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PREFACE

This study was conducted at the U. S. Army Engineer Waterways

Experiment Station (WES ) with funding provided by the Port of Long

Beach, Long Beach, California, under WES Agreement No. 76-8. The study

was conducted during the period from November 1975 to April 1976 in the

Harbor Wave Action Branch, Wave Dynamics Division, Hydraulics Laboratory ,
WEB , under the direction of Mr. H. B. Sim mons, Chief of the Hydraulics

Laboratory , Dr. H. W. Whalin, Chief of the Wave Dynamics Division, and
Mr. C. E. Chathamn , Chief of the Harbor Wave Action Branch.

The study was conducted and this report prepared by Dr. Donald C.
• Haney, Associate Professor of Engineering Mechanics at the University

of Alabama, assigned to WES under an Intergovernmental Personnel Ex—

change Agreement. Mescro . II. Lee Butler, K. A. Turner, C. W. Coe,

• L. A. Barnes , an d C. H. Curren assisted with various tasks during the
investigation.

• A significant portion of the numerical computations associated

with this study was performed on a CDC—7600 computer at the Los Alamos

• Scientific Laboratory , Los Alamos, New Mexico , through the cooperation

• of C—Division .

The following Port of Long Beach personnel visited WES for con—

ferences associated with the study : Messrs. B. N. Hoffinaster, C. T.
• Johnson , G. H. Porter , H. F. Berbower , and Dr. D. B. Bright.

Directors of WES during the course of this study and the prepara-

tion and publication of this report were COL G. H. Hilt , CE , and
• COL John L. Cannon , CE. Technical Director was Mr. F. H. Brown.
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CONVERSION FACTORS , U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMEN T

U. S. customary units of measurement used in this report can be con—

verted to metric (SI) units as follows :

Multi ply By To Obtain

• feet 0.30148 metres

miles (u. S. statute) 1.60931414 kilometres

square miles (U. S. statute) 2.589988 square kilometres

cubic feet 0.02831685 cubic metres

feet per second 0.30148 metres per second

cubic feet per second 0.02831685 cubic metres per second
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NUMERICAL ANALYSIS OF TIDAL CIRCULATION FOR LONG BEACH HARBOR

EXISTING CONDITIONS AND ALTERNATE PLANS FOR PIER J CO!~~LETI0N

AND TANKER TERMINAL STUDY WITH -82 FlI’ CHANNEL

PART I: INTRODUCTION

Objective

~~~T~~~The purpose of this phase of the Long Beach Harbor model

study was to numerically investigate the impact on existing harbor

circulation of alternate master plan Pier J configurations with a —82

ft~~
’
~hanne1 on tidal circulation.

2.’~~This report describes the application of a previously verified

numerica] model in a completely predictive mode to evaluate the effect

of alternate Pier J configurations and a —82 ft channel on tidal

circulation.

• Back&round

3. Los Angeles and Long Beach Harbors are adjacent ports in San
• Pedro Bay, California. They constitute separate political entities and

are admininstered by separate port authorities. Modifications to the

existing harbors have been proposed by both port authorit ies, the U. S.
Army Corps of Engineers , and the city of Long Beach. Proposed modif i—

cations are so extensive that a careful examination of their effects on

the existing harbor and expanded harbor facilities is required to reduce

the possiblility of undesirable effects that could prove irreversible

or expensive to correct. Therefore, Congress directed the Corps of En—

gineers to build a physical model of Los Angeles and Long Beach Harbors

and to conduct studies of the harbors and proposed modifications.

* A table of factors for converting U. D . customary units  of measure—
ment to metric (SI) units is presented on page 3.

14

____ - • - - •.————-- - •~~~~~~•
• • t •  r’-•-—- —-- • —

~~ — - -  •—- • -‘-— ,.• • 4’. -.-—-~~~ •~_t” •• t_~

-‘ 

~~~~~~~~~~~~~~~~~~~~~~ --



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~ ~~~~—-~L 
-

Construction of the model at the Ti. S. Army Engineer Waterways Experi-
ment Station (WES ) began in January 1973 and was completed in August of

that year .

14 . An extensive prototype data collection program (described in

• detail in Reference i) was performed to provide data for verification of

the physical model and to describe existing conditions in the harbors.

The physical model was verified using prototype data and base circula-

tion tests were conducted as reported in Reference 2. In addition,

studies of several alternate harbor configurations have been conducted

in the physical model. Of particular interest relative to the present

study is the harbor configuration referred to as plan lA—2.3

5. In November 1975, the Port of Long Beach requested WES to
conduct a study of the effects on tidal—generated circulation in Los

Angeles and Long Beach Harbors produced by proposed modifications of

the Pier J complex. Primarily because of time constraints and

scheduling problems associated with the physical model, it was decided

to conduct the study using a two—dimensional, depth— averaged , numerical

model of the hydrodynamic equations. The numerical model would be veri-

fied using physical model data for (a) the present harbor configuration

and (b) for a proposed modification to the harbor known as plan 1A-2.

After model verification, the numerical model would, be used to predict

the effects on tidal—generated circulation of proposed modification to

the Pier J complex. Fier J modifications associated with a tanker

terminal project have been previously investigated using the nurser—

ical model.
14’~ The present report is concerned with basically the same

Pier J modifications as those considered for the tanker terminal

project but with a —82 ft channel.

k
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PART II: THE NU~~RICAL MODEL

Formulation of the Model

6. A complete mathematical description of the hydrodynamic

flow in a harbor or estuary would require that the velocity and density

• be completely specified for every point in the system at all times:

u = u(x,y,z,t)*

p = p(x,y,z,t)

where

x = longitudinal coordinate measured along the estuary axis

y = transverse coordinate

z = vertical coordinate

t time

Unfortunately, with existing computers, a generalized three—dimensional
model with the needed time and spatial resolution is not available.

Because of the difficulties in formulation and executing a three—

dimensional program, researchers have devised a variety of numerical

models of various degrees of simplification. In general , the simpler
the model the less reliable and less adaptable it is to changing

conditions.

1. A two—dimensional approach that produces a pseudothree—

dimensional effect was utilized in the numerical investigation. The

vertical components of velocity and acceleration are neglected and the

general three—dimensional governing hydrodynamic equations are inte-

grated over the water depth. A depth—averaged two—dimensional flow

field is obtained but three—dimensional geometry can be considered.

The most important approximations used in the model are those of

constant density and relat ively small variations of velocity over the

H
* For convenienc e, symbols and unusual abbreviations are li sted and
defined in the Uotation (Appendix A).

6
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depth , conditions wI i i ch  ate reasonably valid in most harbors. Wbere

these conditions are anpruxir : iate ly  valid , t h i n  type of numerical model

can provide accurate representations of tidal elevations and velocities.

Although the model output is two—dimensional , it has a ~neuduthre-

• dimensional ~har ant e r  n i n c e  the actual bathymetr ic  d a ta  are un~~I in the

calculations. The two—d imensional  dep th— averaged n ,JH appears U to

the moj t  sophis t icated numerical model presently avai laUJ • e for study

of tidal circulation in mt rbors.

8. The rectangular eoordinat - system used is loca tei  in tLe plane

of the undisturbed water sirface as shown in Figure 1. The equations

D!SPLACEO WATER SURFA CE~~~~~~~~~~~~~~~~~~~ 

~~v

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ !NITIAL RESERVO IR SURFACE

• Fi gure 1. Coordinate  system for problem formula ti

of motion and the equation of cont inui ty  are w r i t t e n  as foL w ;;

!+ u . ~~~+ v ~~~~ + g . ~J1 _ f v = R ÷ L  ( i)

,
~~________

_________ -— ~~~~~~~~~~~~~ 
l~~ I~~~ &_i_••• ~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -~. - -  ~~~~ ~_______
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+ L ( 2 )
y y

and

+ [(h + n)uI + ~~~~ [(h + n)vI = 0 ( 3 )

where

u = depth—averaged velocity component in the x direction

t time

x ,y = rectangular coordinate variables

v = depth—averaged velocity component in the y direction

g = acceleration due to gravity

= water—level displacement with respect to datum e’evation

f = Cor iolis parameter

• 
~~~~~ 

= the ef fec t  of bottom roughness in x and y dir ect ions

L ,L = the acceleration effect of the wind stress acting on thex y  .water surface in the x and y directions

h = water depth

9. The continuity equation has been obtained by integrating

across the water depth and applying kinema~Jc and dynamic boundary

conditions at the surface and bottom of the reservoir. The bottom

fr ict ion terms are represented using a C he zy coef f ic ient in the

following form :

H = 
~gu(~ 2 

+ v2)~~
2 

(~~~~~)

• C ( h +~~~)

H 
H 

_ ( u 2 + v 2) ~~
’
~~

y 
C
2
(h + ~~~ )

where C is the Chezy coefficient . The terms C and L represent

the wind shear ntren: • effect on the water surface. These ter::n; are

-, j I of the form:

T •~~
L = 

X (e . .,~~ •x (~~i +

j  ; 
_ _ _ _ _  _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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• where T and T are the wind stress components acting on the water

sur face.

10. To solve the ~nverning equations , a finite difference

approximation of the equations and an alternating direction technique

are t~mn t oy e 1 .  A space—sta~~ er eJ scheme is used in which velocities ,

water—level dL p i a c e m o n t , b ut t o f l  displacement , and water depth are

described at different locations within a i~ri0 cell as shown in

Figure 2. The first step in the calculation consi sts of computing u

• _______________________

—~~~ + - 1 ~~1

0 W A T E R  DEPTH , h
X W A T E R - L E V E L  DISPLACEMENT , 11x 0 V E L O C I T Y  IN THE X D I R E C T I O N , U

h 
V V E L O C I T Y  IN THE V DIRECTION , ~

F~~~~ r 2. r 1  i n y n i  en and variable defini t ion
• locations

an i  i m p l i c i t  l :j anli v exp l i c i t l y ,  advancing from t ime  nAt  to

(n + ~/2)A t . He 1a r ~~ i . Uer n is an integer representing the time

• nt •n at wh ct I C  C a ]  • t ]  I t  ion -~~ar’ being conducted . The necond step

• c o m t u t~~n n and ‘z i n ip i  I n  I t ly  and U exp1icit~y, advanci n~ from time

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
• j ,~ • • • • 

•
1 L1_, k 

~~~
•_ —_,_._* _•._ . . . ~~~i .  ~~
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C m  + l / 2 ) A t  to (n  + l)At . Central differences are m e l  f r

ing all der i va t i v e s  in the  gov mning equations . The up ] ] ica~ Hn H

these d i f f e r e n c e  approximat ions  C i v o m  r i m e  to cumr n~~ r~i ~~~ dif ference

• equations centered about different points  wi th in  a grid c d l .  These

exp cems ions  requi re  the evaluat ion of cer tain q ua n t i t ie n  at i c c at i nc

lifferent from t i i coe  (lefirled in the frid system . Such quan t i t i e s  arc

replaced by values computed ~‘r c ~ a ::m — and two—dimensional  averagin ~
• of neighboring values. The time i n te rva l  ~ t in taken as the t ime

required tc compiet e the fu l l  cycle  in  the computational procedure;  r~ew—

ever, each half cycle is H’ca ’ - o  ly a l i f t e r - e n t  set of equations so a

system of nix operational c luationo is used. The difference approxi-

mations iced in the first otep of the alternating iirection technique

are:

u
fl
~~~

’2 
= 

n 
— 

(At~ >>n+l/2 — (:t~~
n+l/2< >n

2 

(At)_1H 1 >
n 

+ 4 At(C + L )~~ at j+l/2,k (8)

= - + q) u~ ~~~+i/ 2  _ 4  +

at j ,k ( 9 )

where superscripts refer to :: ittin Les of time increments. For

simpl ic i ty  of notat ion, none tom: . have been maintained in differential

form within angle brackets < 

~ :r double brackets ~< >~~. The dii’-

ferential forms are lef ined by the examples:

<n
~~
(j,k)> = 

~j+1/2,k 
— 0

.]—I/C ,k 
(10)

= U . k  — •‘ — i k  
(I I )

10
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11. These two equations can be solved simultaneously for quanti—
n+1/2 n+l/2 . .ties u and n along a grid line k . The additional veloc-

ity component v
r
~~ 

2 
can be determined explicitly from the expression

n+l/2 
= 

n 
— ~ (

~
) ~< > ~

n 
— ~ 

~:~) ~
n+l/2<v

x~
n

— 

~~~~~~~ 

v~~
l

<v~~~ + 4 At(h + L )n -it j,k+l/2 (12)

The equations for the second step of the alternatin~ direction tech—

flique are :

= 
ri+l/2 

— ~ (~
t~ << >>

n+t 
— 
i (At~

_n+1/2< >n+l/22 \Ay/ y 14 \AxJ x

- ~ 
(
~ t~~ n+l <v>fl+1/2 

+ 4 ~t s~ + L ) n+l/2 at j,k+l/2 (13) ‘

• oil

= 
n+i/2 

- 
1 
(Ct) ~<[h +

— 4 (~) << [11 + n)v]y>>0+1 at j,k (114)

-• . . . . n+l/2Lhe ne (~ uat1ons are solved simultaneously for the quantities v

• and 
n+l/2 along a grid line 

~ 
. The additional velocity component

can be determined explicitly from the expression

n+l 
= ~

n+l/2 
— ~ (At~ << >>n+l/2  

- 
1 (~~ \u

m
~~ <u >

n+l/2
2\Ax/ X ~~\Ax/ x

- ~~ 

(
~~~~~

n+l
<u t> r+1/2 + 4 At(R + L )~~

1/2 at j+l/2 ,k ( 15)

12. IhO formulation of the problem in this way (API method )

o nnilerably simplifies the computational procedure . The implicit
• t er]uat~ion~; are solved simultaneously during each half time step . Cow—

ever , with this formulation scheme the coefficient matrix is tridiagonal

11
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and a relatively simple solution procedure is available.

13. Two types of boundaries are involved in the calculations:

the solid boundaries at fixed coastlines and the artificial tidal input

boundaries arising from the need to truncate the region of computation

(in order to minimize computational time requirements).

114. A condition of complete reflection is adopted at solid

boundaries. While some dissipation does occur at the shoreline, this

should not be significant in this application. The actual boundary

condition for the solid boundary can be written as

~7’~ = o  (16)

where V denotes the normal component of velocity .

15. Artif ic ial  tidal boundaries were used in the model to

describe the tidal action that occurs at the ocean computational bound— •

aries . These boundaries must be accurately defined since the tides

applied at these boundaries represent the major forcing function driving

the hydroclynamic system . The water—surface elevation time history for :1
the desired tidal cycle is speci f ied  at each such boundary and applied

during the operation of the model .

Application to San Pedro Bay

16. San Pedro Bay is formed by the curvature and indentation of

the southern California coastline (Figure 3). Sheltered to the west

by Point Fermin , the bay is open to the south and southeast except for

the slight protection offered by Catalina Island . Originally an open

bay , the protection afforded by i ts orientation has been augmented ly
an 8—mile—long breakwater extending from Point Fermin eastward to near

Seal Beach.

17. The breakwater consists of three sections . The San eli-~

breakwater (oldest of the three) is 11,000 ft long and extends t’r m  the

shoreline east of Point Fermin to Angel’n Gate , w h i c h  is the 2 ,100—ft.—
• ( wide navigation opening for Los Angeles h arbor. The ~Ud dle breakwater

12
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is 18,500 ft long and extends from Angel’c Gate to t~uei-n ’s Gate , which
is the l,~hO — i’t—wide navigation opening for Long Beach Harbor. The-

Long Beach i roakwater is the third Section of the breakwater an : ~~te :i~ s

13,350 ft due cant of Queen ’s Gate .
r • .• 10. A •i o t r o e l  otudy of the c i rcu la t ion  pat terns in San c In

• Bay was necessary in or-dc- to predict the effect on c i rcula t  n ;~~~t~~

terns of changes in harbor configuration. To get the nequirel re.::A —

tion of the harbor bas inc , channels , and proposed modificationc it
was necessary to ice a 300—ft step size in the finite Iiffcre:rce g r id .

For proper applicat ion of tidal boundary conditions the region of otu ly
was extended seawar d approximately 1.14 miles fr - cm the ~iiddle Lr’o’ikwat u- .

The t idal boundary was taken as parallel to the ~]iddle breakwater am i

the reg ion of application at’ the model is shown in Figure 3. A re i :n

of about 60 square mi les  was included in the model coverage w h a A

f i n i t e  grid • iimension of 101 cells by 199 cells r ap] roximat cly 20 ,000

f i n i t e  d i f f e r e n c e  cells.  There were approximately 1C ,000 water c H i n
• where the  veloci ty  components and tidal elevations were c a i c u l i t e :  eacn

• t ime s tep lui’it~~ a tidal cycLe. A time step of 145 sec was aced in ICc

numerical mole] so a 25—hr tidal cycle required 2000 calociatiun time

steps. The nu~nerica1 model required approximately l— 1/~i hr of fb — 76 00

computer time to simulate 25 hr of prototype time.

19. The model required approximately 5 hr of r • t c t y : c  l ime

(15 mm of computer t i m e)  to “warm up ” due to t ran:: t~~~t~~ acc~~c at c i

• w i th  otar-ting the mc lel . Actual calculat ions for a 29—hr t i  Cii cycle

required ap z r a x i ma t ely  1.5 hr of CDC— 7600 computer t ime when the wan: —

• it t ime is inc ]ud€i .

• 20. Preparation of the input data for the numerical  model is

extensive sinc - I nch of the • G , 000 f i n i t e d i f f e r e n ce ‘Him requires

certain irìrut dat a concerning the  ccl  I cha rac t e r in t  h - n .  iC e cell must

be i den t i f ied  am a land or water cell , the d e p t h  of the watt-r re la tive

to some • la t i i ~ :ni:; I be g iv ~ and t h e  f r i c t i o n  ci l ar r i c t e r  1 :  icc of

cell mu: ;L be i len t  i i  e l .  The f r i c t i o n  cl~ar :icter t i c s  are exp ruI ned

in terms of ~ir t nn ing ’s n w h i c h  vary for mud , sand , rock , shoaling

areas , vegutation in marsh areas , et c .

1
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21. After the input data have been prepared, the desired tidal

cycle is applied to the model and the results are exaiiiined and compared

with  prototype and physical model results. The model parameters are

then adjusted until the desired agreement exists between the numerical

model and known data.
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PART III : MODEL VERIFICATION

• Exist ing Conditions

22. Before any numerical model can be applied as a predictive

• 

- 

tool with a reasonable degree of confidence it must be verified . It

• must demonstrate an ability to produce results that agree with known

• data for existing conditions . The numerical model was verified by

comparing the results with data obtained from the previously verifie1

physical model of Los Angeles and Long Beach Harbors. 2 
This technique

was used because of the ready availability of sufficient data of the

required quality and quantity. A typical spring tide with a 7.1-f t

diurnal range was one of the tides used in the original base tests on

the physical model.
A

I 
Tidal elevations

• 
23. From physical model tests, surface elevation data were

available at 13 locations and velocity data were available at 7 ranges

4 (a total of 22 gages) c.s a function of time for an entire tidal cycle.

Locations of these gages are shown in Figure 14. In addition , photo-

graphs of surface velocity patterns at hourly intervals were available.

214. The input data were prepared for the numerical model and the

7.1—ft diurnal spring tide was applied at the tidal input boundary.
• Results were compared with the physical model data and parameters in the

numerical model were adjusted to bring the numerical results into

agreement with the physical model results.

25. Tidal elevations calculated from the numerical model were

compared with physical model data at 13 locations distributed through—

out Los Angeles and Long Beach Harbors, and the results are shown in

• Plates 1—5. The numerical results and physical model results are

essentially identical at all gages. This result coincides with past

experience which has indicated that tidal elevations are reproduced

extremely well by the two—dimensional depth—averaged numerical model.

Tidal velocities

26. Reproducing tidal velocities is a much more difficult • ; -

16
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problem than reproducing surface elevations. This difficulty arises

from several sources: (a) the numerical model calculates a depth—

averaged velocity, an entity which cannot be directly measured in the

]rOtJtype or physical model ; (b) prototype and physical model velocities
• c anno t  be measured as accurately as surface elevations due to instru-

ment limitations; and (c) the numerical model calculates velocities

at discrete points in the hydrodynamic system, therefore the finite

difference grid locations will in general not exactly coincide with the

location of velocity gages in the prototype or physical model.

27. Despite these difficulties, satisfactory agreement was found

to exist between the numerical model velocities and the physical model

velocities. Velocity comparison results are shown in Plates 6—27;

numerical model velocities are shown compared with the velocities mea-

sured at the midpoint depth in the physical model. The agreement is

particularly good when consideration is given to the accuracy of the

velocities measured in the physical model. The low current speeds

experienced in San Pedro Bay are often below the threshold of standard

laboratory meters so floats were used to measure model currents. This

measuring technique yields a velocity value which, rather than being

an instantaneous value at a specific point , is somewhat averaged over

time and space. Considering the possible sources of error in the

¶ measurements, the physical model velocity data are considered accurate

to approximately +0.2 fps.

28. No attempt has been made to draw a smooth curve through the

numerical results. The calculated velocities are simply plotted each

half hour for the tidal cycle. A smoothing of the data would appear

to bring the numer4cal results into even better agreement with the

physical model data since the numerical model picks up some fluctuations

in the flow which are not as apparent in the physical model data. This

is particularly true in the Cerritos Channel gages. These rather short—

period fluctuations in velocity would tend to be filtered out of the

physical model data. 1~~

29. The overall bay circulation patterns were obtained from the

numerical model by plotting the instantaneous depth— averaged velocity

• 18
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at each point in the bay as a vector at specific times during the tidal 4

cycle. The direction and length of the vector indicate the direction

• and magnitude of the velocity ; a vector plot is illustrated in Fig-

ure 5. These results were compared with surface current pattern photo—

graphs from the physical model tests. In order to facilitate a direct

comparison of results, the vector plots from the numerical model were

reproduced to the same large scale used in the surface current photo—

graphs. The vector plots have therefore been published as a separate

report .
U 

The overall circulation patterns observed in the physical

model were reproduced reasonably well in the numerical model. This is

particularly true when it is recognized that surface currents were ob-

served in the physical model while the numerical model produced depth—

averaged velocities. The major gyres observed in the physical model are

present in the numerical model results and extend over essentially the

same spatial region. The complete extent of the gyres in the numerical

model are difficult to ascertain when the vectors are plotted to the

scale needed to observe the major circulation patterns in the entire

bay. Thus, the large gyre east of the Angel ’s Gate opening (Figure 5)
appears to be smaller in spatial extent than that observed in the

physical model. However, a larger scale plot of this region (Figure 6)

clearly illustrates the actual extent of the gyr e to be very similar to

that observed in the physical model. This is also the case for the

other major gyres although in some cases the center of the gyre may be

shifted somewhat from that observed in the physical model. Any apparent

differences in the strength of the gyres between the two models may be

associated with variation in the strength of the gyre between the

surface strength and an average strength over the water depth.

Volumetric flow rates

30. The volumetric flow rate across the various velocity ranges

was also calculated , and results are compared with physical model data

in Plates 28—32. The apparent discharge across a range was calculated

using the total current velocity regardless of its orientation relative -
•

to the velocity range; the adjusted discharge across a range was calcu—

lated using the velocit ,r component normal to the range (Figure 7) .
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Figure 6. Large~sca1e vector plot of tidal circulation patterns east of
Arc -c l ’s Gate for existing conditions
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VELOCITY R A NG E

W A T E R  DEPTH = h

• 9
A

V NO RN A L

A P P A R E N T  FLOW ACROSS AS = (V )  ~d) (h)
A D J U S T E D  FLOW ACROSS AB (V NORMA L ) ( d) h)

Figure 7. Apparent and adjusted discharge

31. The adjusted discharge will obviously always be less than the

apparent discharge , the ratio of the two quantities being the cosine of

the angle 0 . i f  the f l aw  across the velocity range is essentially

normal to the range, then the two quantities are approximately equal.

This was the case at r - a r ig e c  3 , 5 ,  and 8 in this  investigation.

32. If the voluiaetric fl0w rates are integrated over the entire

tidal cycle, then  a net fi  w t : r r - •ugh the range is obtained . The no:

flows obtained in the  ri ~onenical  model and from the physical model are

compared in Table 1. Tue net flows are small numerically in compar i son

with the gross volumetric f l o w ;  therefore , small percentage errorm or

-
~~~~~ variations in the grass flows may appear large compared with the net

flows. For this reason , the net flow values are not considered exact

and should be used only to indicate flow trends. Net adiiis ted flows
- •  

were calculated using the numerical model and net apparent flows were

obta ined in the physical model which is primar ily responsible for the •
~

differences observed at ranges 1 and 2. The primary reason for the

difference observed at range 3 was the use of ely three gages to cal—

culate the flow across the range in the physical model while velocity

values at seven locations along th~ range were crel in the numerical

22
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calculations. The resu l ta  at. ranges 5 and 8 agree e — ’• r-e r~ ly w. 11.

Considering the indicated qualificatici n concerning t.i~~ ~i c :  ~~~~~

net f low calculations, the agreement between t h u  rmut.er~~:-rt an~
model results is very ni~~i ; f o - t  ny .

33. From t h e  nt.cnt i-ical rn •iel t l i e n - . at~~ear:: 
-

• no a fl~-t. w- • war-

:1 
flow Lo Cerritos Channel of apr i-ux tm rcthv tf~ l:y 10’ cu f t  t i l a~ C~~~C i C .

Thin is based on the f l ow across r:e c 8 wi .  ~~~ ::t~cu jd be mire n- 0: •t ’ - -

ahan that across r ange  5 r~~~r -~ of  f~ w e n d i  f lo e s  c r o s m in 1 t h ~
it y  r a n ge .  The ph ir s i cn i  mc h-I r- :llt : i e : 1 - a t - • a wec twa i -J  fi -

~~ of

approximately 50 by lC~ Cu ft / t i i~~1 m y r le •ucr mc r ange  8. There is a

net flow thrau b the brea1—wnter wo ch c ii. he obtained by nami ng the met

flows acro ss ranges 1, 2 , am.i 3.

I ar 1A~ T

314. To get an es t imate  of the abi l i ty  of the ve r i f i ed  numer ica l

p model to predict the effect on harbor circulation of m o l i f i c a t i o n  to

the harbor , the model wa.i app lied to the S u m t e r -  p lan lA—2 c o n f i gu r a t i o n .

• The only changes ma le in the i np u t ,  to the numerical model were the

changes i n geometry associated wi th  plan 1A—2 as shown in Figur e 8.

The 7 .1—ft diurnal spring t i de  was used in the numerical model.  The

calculated results were then compared with physical model lnt ~ obtained

in a previous s t ud y .

3 5.  (iomrom- i m o n n  of  t i d a l  elevations are shown i i :  Plates 3 l—3 ~~.

• As was the case for the existing conditions comparison , the tidal eleva—

tions are essentially identical.

36 . Veloc it i es are compared in P lat es 38—55. Basically the same
type velocity agreement is obt ain ed for piati it— f as was obtained in the

original  model v e r i f i c a t i o n .  The n u m e r i c a l  mo i -l appeared to do a good 4
job of predicting the tidal velocities for the modified harbor .

37. Vector plots of the overall  bay c i rcu la t ion  pat terns  fa r

plan ii_ 2 were also obtained; a sample plot is shown in Figure 9. To

make the changes in circulation patterns produced by the m & n h i t ’ i c a t i o r i
4

rr .ar e apparent , vector- plots were made of the v :- ioc i ty  d i ff e r e uc e s .

23
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These plots reflect the velocity differences in the bay produced by

the plan lA—2 modifications to the harbor; a sample plot is shown in

Figure 10. Large—scale vector plots for plan lA—2 and for the velocity

differences produced by plan lA—2 are included in Report 14 of this
series of reports.

6

38. The volumetric flow rates across the velocity ranges also

were calculated; results are shown in Plates 56—60. When the plan lA—2

results were compared with results for existing conditions , the fol—

lowing major changes were noted :

a. Maximum flow ra t es through Angel ’s Gate (range 1) were
increased by about 10 percent .

• b. Maximum flow rates throug h Queen ’s Gate (range 2) were
decreased by approximately 50 percent .

C. 
• 
Little change was 11)iuce d at range 3 (East End).

d. Maximum flow rates across range 5 (Navy Mole) were
decreased by abou t  25 percent.

e. Maximum flow rates across range 8 (L. A. Channel ) were
-• 

- incr eased by about 20 perc ent .
39. Net flows acrasm the velocity ranges were calculated and are

compared wi t h the phy sical model results in Table I . The most signifi—

cant result is the reversal of the net westward flow in Cerritos Channel .

Both the physical a ni  numerical models predicted a small eastward net
• 

1 f low in floss t s Channel for plan lA—2. In comparing the net flows

• obtained from the numer ica l  and physical  models , the previous stat e—
• I ments concerning the accuracy of these numbers must be considered .

These net flows should be o c I n m i d e r e l  only to indicate flow trends.

140. Resul ts  obtained fr om plan IA— C i nd ica te  that the numerical
• model is capable of being used as a predictive t • - l . i t will apparently

yield essentially th e same results as those w h i c h  would be obtained from

the physical model and can now ~~I € ~ ore-I to investigate the proposed

modifications to Pier J.

- 1
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• FART IV : ALTERNATE PIER J CONFIGURATIONS

Modifications Investigated

141. The two basic modifications of Pier J , STFP 2 (—82 ft chan—
• mel) and STFP 3 (—82 ft channel), considered in this investigation

are shown in Figures 11 and 12. The dredging scheme to obtain a —82 ft

channel is shown in Figure 11. Two cases were actually considered for

STFP 2 (—82 ft channel), a 300— and a 600—ft opening in the eastern end

of the breakwater protecting the anchorage area. The three modifications

indicated as STFP 2 (300, —82 ft channel), STFP 2 (600, -82 ft channel),

and STFP 3 (—82 ft channel) were all considered for a 7.1—ft diurnal

spring tide. The tide was applied to the verified model , and the model

was used to predict circulation patterns resulting for each potential

modification to Pier J. .- -

Results

142. The tidal elevations and velocities were comrpur -c1 w i t h  those

obtained for the existing conditions at the various gage l o cu t ions .

Except for local effects around the Pier J modification confi gurations

themselves , STFP 2 (300, —82 ft channel), STFP 2 (600, —82 ft .  channel),

and STFP 3 (—82 ft channel) all produced essentially the same • v er a ll

tidal circulation results as the existing condition. Th eir effects

upon the total circulation patterns for the bay were almost identical .

The tidal elevations and velocities produced by SPFP 2 (~oI0, —h~ f t

channel), are presented in Plates 61—87 as being typi -al of all three

cases.

143. To properly interpret the results , the e f f e c t  up~ n veloci t y

of the changed depths in the dre-ige areas should be r- I - c o g i i r - i .  The

relationship between depth—averaged velocity and volumetric tl - - w  ra~ e

• is not the same for existing conditions aril for the mo-lif ications.

Depth—averaged velocity for the modifications may be less fl - in that for

existing conditions even t • I v I u g h  the volumetric flow rat - -  I hr 1 1 t h  bc

28
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finite iifference cell is greater. thiS results from the greater depths

in t h e dredged areas of the modi f i ca tions . This quaLification is limited

t o  t h e  dred ged regions nub a f f e c t s  only velocity ranges 2 and 10 and

v c c to r  plots of overall t idal c i rcula t ion in the dredged portion of the

bay . h-C r example , while veloci t ies  at range 2 are observed to be lower

t han those for ex i s t ing  condit ions , there is a slight increase in the

v o lum et r i c  f l  w rate  t l u~ n~gir t h i s  range for the mod ifications no rm :

141 . P l a t e r  61—65 show that the tidal elevations aL-rO not change-i

by the  Pier J m o d i f i c a t i o n s .  Plates 66—87 show that except for ranges

2 and 10 , ve loc i t i e s  it  the gage locat ions  were changed only slightly.

As indicated scsi  - o n 1 y ,  velocity changes at ranges 2 and 10 were pri-

man ly associatel  w i t h  a change i n  depth rather than a change in vol - —

r-~e t n i c  flow r a t e .  A p p r e c i a b le  C i r O i g € S occurred in velocity r a tt e r ns ,

however , in th e  i - i~~ l Pier J area which d i f fe r  somewhat for tie three

cases inve. t ig r it ed . The ,-~ otor plot s of the circulation patterns for

STFP 2 ( - - -
, —32 t I . c h a n n e l ) ,  STFP 2 (600 , —82 ft channel ) , and

- - 
CTFP 3 (—82 ft channel )  as well as the vector plots indicat ing changes

in  circulation ratter-ni from the existing conditions are presented in

her- art 14 of thi s series.  Examples of these vector plots are shown

in F igu r e s  13 and 11.

h 5 .  The volumetric fl-~w rates across the velocity ranges are

r
~
-sente-J in Plates 33—~~O~~. Again , all three cases y i e l d  essentially

the same results and these results d i f f e r  only sl ightly from the exist-

ing c o nd i t i o n s .  The slight .i rrcreore in flow r- 1to through r-arige 2 is

notes  although the velocity is less than ex is t ing  condit ions . The

f o l l o w in g  spec i f i c  observations were made from these resul ts :

o. Volumetr ic  flow rates across ranges 5 and 8 were
essentially identical wit h those for e x ist i n g  c o n d i t io n o .

b. A slight increase occurred in the volumetric flow r - :ct es
across range 1 (approximately a 2~3 increase at the
maximum flow rate).

c. An increase occurred in the volumetric flow rates through
range 2, approxim- ctely a 7—l/2~ increase at the maximum
f low r a t e) .  r -;

1. A slight decrease occurred in the volumetric flow rate

-

- 
- 

across  range 3 (approximately 3—1/2% at the maximum flow
rate).

31
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146. let flows across the velocity ranges are indicated in Table 3.
The net westward flow ir1 Cerritos Channel for all three modifications

was essentially identical with existing conditions. The net flow

through Angel ’s Gate for all three n-cd ificatioii s was essentially iden—

tical with existing conditions. The net flow (flood) through Queen ’s

Gate has been increased by about l2~ and the net flow across range 3 has

been changed from a very small net ebb to a small net flood.

—I-
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PART V: CONCLUSIONS

‘ +7 .  The Pier J modifications considered in this investigation
resultel in only minor overall changes to tidal circulation in the

Los Angeles and Long Beach Harbors complex . The primary circulation

changes are local in nature. All three modifications——STFP 2 (300,

—82 ft channel), STFP 2 (600, —82 ft channel), and STFP 3 (—82 ft chan—

nel)——produc ed essentially the same overall effect on tidal circulation.

fpec i flic conclusions concerning the changes in tidal circulation pro-

duced by the Pier J modifications are as follows :

a. A very slight increase in flow through the Angel’s Gate
opening .

1. A small increase in flow through the Queen ’s Gate
opening .

c. A small decrease in flow ai-ound the end of the Long Beach
breakwater .

i. Cu effect on flow in Cerritos Channel. The net westward
-- 

flow in Cerr i tos  Channel appears to be retained at
essentially the s~inr magnitude as for existing conditions .

lit~ le effect ri-i r~ he-ast -f the -dseen ’s Gate opening
except in toe immeri -g.~ v i c in i ty  of the actual
mouif - cat ions.

1
• C}stngt-s in i~ veloc t:; pa t te rns  northwest of the Queen ’s

Gate m e t i ng . These changes are primarily confined to
the Long beach portion of the harbor complex , and
er- inc ipally involve the direction of the flow rather than
the VO.iW .C of flow. - 

-
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Table 1

-

• 
Net Discharge per Tidal Cycle for Exist ing Conditions

Physical Model Numerical Model
Apparent Net Discharge Adjusted Net Discharge

Range 10 cu ft 10 cu ft

1 +1230 +14146

2 +520 +6141

3 —1700 —1146

5 —140 +53
8 —50 —6 14

Note: + net flood condition; — = net ebb condition .

Table 2

Get Discharge per Tidal Cycle for Plan 1A—2

• Physical Model 
- 

Numerical Model
Apparent Net Discharge Adjusted let Discharge

Range 10 cu f t  10 cu ft

1 +1090 +218

F l  2 +80 +698
3 +1480 +223
5 —160 +13.2
8 + 0  +31.1

Cute : + = net Clued c- n~ i ti ori ; — = net ebb condit ion.

lible 3

humo r :  -t l  i-b-de l Adjusted Net Dischargf
6

j~~~jida1 Cycle, 10 cu ft

Velocity Range
1 2 3 5 8

Existing 14146 6141 -35.3 22.2 -614

Plan lA—2 218 698 223 13.2 31.1
- - STFP 2 (300), —32 f t  channel 1431 820 71.8 25.2 —67.2

STEP 2 ~6oo), 
_3~ f t  chRninI 1 1435 819 71.3 214.2 —67.1

STFP 3, — 3 2  Ct channel 1427 829 81.2 214 — u 3 . 6

Note: — net i-Pb condi C - ii.
I

~-~~~~~
- - ~~~~~~~~~~~~~~~~
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APPENDIX A: NOTATION

C Chezy coefficient

f Coriolis parameter

g Acceleration due to gravity

h Water depth

j,k Grid lines

L ,L Acceleration effect of the wind stress acting on the water
X 

~ surface in the x and y directions.

n Integer defining the calculation time step

R
x~

R
y 

Effect of bottom roughness in x and y directions

t Time

T ,T Wind stress components acting on the water surface

u u(x 3y,z,t)

v Depth—averaged velocity component in the y direction

V Normal component of velocity 
V

w Depth—averaged velocity component in the x direction

x Longitudinal coordinate measured along the estuary axis

x ,y Rectangular coordinate variables 
‘

y Transverse coordinate

z Vertical coordinate

TF Water—level displacement with respect to datum elevation

p p(x,y,z,t)
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