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ABSTRACT

The Hydro-Numerical Prediction Model developed by Hansen

is applied to San Diego Bay, and the results compared both

with the hydraulic model and the real data obtained by

field measurements. This allows one of the few good compar-

isons between numerical and hydraulic models for the

prediction of actual conditions.

The bay was divided into two sections that were run

separately in order to obtain the desirable spatial resolu-

tion. This division required solving the problems of proper

tuning and matching techniques between both portions. The

solution involved the addition of an appended pseudo-bay

to the first section of the model in order to compensate

for the correct tidal prism. The effects of a proposed

second open entrance in the southern part of the bay were

studied. This resulted in an increase of flushing in the

southern portion of the bay but caused the currents in the

center of the bay to be small which decreased dispersion

in the central portion of the bay. In general, both models

produced similar and reliable results, but there was a

considerable reduction of cost and time with the numerical

model.
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I. INTRODUCTION

A. REVIEW

The study of bays, estuaries and other semi-restricted

areas is difficult because these masses of water are subject

to constant movement with short time irregular periodicities

The important mechanism driving the circulation in these

areas generally is the tide. The water is partially re-

newed and mixed during each tidal cycle due to the inter-

change of water between such areas and the ocean. The

shape and depth of the area governs the direction and speed

of the currents generated during this interchange. The

constant flow of water causes a constant state of non-

equilibrium of constituents, temperature and potential

energy inside the bays or estuaries.

The study of such areas by field observations is ex-

tremely laborious requiring large expenditures of manpower

and money. Another approach to the solution of the problem

is to reproduce the physical characteristics of these areas

by the use of hydraulic models. Hydraulic models have been

used for many decades and have proven to be a reliable

method for studying an area although space and operating

problems make them a relatively expensive tool of

investigation.

With the advent of high speed computers, the numerical

solution of the differential equations used to describe
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flow was made possible. Oceans, seas, gulfs and other

water masses have been described by the use of this tech-

nique. It transforms a physical model into a program

which can be modified to simulate different conditions more

easily, can be stored for future uses and alterations, is

faster and allows solutions to be obtained at reasonable

cost

.

The U. S. Army Corps of Engineers made a study of San

Diego Bay by means of a hydraulic model based on field

measurements made in early 1967 • The results have been

reported in a Technical Report [10] and published in a

paper [1] by the U. S. Corps of Engineers.

The Hydro-Numerical Prediction Model developed by

Hansen is applied to San Diego Bay, and the results com-

pared both with the hydraulic model and the data obtained

by field measurements. This allows one of the few good

comparisons between numerical and hydraulic models for

the prediction of actual conditions.

B. OBJECTIVES

The objective of this thesis is to reproduce by means

of the Hansen hydrodynamic-numerical model the existing

conditions in San Diego Bay and compare them with condi-

tions produced in the hydraulic model operated by the U. S.

Corps of Engineers. This comparison will result in a

proper evaluation of the merits and limitations of both

models

.

12





The division of the bay into two separate models is

attempted in order to obtain comparable resolution in the

numerical model. This division requires solving problems

in the method of running numerical models in series and of

transfering boundary conditions from one section to

another.

13





II. HYDRAULIC MODEL OF SAN DIEGO BAY

A. DESCRIPTION OF SAN DIEGO BAY

San Diego Bay is located on the southern coast of

California, U.S.A. The bay is long, curved, has an area

of approximately 90 sq. km. and a maximum width of 3*1 km.

[Fig. 1]. It is connected with the ocean by tdae narrow

Zuniga Channel at its northern end.

The inflow of fresh water can be considered negligible

except during local heavy rainfall. The circulation of the

entire bay is driven by the tide at its unique entrance.

The tidal circulation can be perturbed by local wind

conditions

.

The tide is of the mixed type with a period of 24.83 hours

and maximum range of about 1.89 meters. Field measurements

indicate that tidal variations become larger in the bay

increasing to 1.98 meters at the center portion of the bay

and 2.1 meters near the southern end. Currents have a

maximum speed of about 0.7 meters/second in Zuiga Channel.

A channel is maintained for navigation starting at

Zuniga Channel and continuing throughout San Diego Bay.

The channel depth is 12.8 meters below MLLW from the ocean

to the vicinity of the South Bay gage. Other channels of

minor importance exist in the southern portion of the bay.

14
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B. PURPOSE OF THE U.S. CORPS OF ENGINEERS MODEL STUDY

The natural shape of San Diego Bay and Its only entrance

at the northern end, its use as a Naval Base, and the in-

fluence of a large community surrounding the Bay, have

brought into consideration the construction of a second

navigation entrance somewhere along Silver Strand Beach.

This second entrance is expected to cause d^creasilng ship

traffic throughout Zuniga Channel and increasing flushing

rate of the Bay, possibly improving the environmental

conditions within the bay. A major consideration in eval-

uating the overall benefits of a second entrance depend

heavily on assessing the extent to which it would increase

the flushing rate. These effects could not be computed

reliably by the available analytical methods [10], so a

physical hydraulic model of the bay, in which several

suggested locations for a second entrance could be tested,

was constructed to investigate the effects of each proposed

location, in detail.

C. THE HYDRAULIC MODEL t

The dominant forces in rivers, narrow estuaries and

some lakes, are pressure gradient forces driving circula-

tions which are opposed by friction [12]. In large scales

of circulations, the opposing forces are combinations of

friction and Coriolis force, or Coriolis force alone.

Similarity can be considered as being graded from

geometrical through kinematic to dynamic in the attempt to

16





reproduce the existing conditions in a scale model. A

model has geometric similarity if the ratios of all homol-

ogous dimensions are equal. The model is said to have kine-

matic similarity if the paths and patterns of motion are

geometrically similar to those of homologous occurrences

in the prototype, and the ratios of homologous velocities

are equal at all times. Dynamic similarity is achieved

when the ratios of homologous masses and forces affecting

motion are equal at all times. Complete dynamical similar-

ity is difficult to achieve in fluid models and, kinematic

similarity, of necessity, involves elements of dynamic

similarity.

The general equation of motion can be written in the

form:

->

p~- = -
P 2fixV - Vp + pkg + P

Where

:

d v
1

. *..-,*
p-rr- = mertial force
dt

p2fixv' = coriolis force

vp = pressure gradient force

pkg = gravity force

F = friction force

Each term of the equations of motion represents the

forces present in a prototype and what is to be represented

17





in a model. Since the totality of forces cannot be easily

reproduced in hydrodynamic models, a few important terms

are usually singled out.

In scaling a model, each quantity and dimension of those

particular terms of the equation of motion used to describe

a flow must be reduced to the model scale. Dimensionless

ration of terms are used to achieve correct model scales.

The numerical value of the dimensional ratio must be the

same for the model as for the prototype for simiarity to

prevail

.

Several dimensionless ratios of terms are common to

oceanographic modeling, and each one is used depending on

the characteristics of the flow in the prototype. The

Froude number is generally used in models of estuaries

because it involve the ratio of inertial to gravity forces.

These forces are, with friction, the dominant forces. The

direction of flow is primarily down the gradient of

pressure

.

The Froude number is defined as

:

„ _ inertial term _ c

gravitational term , /0
(Ly/p)

17 ^

Where

:

V = characteristic velocity
c J

L = characteristic length

Y = specific weight

p = fluid density

18





As a preliminary step in scaling a phenomenon down to

model size, it is useful to construct a ratio of units which

by convention is:

A
i

[

P

R m
R ' T

where A is a number representing the dimensions of a cer-
m r o

tain property of the model and A the dimensions of the

homologous property in the prototype.

The length ratio is fixed first in order to match the

available space or equipment . The numerical value of each

dimensionless group constant can be held altering the ratios

of the other units included in a dimensionless group. By

these procedures, time and other unit dimensions of other

related properties may have to be altered to permit the

fluid motion in the model to be regarded as behaving in

the same physical manner as that in the prototype.

The ratio of inertial (velocity and length) and gravity

is of concern for the Froude Number. Shallow-water gravity

waves, such as tides, propagate at a speed C = J gh.

The velocity ratio (R ) is satisfied using the length

ratio (FL ) , where

C / g h
R = ^ =
c C

P v °P P
g h \J gh \] h

19





which assumes that the gravity ratio (R ) is one. Therefore,
o

the length ratio and velocity ratio are left as adjustable

parameters

h R
t

R
c " J ]

It can be seen from this equation that R, shortens with
1 t

increasing R, and lengthens with increasing R
T

.

A distinction between the vertical length (h) and the

horizontal length (L) is often made. If the Froude model

is geometrically similar to its prototype, R, = RT
.

n Li

The vertical scale (R, ) generally must be chosen so

that the least depth of water in which the flow is to be

studied is approximately one cm. to prevent capillary

effects from being important. Then, it may be necessary

to depart from similarity by distorting vertical dimensions

such that R, > RT . One is led to a choice of scales by a
n Li

path which touches first the minimum depth requirement and

then an adjustment of the R
T

and R, such that either one
Li X>

becomes constant, leaving the others to be adjusted.

The R
t

(time ratio) is usually the most flexible

parameter available and determines the frequencies of the

simulated tides.

The effects of wind stress on the circulation in estu-

aries and bays are often important and sometimes dominate

the tide. To scale it in a model requires more knowledge

20





of the dynamics of momentum transfer across the air-sea

interface than is now available. Empirical procedures

must be made to suffice.

For the U.S. Corps of Engineers hydraulic model, the

following characteristics and scales were used:

Area: 280 sq. km.

Horizontal scale (R ) = 1:500

Vertical scale (R, ) = 1:100
h

Velocity scale (R ) = 1:10

Time scale (R ) = 1:50

Discharge scale (R ,) = 1:500 000t> x vd

Volume scale (R ) = 1:25 000 000
v

Physical dimensions = 35 x kO meters

D. RESULTS OF THE HYDRAULIC MODEL

The type of flow being studied determines the predomin-

ant forces to consider for dynamic similarity. The San

Diego Bay model used a Froude number scaling criteria.

After determining the dynamic scaling, a hydraulic model

is constructed to match the scaled geometry of the prototype

After reproducing the geometry as closely as possible, kine-

matic similarity must be obtained. This is accomplished

by matching the hydraulic head and flow patterns at various

locations in the model over the tidal cycle. This matching

is generally accomplished by using roughness elements which

can consist of concrete blocks or metal strips. The rough-

ness elements have the effect of increasing turbulence and

21





changing mean flow patterns. This is a rather laborious

and tedious procedure and usually is the most time consuming

aspect of hydraulic model building. After the kinematic

similarity is satisfactorily accomplished, the model is

presumed to be calibrated.

Tests of existing conditions were made under carefully

control] ed conditions of tides, currents, and simulated

pollution input [1]. The results of these calibration

tests, called Base Tests, were used to evaluate the effects

of navigation openings. Thus, any differences noted during

the tests of the proposed second entrances were attributed

to influences of the plan being tested and not to errors

in the construction of the model.

The wind conditions on the day of observations can in-

troduce large modifications to the normal surface and cur-

rent characteristics in a bay such as San Diego Bay. Dif-

ferences from day to day in the values of a mixed tide make

a one-day observation a non-periodic function. Therefore,

modifications of the field measurements were introduced in

order to make them periodic and comparable to a non-wind

situation.

The effects of the south entrance on tides throughout

the bay are shown by comparative tide curves for measured,

base and planned conditions in figure 2-1. The second

entrance caused a reduction in the tide range at the southern

22
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end of the bay by lowering high water and raising low water.

At the south bay gage, the reduction in tide range was about

15 cm.

The effects of the second entrance on mid-depth current

velocity are shown in figures 2 and 3. The opening reduced

the maximum mid-depth current velocities at all stations on

gauges "A" through "D" by 15 to 75 cm. /sec. The flushing of

the southern portion of the bay became governed by the new

entrance and there seemed to be little interchange of water

between the northern and southern portion of the bay with

the area in the vicinity of Pier No. 2 gauge having very

small currents. Under those new conditions, the entire bay

appears to have two completely different circulation

systems driven by tides at Zuniga Channel and at the second

entrance. The flushing appears to be increased in the

southern portion by including a second entrance.

The pictorial representations of the flow in the bay

under both conditions [1] are shown in figures 29, 30, 36

and 37. In these figures, the flow is represented at

different stages of the tide, and its intensity is scaled

by the length of the lines.
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III. THE HANSEN HYDRODYNAMICAL MODEL

The assumptions of the numerical model are:

1. The fluid is homogeneous and incompressible.

2. Pressure is hydrostatic and thus, the changes in
pressure are due solely to changes in water
surface elevation.

3. Advection terms are ignored.

4. The fluid is in hydrostatic equilibrium jn the
vertical direction.

5. The geographical and vertical variations of the
Coriolis force are neglected.

Applying these assumptions to the equations of conserva-

tion of momentum and mass, basic equations are obtained for

the single-layer model developed by Hansen [6]. Horizontal

momentum equations are integrated over depth to give

f£
- fV = - g f£

+ KV
2
u - x

b
(x) + t(x)

H+fu = -gfy + Kv
2
v - T

b
(y) + x(y)

|f + f- (Hu) + f- (Hv) = 0.
3t 3X 3y

The wind stress components are represented by

T ( X ) = ^W ,/ w2 + W"
2

H x V x y 3

x(y) = £w
y
Jw

x

2
+ w

y

2
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and the bottom stress components are represented by

t(x) = „ u\lu +v and

t (y) =
jf

v
v
u +v

The various terms of the equations are defined as:

K = coefficient of horizontal kinematic eddy
viscosity

X = drag coefficient

W/ v = wind speed component

n - surface elevation

H = total depth = h + n

x,y = space coordinates

u,v = velocity components

g = acceleration of gravity

f = coriolis parameter

v - f- + I-3x 3y

Both the wind stress and bottom stress equations are

empirically developed. The wind stress terms, as used in

the model, are assumed to be a quadratic expression in wind

speed, where X is the wind drag coefficient with a typical

value of 0.65. The bottom stress is assumed to be non-

linearly dependent on u and v, and its formulation, like

the wind stress, have been derived by empirical means. It

was originally formulated for shallow water application.

Over deep water, its value becomes small and its

applicability is questionable.
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An implicit central difference scheme is used for

achieving time dependent solutions of the equations. At

the boundaries, the values of n, u and v are taken at the

actual points rather than from the surrounding points as

shown in Figure ^

.

The driving forces are tides input at the open boun-

daries, and wind at the surface over the entire grid. The

tide values are computed at each time step and introduced

as new values of n at each point of the boundaries.

The finite approximations are given below. The water

surface elevations are first calculated using the

conservation of mass equation.

t+— -t-— —
n (n,m) = n - (n,i) - —- {H

u
(n,m)U (n,m)

- H
t
(n,m-l)U

t
(n,m-l) + H

t
(n-1 ,m)V

t
(n-1 ,m)

H
v
t
(n,m)V

t
(n,m)}

The horizontal and vertical velocity components are then

determined from respective horizontal and vertical momentum

equations

.
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U
t+At

(n >m ) = {1 - [At r/Hu
t + At

(n
} m)]Ju

t
(n > m)

2
-t-V^

t
(n > m)}U

t
(n,m)

+ At f V*
t
(n,m) -

At
AYS (n

2
(n,m+l)

t+
"2"(n,m)) + At X

t+At
(n,m)

- n

t+-
At

V
t + At

(n,m) = {1 - [At r/Hv 2
(n,m) iM (n,m)

2
+U

(t } (n,m)} V
fc

(n,m)

- At f U
t
(n,m) - ~~3-ir)

2
(n,m)

- n
2
(n+l,m)} + At Y

t+At
(n,m)

where

D^n,!) = a^Cn^m) + ^- {U
t
(n-l,m)+U

t
(n+l

J
m)+U

t
(n,in+l)

+Ut (n,m-1) } ,

V*(n,m) = aV
t
(n 3 m) + ^- { V

t (n-l,m)+Vt (n+1 ,ra)+V
t
(n,m+l)

+V
t
(n,m~l) }

,

U
t
(n,m) = i {Ut (n,m-l)H-Ut (n+l,m-l)+U

t
(n,m)+U

t
(n+l 3 m) > , and

V*
t
(n,m) =

J {Vt (n,m-l)+V
t
(n+l,m-l)+Vt (n,m)+V

t
(n+l,m) > .

The factor a can be interpreted as related to the horizontal

kinematic viscosity parameter. In the program it is treated

as a tuning parameter and is related to the eddy viscosity

coefficient by:
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KAt _ 1-a _ 6

2 " ~T~ ~ ¥
A£

The total depth of water is calculated by:

t+— t+—
Hu ' (n,m) = hu(n,m) + p- { n (n,m) + n (n,m+l)}

Hv (n,m) = hv(n,m) + s- { n ' (n,m) + n (n,m+l)}

The effects of wind are computed by:

X W t
7 (W

t
)

2
+ (W

t
)

2
, }P

X* = x V x -i— _ I _° and
H p 3x

X W t /(W
t

)

2
+ (W ^) 2

-, 3P

y
t _ y v x y _ 1 o

H p ay

where P is the barometric pressure. Its gradient is

assumed to be zero for small areas and normal conditions'.

The stability of the model is governed by the Courant-

Friedrichs-Levy criterion which says that the maximum length

of the time step is determined by the grid size and maximum

depth in the area,

At <

yiismax

For this particular grid, a At (half-time step) of 5 seconds

was adopted.
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If the computational area contains small sections of

greater depths [*TJ, a "false bottom" can sometimes be

assumed in these areas. (E.g., areas deeper than 500

meters can be assumed to be 500 meters deep.) This will

often result in a considerable increase in the time step,

or a decrease of the grid length if total computation time

is a critical factor. Experiments have shown that the

error introduced with the above procedure is acceptable

in some cases for practical applications of the model.

The grid net consists of three different sets of grid

points shown in Figure 4-a; the water elevation (z), the

u-velocity component and the v-velocity component. Each

of these three points have the same coordinate designation

(n,m). The coastline must pass through u and v points and

not through z points and the values of depths at any of

these particular points are read in the program as HTU

and HTV.

The HTZ points act as water-coast-land designators

having values of 1, -1, and respectively. The HTU and

HTV show the depth values (in cm.), the coastline as -1,

and land as 0, depending on their location in the grid

[Figure 4-b].

At the input open boundaries, HTZ points have values

of -2 (and -3) for the first and second open boundaries

(if applicable). Outside of the input boundaries, values

of zero for HTZ are prescribed.
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The coefficient of horizontal kinematic eddy viscosity

is interpreted as related to the values of the u and v

current components. Hansen states that the computations

are always stable for values of Beta (i-a) larger than

zero and the normal value used is 0.01. However, this

coefficient can also be used as a tuning factor. If a

higher value is used, the current speed is generally

decreased

.

In areas where the depth distribution is irregular,

accelerations and surface irregularities appear in the

model. This abnormality can be solved by means of a proper

smoothing of the bottom or the sea surface. This is accom-

plished in this model by the smoothing of the sea surface

elevation which is a numerical artifact of the model. This

is done to insure numerical convergence.

The coefficient of horizontal kinematic eddy viscosity

in the finite solution, is represented by the relation

K = A£
2
(l-a)

4At

For the values of A&(100 m) , At (5 sec.) of this specific

model, and alpha (0.992) recommended by Laevastu for estu-

5 2
aries (personal communication), K becomes 0.9 x 10 cm /sec

Bowden [2] suggests for estuaries with a tidal current

amplitude of V and a depth of h,

K = 0.15 Vh
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5 2
This relation gives a value of K = 0.25 x 10 cm /sec. for

the northern portion of San Diego Bay. This corresponds

to an a value of 0.995- For the southern part, this equa-

tion gives a value of K = 0.3 x 10 v/ith a corresponding

value of a = 0.999.

The use of these high values for a must be done with

caution because the low smoothing can allow undesirable

oscillations in the model. If a too low value of a is used

in order to obtain good smoothing, the resolution of current

could be affected.

As was pointed out in the assumptions of the Hansen

a
u
iModel, the advection terms, u. have been neglected.

If a value of 50 cm/sec. (about one knot) is assumed for

both u. and u. , and if the distance between grid points is

-2
200 m, then, the advection terms are of the order of 10

cm/sec. A representative value of the local velocity change

9
U
i

-rr— , is calculated using a At of a quarter tidal cycle

of 3 hours during which time the velocity changes from a

maximum represented by 50 cm/sec. to zero. This term then

is of the same order of magnitude as the advection terms.

The coefficient of horizontal eddy viscosity (K) is deduced

from the horizontal advection terms; then, in the model,

what is partially done by the tuning process is accounted

in K for the values of the neglected advection terms.

A. SELECTION OP THE GRID

The selection of the grid size is usually based on

requirements of details and accuracy, and availability
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of computer core memory and time. For open areas and round

shaped smooth bays, where the expected velocities and direc-

tion fields are smooth, it is not necessary to use a fine

mesh. In areas where topography is of primary importance

a fine mesh is necessary for reliable results.

The flow in San Diego Bay is governed by the topography

of the area; therefore, a small grid size must be intro-

duced. To cover the entire area, a large array would be

necessary which would require a large amount of core and

computation time.

On the other hand, due to deficiencies in the boundary

conditions of the model, inaccuracies of the computations

are found near land grid points; therefore, if acceptable

results are desirable In narrow channels, the grid must

provide enough grid points across these areas.

A small grid of 100 x 100 array was lain over San Diego

Bay. Because of the difficulty of handling by the computer,

the area was divided in two regions with sufficient overlap

to insure proper calibration.

The way the boundary conditions are set at the open

boundaries produce errors which propagate throughout the

adjacent grid points; therefore, the overlap area must be

of considerable size in order that the match section be

distant enough from both open boundaries that these in-

fluences are negligible. For this specific model, a long
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and narrow portion of the bay in front of Coronado was

chosen, assuming that in this area flow is parallel to the

coastline and free of big eddies.

This division gives two grids: a northern grid of

53 x 30 designated as grid (1), and a second southern grid

of 58 x ^0 and designated as grid (2) [Figure 1].

The second portion of the bay was run under two differ-

ent conditions: first under existing conditions (model (2))

and, secondly, with a second open boundary at Crown Cove

(model (3)). The division of the bay into two different

models will not allow for computation of velocity at the

northern entrance for the case of the model (3), but it

will give a good indication of what the future conditions

will be in the northern channel as the point C-2 (see Fig. 1)

will be computed in the second and third models.

B. TIDE INPUT IN THE MODEL (1)

In the northern model referred to as model (1) (the one

with two open boundaries), tidal values at both openings

was first introduced. The time inaccuracies of the proto-

type measurements forced water in and out of the bay at

the two ends simultaneously. This procedure causes a non-

equilibrium state in the bay with corresponding erroneous

answers

.

A new procedure was tried by leaving the second boun-

dary open without a driving force, letting the water flow

in and out according to the propagation of the tidal wave
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from the first boundary. Continuation of the surface of

the water and currents for each point in the free open

boundary was prescribed to insure the flow of water through-

out this end. For the values of height, this continuation

was obtained by leveling the edges using the concept of

a "lubricated wall",

Z(NEH,M) = Z(NEH-1,M)

Attempts to continue the surface slope resulted in distur-

bances being generated in the model,

Z(NEH,M) = Z(NEH-1,M)+[Z(NEH-1,M)-Z(NEH-2,M)].

Leveling the edges and letting the model compute the values

of currents itself resulted in too severe a decay of the

values of velocity at the second boundary; this resulted

in no flow through the free open boundary.

To obtain the correct flow of water throughout the free

open boundary, a continuation of current (u and v) was

prescribed with the assumption that calibration of the model

could be obtained modifying the values of this slope by

means of applying a smoothing constant (J.) to its value

[Figure 5],

V(NEH,M) = V(NEH-1,M)+J[V(NEH-1,M)-V(NEH-2,M) ].
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Variations of the values of the currents in the entire model

were obtained, but great disturbances in the water surface

were introduced up to a point that back-flux was obtained.

Figures 6 and 7 show different results obtained for differ-

ent values of J in the continuation of current used at the

free open boundary.

These disturbances in the surface can be reduced by

applying an inverse correction to the slope of the surface

at the edge

Z(NEH,M) = Z(NEH-1,M)-C(Z(NEH-1,M)-Z(NEH-2,M)).

No further calibration was attempted because this procedure

is not realistic, but a proper calibration may give a good

result with savings in computation time.

Because no satisfactory answer was obtained from a free

open boundary, the idea was abandoned and the addition of

an appended pseudo-bay was tried.

C. ADDITION OF AN APPENDED PSEUDO-BAY

The addition of an appended area at the end of the

model (1) creates an additional tidal prism which will

force the volume of water passing throughout the first

model to increase. This new area, Figures 8 and 9, was

obtained by filling the empty spaces of the grid and con-

necting them to the end of the model. This procedure does

not increase the core in the program, but increases the

time of computation by about 30$ for this specific case.
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Areas corresponding to 82?* and 100$ of the remaining

area of the bay were tried. The results, Figures 10, 11,

and 12 show an increase of water transport and current values

with no appreciable modifications to the values of the

water surface. The increase in volume transport and cur-

rents were proportional to the increased areas. The values

of height remain stable for the different cases.

Different values of R (0.003, 0.0028 and 0.002) were

applied to the model. The results show that the model is

not very sensitive to the variations of this parameter.

After comparing the results obtained at the points A-2,

B-2 and C-2 for each of the values of R, 0.003 was adopted

because it seemed to better fit the measurements at these

points in the prototype. The discrepancies at A-2 were

attributed to the inaccuracies of the Hansen numerical

model near the open boundaries. The results of the model

(1) in current, water height and net volume transport are

shown in figs. 13, l 1
* , 15.

A pictorial description of the flow throughout the

entire model (1), with the appended areas, is shown in

Figure 9. The real part of this model and the times of

0., 3., and 9 hours are shown in Figures 16, 17 and 18.

The direction of the flow is indicated by the arrows, and

its magnitude is scaled by the length.
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D. MODEL (2)

From the results of model (1), tidal values were ob-

tained for a point at the middle of the channel in the

vicinity of Navy Pier Tidal Station. These values were

introduced as input to model (2). The computations were

attempted with the same values of R (0.003) and a (0.992)

as in model (1)

.

Using these prescribed conditions, oscillations in the

current and tidal values developed (see Figures 19 and 20).

These oscillations appear to be in phase and their magni-

tudes increase from zero at the open boundary to a maximum

value of about 30 cm/sec. and 15 cm/sec. respectively at

the end of the deeper channel at the near end of the bay,

and from there, the values of the current reduce proceeding

to the shallower and southern part of the bay.

The oscillations seem to be activated as the tide

approaches the LLW, increase their values throughout the

next HW and die out by the next LW, repeating the cycle 12

hours later when LLW is reached again. The period of the

oscillations is greater than 2 hours.

The causes of the oscillations could be some kind of

seiching manifestations in the model, shallow water tide

or oscillations characteristic of the model produced by

attempting to work in extremely shallow water without

introducing special prescribed conditions for these small

values [8].
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A possible mode of seiching can be calculated assuming

that model (2) is an independent bay with a length of 14 . km

and a medium depth of ^ . meters. This bay will oscillate

with a fundamental period of about 2.3 hr. which agrees with

the resulting values. A Fourier analysis was made of the

tidal input of the model (2) and the calculated water height

at South B&y Gage, Calculation of the Energy Density Spec-

trum was performed to compare both and see if energy from

some of the harmonics from the tidal input have excited

the oscillations in the bay. The spectrum shows (see Fig.

23-1) that the oscillations have periods between 2.06 and

3.55 (with a maximum at 2.3) hours and that the tidal input

has negligible energy in these periods. This seiching may

be activated at the LLW and damped out by the smoothing

parameter a. The existence of such anomalies are not

shown in the published records of the observations and its

appearance depends, in case of its existence, on the time

spacing of the data obtained.

The possibility of a shallow water tide seems to be

reasonable because in each tidal cycle, the oscillations

seem to be activated by the tide when the depth of the

water is at its minimum value. This shallow water tide

produces a high frequency harmonic [3] which can be ampli-

fied by the model and damped out later by a.

Because the model has linear terms only (except in the

bottom and wind friction terms), it is not possible to

transfer energy from one harmonic to another; then, the
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amplification of a high harmonic from the shallow water

tide is questionable. One last possibility can be a defi-

ciency of the difference scheme. As the tide is a continuous

wave type propagation, errors are introduced in the time

differential computation that could produce a harmonic that

could be amplified by the same model.

An a of 0.99 was introduced in an attempt to eliminate

the oscillations by increasing the smoothing, but no

improvement was obtained. Lower values were not introduced

because larger smoothing may affect other parameters in

the model.

The need for a low value of Alpha in the model to damp

out these oscillations makes the previous estimation of

0.999 of a not applicable for the southern portion of San

Diego Bay. In the model 2 and 3, a minimum depth of k. ft

is established to prevent that portion of the bay from

becoming dry at LLW. This minimum depth was increased up

to 12. ft. to test the probability of shallow water tide

with the result that similar oscillations appeared but with

larger amplitudes, (see fig. 21). This new test made the

possibility of seiching the most feasible mechanism causing

the oscillations.

Model (3) was finally run with an a of 0.992 and an

R of 0.003 and the results of current and height of water

are shown in Figures 22 and 23. A pictorial description

of the circulation of the Model (2) at the hours 3 and 9
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are shown in figures 2k and 25 > and of the entire bay in

which model (1) and model (2) have been matched is shown

in Figures 26, 27 3 28. In all of these figures, the

direction and magnitude of the flow are represented by the

direction and scaled length of the arrows.

E. MODEL (3)

Several alternatives of a second entrance and diffusion

were tested by means of the hydraulic model conducted by

the U. S. Corps of Engineers. Because the purpose of this

work is mainly to make a comparison between different models,

only one of the alternate second entrances was examined in

the numerical model, and no diffusion study was made.

Model (3) j with the proposed second open boundary at

Crown Cove, was run in a similar manner to model (2). The

input for the northern open boundary was obtained from the

results of the model (1). The same oceanic tidal values

measured at Ballast Point, in Zuniga channel, were chosen

for the input at the proposed second channel entrance.

The same currents and tidal values developed in the

model (2) using the prescribed conditions with a and R of

0.992 and 0.003 respectively were used. Their character-

istics and interpretations were discussed in the previous

section. No other values of the tuning parameters were

tested because the purpose of this last model is to test

model (2) with an additional open entrance.
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The results obtained by the U. S. Corps of Engineers

shown in Figures 29 and 30 are compared to the results in

currents and height of water for this model shown in Figures

31 , 32 and 33. Pictorial representations of the current

distributions are shown in Figures 3^ and 35. The same

representation obtained from the U. S. Corps of Engineers

Hydraulic model for the complete Bay with the second open

boundary are shown in Figures 36 and 37- In both groups,

the flow of water throughout the proposed open entrance

seems to be the dominating factor of the circulation in the

southern portion of the bay. The northern portion is

domained by the northern circulation and a very definite

rest area is located between the two systems.
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IV. MERITS OF BOTH THE HYDRAULIC AND NUMBERICAL MODELS

A comparison between both models cannot be made without

the results of a proper test of the models under the same

conditions and on an area where accurate measurements of

actual conditions have been made to compare with their

results. The. merits of each have previously been enumer-

ated and the goal of this work is to evaluate them.

Before ordering the merits of the numerical and hydrau-

lic models, it is good to recall that for this specific

case, the numerical model in discussion (Hansen Model), by

definition, is a barotropic (p = constant) single-layer

model, and the hydraulic model used a constant density

fluid. The hydraulic model was based on the Proude simi-

larity concept (inertial and gravitational forces predom-

inate). Although the discussion is restricted by these

conditions and are not applicable to general numerical and

hydraulic models, these are the most commonly applied types

of models.

The spatial resolution of the hydraulic model depends

on the length scale and the measuring capability. In the

numerical model, topographic features are represented in

terms of grid points. To obtain a good representation of

bathymetry, small grid size is needed that results in an

extremely large array. A compromise between spatial

resolution and core size must be reached.
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The time resolution in the hydraulic model depends on

the similitude criteria and can be scaled to obtain a re-

liable result. In the numerical model , it is governed by

the availability of computer time, i.e., the smaller the

time step, the more computer time required.

The scaling in the hydraulic model is given by the

similitude criteria. As was pointed out in the section

dealing with the hydraulic model, these criteria compromise

scales causing distortions in the model and oblige the use

of some specific dimensionless number for each specific

case. The introduction of distortions in the model limits

its uses because some other terms ignored in the selection

of the dimensionless number may become important.

In the numerical models, the flow is described by the

solution of the equations of motion which includes terms of

different orders and degrees. Each term describes some

specific characteristic of the flow. The characteristics

of the flow will depend on the shape, location, external

forces applied, bathymetry, and properties of the fluid.

In describing these flows by the equations of motion, some

of the terms become dominant and some others can be consid-'

ered negligible or included in some coefficients. In the

case of the Hansen Model, this was accomplished by neglecting

the non-linear momentum flux terms. The choosing of the

proper terms becomes invalid if improper considerations are

done. Then, an improper scaling can invalidate these

selected portions of the equation.
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Furthermore, the finite solution of this equation does

not permit the continuous computation of the flow. The

computation is done by time and spatial steps that may

cause large errors in the model if proper precautions are

not taken. For example, the coefficient of Eddy Diffusion

is defined in the finite solution in terms of spatial and

time steps. Then, its value becomes affected by the grid

size and time step.

Obtaining data from a hydraulic model is difficult

and limited by the instruments and the distortion in the

scale of the model. Sizes and numbers of the measurement

instruments are limited, and the region where these instru-

ments can perform a measurement in the model is restricted

by their sizes. In the numerical models, the character-

istics of the flow is computed at each grid point; thus,

it is available at each point and at each time step.

Deficiencies in the differential solutions introduce errors

in these grid points in the vicinities of the coast lines

and input boundaries. In the hydraulic model, equivalent

errors exist in the input boundaries; good resolutions have

been claimed for near shore regions that can be question-

able because difficulties in the measurements of quantities,

such as current speed, in these regions makes it a not

always tested assumption. Besides, surface tension becomes

important in these regions that compromises the model.

The cost and time are some of the larger limitations

in programs and research. Hydraulic models are expensive
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and take months and sometimes years to achieve a satisfactory

calibration. The use of the numerical models generally

decreases considerably these limiting factors. A limitation

of numerical models is that they require large computers

that are not always available.

Simulated diffusion or dispersion of pollutants has

been accomplished in both types of models with comparable

results [1 and 5]. In the hydraulic models, this is achieved

by direct measurements of dye materials introduced into

the model. The conservation of mass equation is used for

this computation in the numerical model. All the previous

measurement and computation problems are taken into x

consideration for a proper evaluation of these factors.
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V. CONCLUSIONS

The comparisons between the hydraulic and numerical

models dealing with the modeling of San Diego Bay and its

proposed modifications, are considered separately for gen-

eral cases and for each of the different tests involved in

this study. The Hansen Hydro-numerical Model was applied

to the Bay to compare its solution against the U. S. Army

Corps of Engineers hydraulic model. The description of both

models and the manner of how these numerical and hydraulic

models were applied to San Diego Bay has been discussed in

detail

.

In general, the numerical model is more easily handled

for topographic changes than the hydraulic. The latter

cannot be stored for future uses after being run as is done

with the numerical model because of space limitation. A

comparison of time and cost is not possible because no data

are available for the model of the U. S. Corps of Engineers.

The three numerical models consumed for final runs a total

of 7 hours 15 minutes CPU time in the IBM 360/67. Adding

an average of three times this amount for calibration, the

cost becomes approximately $21,000 (U.S. dollars). It

would take about three weeks for a trained programmer to

obtain the complete answer for this specific case.

The added easier possibility of including the input of

wind gives to the numerical model better ability to represent
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the prevailing conditions. The same numerical model can

include the wind. Usually completely different hydraulic

models must be built to simulate wind because of similitude

considerations

.

The hydraulic model has better space resolution than the

numerical model. A method was tested for transferring

boundary values from one numerical model to another to give

the model the ability to divide long estuaries into smaller

areas improving in this way the resolution of the numerical

model. With the use of this method, two different but de-

pendent models were run to represent the complete bay. A

constriction in the configuration of the bay was chosen for

the overlapping region. A similar procedure is used in the

hydraulic model to save space in long hydraulic models. To

achieve it, the bay is distorted in a narrow location in

a fold-like procedure. The model is calibrated at both

sides of the curve. This procedure gives the possibility

of dealing with a model of a smaller scale that gives more

details of the area, but special care must be taken so as

not to introduce errors in the time scale. A similar pro-

cedure can be done in the numerical model if the excess

area is small and can be accomodated in the free space of

the first grid. The possibility of running two completely

different hydraulic models seems to be impracticable

because of economics.

The numerical model reproduced very well the sea level

and currents for the cases tested, provided boundary
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treatments are correct. The boundary treatments sometimes

are not easily achieved and are a matter of decision in

order to represent properly the coast line and channels in

the grid. Representation of sea level seems to be equally

correct in both models, but the current results seem to be

better in the numerical model except near boundaries and

shorelines. The seich-like oscillations developed in the

numerical model must be taken into consideration if the

model is to be representative of the total bay. If only

a part of the bay is under consideration (for example model

(2)), the sieche oscillations should be smoothed out because

they are not representative of the bay.

No comparison can be made of net volume transport be-

cause no evaluation in the hydraulic model is available.

These computations were made in the numerical model based

on the computed velocities. The computed values seem to be

reliable enough.

It was pointed out In the section dealing with model (2),

that the boundary conditions in the numerical model must

be given special treatment when the area becomes dry during

low tide. A minimum depth of 120 cm was fixed in the numer-

ical model in order to prevent any problem, and the southern

extreme of the bay was eliminated because its depth was

below 50 cm. No special problem seems to appear in hydraulic

models, for the case of portions of the area becoming dry,

but special care must be taken if areas become shallower

than 1 cm. because then surface tension is important. This
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minimum depth had not been discussed in previous litera-

ture for numerical models, and no attempt to evaluate these

conditions was made in this study.

In the model with the proposed second entrance, the

initial assumption of increasing the flushing of the bay

seems to be reasonable. The circulation of the southern

portion of San Diego Bay will be almost entirely governed

by the second entrance. But, from the computed net volume

transport in the section AA2 , it is shown that the inter-

change of water between the northern and southern portion

of the bay at this section will be almost negligible.

Comparing the pictorial representations of both models for

this special case, an area of decrease of current speed can

be noticed between Pier No. 2 and D-2 gages where both

models indicate that the flow of the bay will be divided

into two separate systems and the projected second entrance

will provide the water for the southern system. This would

result in decreased dispersion of pollutants introduced to

the bay in this region.
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SUPPLEMENTARY NOTES

ABSTRACT

12. SPONtOKING MILITARY ACTIVITY

Naval Postgraduate School
Monterey, California 939^0

The Hydro-Numerical Prediction Model developed by Hansen is

applied to San Diego Bay, and the results compared both with the

hydraulic model and the real data obtained by field measurements.

Phis allows one of the few good comparisons between numerical and

hydraulic models for the prediction of actual conditions.

The bay was divided into two sections that were run separately

in order to obtain the desirable spatial resolution. This division

required solving the problems of proper tuning and matching tech-

niques between both portions. The solution involved the addition oi

an appended pseudo-bay to the first section of the model in order to

compensate for the correct tidal prism. The effects of a proposed

second open entrance in the southern part of the bay were studied.

This resulted in an increase of flushing in the southern portion of

the bay but caused the currents in the center of the bay to be small

which decreased dispersion in the central portion of the bay. In

general, both models produced similar and reliable results, but

there was a considerable reduction of cost and time with the

numerical model.
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