entrance sj tuated on a quiet  bay.

F ' ie ld  F loa t  S tud ' ies

Weigh ted  po les  o f  5 ,  8 ,  10 ,  and  12  f t  ( . l . 83 ,2 .44 ,  3 .05 ,  and  3 .GG m)

submerged length  were  re leased and fo l  lowed on  January  l7 - . l8 ,  
. l979 ,  

in

con junc t ion  w i th  a  dye  re lease;  po le  pos i t ions  were  f i xed  by  sex tan t .

Eas ter ly  w inds  ranged f rom 3-10 ( , l .5 -5  m/s)  on  the  f i rs t  survey  day  wh ich  was

conducted on an ebb t ' ide;  l0-  knot wi  nds determi ned the mai n di  rect ' ion of  a l  I

po le  tna jec tor ies  dur ing  th is  ebb cyc le  a l though a  nor thwest  water  cur ren t

component toward the entrance was present.  Tide decreased from a maximum

(LHW) he igh t  o f  5 .9  f t  to  3 .9  f t  (2 .1  m to  
. l . 2  

m) ,  abou t  m id - t ide .  Max imum

pole  ve loc i t ies  observed fo r  the  6  and 8  foo t  po les  were  0 .8  and 0 .9  fps  (26

and 27 cm,/s) ,  respect ively.

Winds were less than 3 knots f rom the west on the January l8 survey.

T jdes  inc reased  f rom 6 .2  f t  ( . l . 9  m)  to  7 .5  f t  (2 .3  m)  (HHw) .  A l though  th is

study was only conducted for a short  t ime, pole t ra jector ies show that surface

water  near  the  en t rance had a  ne t  ou tward  d j rec t jon  wh j le  the  deeper ' layer

showed inward  mot jon .  Thus ,  the re  was  some f lush ing  on  the ' incoming  t ide  in

the  upper  layers .

o



Field Studies

Rhodamine-WT was released for about one hour over the entire marina

(Figure 4) starting about four hours before slack water on flood tide. Visual

observations from the U.S. Highway 101 bridge at Newport and a light plane did

not reveal any obvious high or low surface dye patch concentrations.

Fifty-one lbs (23 kg) of 20% dye was diluted with 50 gal (190 1) of sea-

water to approximate receiving water density from a 55 gal (210-1) drum; it

was discharged at about 0.8 gal/mm (3 1/mm). Two methods of release were

used. On the first survey, a 15 ft (4.6 m) hollow aluminum pole with a

horizontal discharge tube at the bottom was raised and lowered as the dye was

released. The outboard motor vessel made right angle paths throughout the

marina. On the second survey, a garden hose was towed at about 45° from the

surface to bottom behind the boat throughout the water column; discharge ports

in the hose at about 1.5 ft increments allowed for more even vertical

distribution of the dye than occurred on the first survey.

At the locations shown in Figure 4 hourly samples at the surface, mid-

depth and about 1.5 meter from the bottom were drawn from a continuous flow

hose-pump arrangement. Samples were taken at hourly intervals for the first

14 hours and at mid and maximum high and low tides thereafter until background

levels were approached.

Samples were analyzed on board by a Turner 111 flow-through fluorometer

fitted with 546-p excitation and 590-p emission filters. Samples for analysis

in the laboratory were collected in 125-ml screw-cap containers after local

equilibrium was reached as indicated on the field fluorometer. The Turner

Designs fluorometer was used in the laboratory. Frequent field calibration
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Fie ld  l yg  S lud ies

Rhodamine-WT was released for about one hour over the ent i re marina

(F igure  4)  s ta r t ing  about  four  hours  be fore  s lack  water  on  f lood  t ide .  V jsua l

observa t ions  f rom the  U.S.  H ighway 10 i  b r idge a t  Newpor t  and a  l igh t  p lane d id

not reveal  any obvious high or low surface dye patch concentrat ions.

F i f t y -one lbs  (Z l  kg)  o f  20% dye was d i lu ted  w i th  50  ga1 ( ]90  l )  o f  sea-

water to approximate receiv ing water densi ty f rom a 55 ga1 (2. |0- l )  drum; i t

was  d ischarged a t  about  0 .8  ga l , /m in  (3  l /m in) .  Two methods  o f  re lease were

used.  0n  the  f  i  rs t  survey ,  a  l5  f t  (4 .  6  m)  ho l  I  ow a l  umi  num po l  e  w ' i th  a

hor izontal  d ischarge tube at  the bottom was raised and lowered as the dye was

released. The outboard motor vessel  made r ight  angle paths throughout the

marina. 0n the second survey, a garden hose was towed at  about 45o from the

surface to bottom behind the boat throughout the water column; discharge ports

i  n the hose at  about I  .  5 f t  i  ncrements al  
' l  
owed for more even vert i  cal

d is t r ibu t ion  o f  the  dye  than occur red  on  the  f i rs t  survey .

At  the  loca t ions  shown in  F igure  4  hour ly  sampies  a t  the  sur face ,  mid-

depth and about I  .  5 meter f rom the bottom were dnawn from a cont j  nuous f l  ow

hose-pump arrangement.  Samples were taken at  hour ly intervals for  the f i rst

14 hours and at  mid and maximum h' igh and low t ides thereafter unt i l  background

I evel  s were approached.

Samples  were  ana lyzed on  board  by  a  Turner  l l l  f low- th rough f luorometer

f i t ted  w i th  545-p  exc i ta t ion  and 590-p  emiss ion  f i l te rs .  Samples  fo r  ana lys ' i s

in  the  labora tor :y  were  co l lec ted  in  
. l25-ml  

sc rew-cap conta iners  a f te r  loca l

equ i i jb r ium was reached as  ind ica ted  on  the  f ie ld  f luorometer .  The Turner

Des igns  f luorometer  was used in  the  labora tory .  F requent  f ie ld  ca l ib ra t jon



was made; laboratory standards were used before and after each run, values

reported here are from the laboratory analyses.

FIELD STUDY RESULTS

The 1978 study was similar to that of 1979 except for the following dif-

ferences: 1) average tide ranges were 7.9 and 4.9 ft (2.4 and 1.5 m),

respectively; 2) water column density was different, with a greater rate of

change of density with depth for the 1978 study; 3) the method of introducing

the dye was different.

Stratification was slight on each study, the main differences being due

to temperature. Salinity and temperature-depth profiles showed a gradual

decrease in temperature from 15.6°C to 14.6°C and increase in salinity from

31.6 to 32.1 0/00 from surface to bottom for 1978.

1978 Survey

Attempts to distribute dye evenly throughout the water column were not

completely satisfactory. Figure 5 shows surface, mid and bottom dye concen-

trations at station 6 (refer to Figure 4). The surface and middle concentra-

tion were nearly equal at about 1400 on 9/15/78, but the bottom sample was

initially quite low; all samples approached equality after about 0600 on

9/16/78. Surface concentrations for all 6 stations over the duration of the

experiment showed similar concentrations except for station 1, which decreased

rapidly to about 1800 on the first day. Bottom concentration with time showed

station 1 having lower concentrations than all the others until 2200 (9/15)

when, again, the concentration lines merged. Stations 2 and 3 showed several

spikes which were not apparent in the other values.
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was made; laboratory standards were used before and af ter  each run, values

reported here are f rom the laboratory analyses.

FIELD STUDY RESULTS

The 1978 study was simi lar  to that  of  
. |979 

except for  the fo i lowing di f -

fe rences :  l )  average  t ide  ranges  were  7 .9  and  4 .9  f t  (2 .4  and  
. | .5  

m) ,

respect ively;  2)  water column densi ty was di f ferent,  wi th a greater rate of

change of  densi ty wi th depth for  the 1978 study; 3) the method of  introducing

the dye was di f ferent.

S t ra t i f i ca t ion  was s l igh t  on  each s tudy ,  the  main  d i f fe rences  be ing  due

to temperature.  Sal in i ty and temperature-depth prof i les showed a gradual

decrease in  tempera ture  f rom l5 .6oC to  l4 .6oC and increase i 'n  sa l in i ty  f rom

3. | .5  to  32 . . |  o /oo  f rom sur face  to  bo t tom fo r  1978.

I 978 Survey

Attempts to distr ibute dye evenly throughout the water column were not

completely sat isfactory.  Figure 5 shows surface, mid and bottom dye concen-

t ra t ions  a t  s ta t jon  6  ( re fe r  to  F igure  4) .  The sur face  and midd le  concent ra -

t ion were near iy equai  at  about . I400 
on 9/15/78, but the bottom sample was

in i t ia l l y  qu i te  1ow;  a l l  samples  approached equaf i t y  a f te r  about  0600 on

9/16 /78 .  Sur face  concent ra t ions  fo r  a l l  5  s ta t ' ions  over  the  dura t ion  o f  the

exper iment  showed s imi la r  concent ra t ions  except  fo r  s ta t ion  1 ,  wh ich  decreased

rapidly to about 
.1800 

on the f i rst  day.  Bottom concentrat ion wi th t ime showed

stat ' ion t  having lower concentrat jons than al l  the others unt i l  2200 (9/15)

when,  aga in ,  the  concent ra t ion  l ' i nes  merged.  S ta t ions  2  and 3  showed severa l

sp ikes  wh ich  were  no t  apparent  in  the  o ther  va lues .



fl

Figure 6 shows values of C.IC0 averaged for all stations. The modified

tidal prism and numerical model results are also shown. Considering the

variability of the dye patches, the first 7 hours are in reasonable agreement.

A rapid decrease in concentration is shown from hours 7 to 12 in the models

and in the field data. The latter, however, continue to show decreases to

about hour 18.

The 1978 field data can also be compared with the hydraulic model results

for the 8.8 ft (2.7-rn) range tests. Exchange coefficients in the hydraulic

model ranged from 0.44 to 0.52. Interpolation between the 6 ft (1.83 m) and 9

ft (2.74 m) ranges give E 0.44 for the 8 ft (2.4 rn) range found in the

field. The exchange coefficient based on the prism method is 0.5 for the 8 ft

range. This gives C-va1ues of 1, 0.55, 0.30, ... on alternate high tides

starting with C/C0 = 1. Field, hydraulic and mathematical model results all

clearly show rapid flushing for this tide range. The hydraulic and

mathematical model results are essentially equivalent but underestimate the

dye removed when compared with the field study.

1979 Survey

For the 1979 survey the sampling station location was essentially the

same as before except that station 3 of the 1978 survey was eliminated (Figure

4).

Plots (not shown) of all stations at the surface, middle and bottom show

better initial mixing than in 1978. Station 1, in the NE corner, initially

showed higher concentrations than the other stations but quickly merged with

the rest. All data showed an increase in CS/C ratios from about hour 3 to 7
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Figure  6  shows va lues  o f  Cr lCo averaged fo r  a l l  s ta t ions .  The mod i f ied

t ida l  p r ism and numer ica l  mode l  resu ' l t s  a re  a lso  shown.  Cons ider ing  the

var iab i l i t y  o f  the  dye  pa tches ,  the  f i rs t  7  hours  a re  in  reasonab le  agreement .

A  rap id  decrease in  concent ra t ' ion  is  shown f rom hours  7  to  12  in  the  mode ls

and in  the  f ie ld  da ta .  The la t te r ,  however ,  con t inue to  show decreases  to

about hour 
. |8.

The 1978 f ie ld  da ta  can a lso  be  compared w i th  the  hydrau l i c  mode l  resu l ts

fo r  the  8 .8  f t  (2 .7 'n )  range tes ts .  Exchange coef f i c ien ts  in  the  hydrau l i c

mode l  ranged f rom 0 .44  to  A .52 .  In te rpo la t ion  be tween the  6  f t  ( . l .83  m)  and 9

f t  (2 .74  m)  ranges  g ive  E -  a .44  fo r  the  8  f t  (2 .4  m)  range found in  the

f ie ld .  The exchange coef f i c i 'en t  based on  the  pr ism method is  0 .5  fo r  the  8  f t

range .  Th js  g ives  Cr -va ' lues  o f  l ,  0 .55 ,  0 .30 ,  on  a l te rna te  h igh  t ides

s tar t ing  w i th  Ct lCo =  l .  F ie ld ,  hydrau l i c  and mathemat ica l  mode l  resu i ts  a l l

c lear ly  show rap id  f lush ing  fo r  th js  t ide  range.  The hydrau l i c  and

mathemat jca l  mode l  resu l ts  a re  essent ia l l y  equ ' i va ien t  bu t  underes t imate  the

dye removed when compared with the f ie ld study.

I  979 Survey

For  the  
. |979 

survey  the  sampl ing  s ta t ion  loca t ion  was essent ia l l y  the

same as  be fore  except  tha t  s ta t ion  3  o f  the  1978 survey  was e l im ' ina ted  (F igure

4) .

P lo ts  (no t  shown)  o f  a l l  s ta t ions  a t  the  sur face ,  midd le  and bo t tom show

O be t te r in i t i a l  m ix ing  than  in '1978 .  S ta t ion  l ,  i n  the  NE corner ,  i n i t i a l l y

showed higher concentrat ions than the other stat ions but quickly merged with

the  res t .  A l l  da ta  showed an inc rease in  C i /Co ra t ios  f rom about  hour  3  to  7

o

10
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(ebb cycle) while values at station 4 indicated recirculation south along the

west side of the marina.

The hydraulic model results (19) show an average interpolated exchange

coefficient of 0.3 for the 6 ft range. The high tide C/C0-values at station

1 in the model and field are close; there is an initial rapid decrease in

concentration to about C./C0 0.2 followed by a gradual decrease to 0.1 at

the fourth tide cycle. Figure 7 shows the average C1/C0 results for the

hydraulic model as taken from Figure 3, and the mathematical model values.

For the average results, the discrepancy is rather large giving Vl/Vh

0.64 which results in alternate high tide C./C0 values of 1, 0.64, 0.41

After hour 12, on the second ebb tide, when the concentration should remain

constant, there was only a slight straightening out of the curve; the

predicted and observed curves merged after the second flood tide.

Comparisons of Figures 6 and 7 show that normalized concentration-time

curves were quite similar with respect to the sharp decline during the first

flood cycle. The 1979 curve shows a steeper exponential decrease toward back-

ground concentration.

SUMMARY AND CONCLUSIONS

South Beach marina has a single entrance and is uncomplicated geometric-

ally; it has free exchange with the main navigation channel where rather large

currents develop during ebb and flood tides.

Mathematical and hydraulic models results agreed well when exchange

coefficients were averaged over the entire hydraulic model.

Flushing efficiency near the marina entrance is about twice as great as

the inner harbor as indicated by the hydraulic model over four high-tide
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(ebb cycl  e)  whi  I  e va' l  ues at  stat ' ion 4 i  ndi  cated reci  rcul  at i  on south a1 ong the

west  s ide  o f  the  mar ina .

The hydrau l i c  mode l  resu l ts  ( , l9 )  show an average in te rpo la ted  exchange

coef f i c jen t  o f  0 .3  fo r  the  6  f t  range.  The h igh  t ide  Cr lCo-va lues  a t  s ta t ' ion

I  j n  the  mode l  and  f ie ld  a re  c lose ;  the re  i s  an  in i t i a l  rap id  decrease  jn

concent ra t ion  to  about  C i /Co =  A.2  fo l lowed by  a  g radua l  decrease to  0 . . l  a t

the  four th  t jde  cyc1e.  F igure  7  shows the  average C i /Co resu l ts  fo r  the

hydraul ic model as taken from Figure 3,  and the mathematical  model values.

For  the  average resu l ts ,  the  d isc repancy  is  ra ther  ia rge  g iv ing  Vr lVn =

0 .64  wh ich  resu l t s  in  a l te rna te  h igh  t ' i de  C i /Co  va l  ues  o f  I  ,  0 .54 ,  0 .4 . l

A f te r  hour  12 ,  on  the  second ebb t ide ,  when the  concent ra t ion  shou ld  remain

cons tan t ,  there  was on ly  a  s1  igh t  s t ra igh ten i  ng  ou t  o f  the  curve ;  the

predicted and observed curves merged af ter  the second f lood t ide.

Compar isons  o f  F igures  6  and 7  show tha t  normal ized  concent ra t ion- t ime

curves  were  qu i te  s imi la r  w i th  respec t  to  the  sharp  dec l jne  dur ing  the  f i rs t

f lood cyc1e. The 
. l979 

curve shows a steeper exponent ia l  decrease toward back-

ground concent ra t jon .

SUMMARY AND CONCLUSIONS

Sou th  Beach  mar jna  has  a  s ing le  en t rance  and  i s  uncomp l j ca ted  geomet r i c -

a1 l y ;  i t  has  f ree  exchange  w i th  the  ma in  nav iga t i on  channe l  where  ra the r  l a rge

cu r ren ts  deve lop  du r ing  ebb  and  f l ood  t i des .

Mathemat i  ca l  and hydraui  i  c  model  s  resul  ts  agreed wel  I  when exchange

coe f f i c i en ts  were  ave raged  ove r  t he  en t i re  hyd rau l i c  mode l .

F iush ' i ng  e f f i c i ency  nea r  the  mar ina  en t rance  i s  abou t  tw i ce  as  g rea t  as

the  i nne r  ha rbo r  as  i nd i ca ted  by  the  hyd rau l i c  mode l  ove r  f ou r  h ' i gh - t i deo
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cycles. Field results show similar spreads although variations are more

extreme among stations.
.

Neither the hydraulic nor mathematical models successfully reproduced

early flushing events; both underestimated the first flood decrease in concen-

tration by about 30-40%. Thereafter the predicted and observed curves paral-

lelled each other, although the model-predicted curves remained higher. In

terms of pollutant concentrations, both model results were more conservative.

Hydraulic model studies successfully predicted that the South Beach

marina would have satisfactory exchange because of the strong currents moving

past the entrance. These entrance currents undoubtedly provide significant

transfer processes through vortex motion and gyre generation. It is unlikely

that a marina of similar dimensions would be as well flushed if it were sited

in a less active environment.

The mathematical and hydraulic model comparison raises doubt as to the

need for hydraulic model studies of small marinas if one can be content with

conservative predictions. For marinas of similar dimension in similar

locations, good approximations of flushing efficiency can be made in a matter

of minutes using simple box-model assumptions. However, these results cannot

be extrapolated to other marinas with multiple entrances, significantly dif

ferent width-to-length ratios or environmental settings.
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cyc les .  F ie ld  resu l ts  show s imi la r  spreads  a l though var ia t jons  are  more

extreme among stat jons.

Ne i ther  the  hydrau l i c  nor  mathemat jca l  mode ls  success fu l l y  reproduced

ear iy  f lush ing  events ;  bo th  underes t imated the  f i rs t  f lood  decrease ' in  concen-

trat ion by about 3A'40%. Thereafter the predicted and observed curves paral-

le l led  each o ther ,  a l though the  mode l -p red ic ted  curves  remained h igher .  In

te rms o f  po l lu tan t  concent ra t jons ,  bo th  mode l  resu l ts  were  more  conserva t ive .

Hydrau i i c  mode l  s tud ies  success fu l l y  p red ic ted  tha t  the  South  Beach

marjna would have sat isfactory exchange because of  the strong currents moving

past  the  en t rance.  These en t rance cur ren ts  undoubted ly  p rov ide  s ign i f i can t

t rans fer  p rocesses  th rough vor tex  mot ' ion  and gyre  genera t ion .  I t  i s  un l i ke ly

tha t  a  mar ina  o f  s im i la r  d imens ions  wou ld  be  as  we l l  f l ushed  i f  i t  were  s i ted

in  a  less  ac t ive  env ' i ronment .

The mathematical  and hydraul ic model comparison raises doubt as to the

need fo r  hydrau l i c  mode l  s tud ies  o f  sma ' l l  mar inas  j f  one can be  conten t  w i th

conserva t i ve  p red ic t ions .  For  mar inas  o f  s im i la r  d imens ' ion  ' i n  s ' im i la r

loca t ions ,  good approx imat ions  o f  f lush ing  e f f i c iency  can be  made jn  a  mat te r

o f  m ' inu tes  us ing  s imp le  box-mode l  assumpt ions .  However ,  these resu l ts  cannot

be  ex t rapo la ted  to  o ther  mar inas  w i th  mu l t ip le  en t rances ,  s ign i f i can t ly  d j f -

fe ren t  w id th - to - length  ra t ios  o r  env i ronnenta l  se t t ings .
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Appendix II. Notation

The following symbols were used in this paper:

A cross-sectional or

planform area

C concentration

d = mean tidal depth

E = exchange coefficient

g gravity

h maximum depth, shallow

water wave

HHW higher high water

i tide cycle

L marina length

LHW = lower high water

M = dye mass

MTL = mean tide level

R = tide range

I = tidal period

V = volume

W = marina width

a phase angle

= grid length

w frequency ( 2rtIT)

Subscripts

h = high water

1 = low water

o = mean tide

p tidal prism

t = time step

Superscripts

- = denotes decreasing values

+ = denotes increasing values

0 = denotes constant values
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Append ix  I I .  - -  Nota t ion

O 
The fo l low ing  symbols  were  used in  th js  paper :

A  =  c ross-sec t iona l  o r  W =  mar ina  w id th

O 
p lan form area  0  =  phase ang le

C -  concent ra t ion  Ax  =  gr id  length

d = mean tidal depth ul = frequency (= 2n/I)

f  = exchange coeff ic iento
g = grav' i ty Subscr i  pts

[  =  max imum depth ,  sha l low h  _  h igh  water

o 
water wave I  -  low water

HHW = higher high wate" o = mean t ide
j  =  t ide  cYc l t  p  =  t ' i da l  p r ism
I

O L  =mar ina leng th  
t  _ t jmesrep

LH}./ = lower high water

M = dYe mass supersc. ipts

-  =  denotes  decreas ing  va iues
O MTL =  mean t ide  leve l

f ,  = t ide range
+ =  denotes  inc reas ing  va lues

f  =  t ida l  per iod
0 -  denotes constant val  ues

O V =  vo lume
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