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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted
to metric (SI) units as follows:

Multiply by To obtain
inches 25.4 millimeters
2.54 centimeters
square inches 6.452 square centimeters
cubic inches 16. 39 cubic centimeters
feet 30.48 centimeters
0.3048 méters
squarc feet 0.0929 square mcters
cubic feet 0.0283 cubic meters
yards 0.9144 meters
square yards 0. 836 . square meters
cubic yards 0.7646 cubic meters
miles 1.6093% kilometers
squarc miles 259.0 hectares
knots 1.8532 kilometers per hour
acres 0.4047 hectares
foot-pounds 1.3558 newton meters
millibars 1.0197 x 1073 kilograms per squarc centimeter
ounces 28.35 grams
pounds 453.6 grams
0.4536 kilograms
ton, long 1.0160 metric tons
ton, short 0.9072 metric tons
degrees (angle) 0.1745 radians
Fahrenheit degrees 5/9 Celsius degrees or Kelvins!

ITo obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (I -32).

To obtain Kelvin (K) rcadings, usc formula: K = (5/9) (F -32) + 273.15,



BN

BP

Cd

SYMBOLS AND DEFINITIONS
cross-sectional area of a channel
effective surface area of a block
cross-sectional area of a channel
surface area of an estuary at MSL
amplitude of input tide to an estuary

8/3m m(Asw)2 ay, a parameter which determines the phase lag of
tidal response in an estuary

right-hand side of equation (48)
right-ﬁand side of equation (46)
(3A/3s)y const., a characteristic of a channel

dimensionless discharge coefficient characterizing a constricted
opening between bay and sea

admittance coefficient (with dimensions of velocity); nominally
represents the wave speed in the sea

dimensionless overflow coefficient (generally less than 0.5
for a broad-crested barrier)

dimensionless discharge coefficient for a submerged barrier
(generally less than /27 )

total depth of water at position x,y at time t

a mean depth for the effective fetch across a block; also mean
depth for a channel (DN + Dp)/2

depth of water over the crest of a barrier
effective depth of a channel A./w

maximum depth to be expected anywhere in the system during a
storm surge

contribution to the forcing term in equation (17) due to lateral
transfer of mass and momentum

dimensionless bed resistance coefficient for blocks

channel bed friction coefficient



SYMBOLS AND DEFINITIONS--Continued

G damping factor for channels, see equation (44)

G, damping factor for x-transport on blocks, see equation (35)
62 damping factor for y-transport on blocks, see equation (36)
g acceleration due to gravity

H water level elevation relative to local MSL datum

HB water elevation on the water-connected block of a channel
HC common water elevation for a channel junction

HM mean water level anomaly of connected channel and blocks
HX water level at the lower end of an x-channel

HY water level at the left end of a y-channel

Hp i at point B in a channel

Hy, water level on the high side of a barrier

Hy input tide level at time t outside a bay entrance

H(i,j) water level anomaly H for block identified by x and Yy
indexes 1i,j

H* tentative predicted H for a ponding block in the absence of
any contribution by longitudinal discharge to or from the
channel which terminates adjacent to that block

H' value of H at new time level

b new H value at point P 1in channel

H, & Hy water levels on the two sides of a barrier (both of which
exceed Zp), equation (10)

i x-index for grid blocks

j y~-index for grid blocks

K dimensionless wind-stress coefficient, equation (6)
L effective fetch length



SYMBOLS AND DEFINITIONS--Continued

Le net time rate of gain of water volume per unit distance along
the channel by lateral transfer and rainfall

Lo net time rate of gain of momentum (divided by water density)
per unit distance along channel

m fL/gDcAE or 1/g(CqAq)?

N denotes negative characteristic

n time index

P wind "push" term XAt or YAt; also denotes positive
characteristic

Q volume transport through cross-sectional area of a channel

Q mean Q value for channel, equation (45)

QCXPy flow at the upper end of an x-channel for channel block K

QCYNy flow at the left end of a y-channel for channel block K

QCYPy flow at the right end of a y-channel for channel block K

QCXNy flow at the lower end of an x-channel for channel block K

Qa Q at point A of positive characteristic

Qg Q at point B of negative characteristic

Q4 discharge from channel to ponding block

as the flow (per unit length of channel) from the channel to
the adjacent block .

q; lateral volume flux per unit length into the channel

qpn outward component of volume flux at a boundary

Q lateral volume flux per unit length out of the channel

ae flow (per unit length of channel) from the channel block to
the channel (across the interior side of the channel)

Q new Q value

Q new Q at point N



UCF (X)

UCT (K)

UN
U(,j)

U(i+l,j)

U'

VCF (K)

SYMBOLS AND DEFINITIONS--Continued
new Q at point P
specified river discharge
rainfall rate
rainfall rate for block 1i,j
relative amplitude response
distance along the axis of a channel
tidal period

longitudinal component of wind stress (divided by water density)

or

appropriate wind-stress component (X or Y) corresponding to
time level t for the associated channel block

time

vertically integrated x-component of volume transport per
unit width

lateral transport, per unit width per unit time, nominally from
an x-channel of block K to an adjacent block; also denoted
UCFg

lateral transport, per unit width per unit time, nominally to
an x-channel from the interior of block I; also denoted UCT

U value on left side of block
value of U at the left side of block 1i,j
value of U at the right side of block 1i,j
typical fluid speed in the bay
value of U at new time level

vertically integrated y component of volume transport per
unit width

lateral transport per unit width per unit time, nominally from
an y-channel of block K to an adjacent block; also denoted
VCFy



VCT (K)

VN;
V(i,j)
V(i,j+1)
V|

Y(i,j+1)

2(i,j)
Zp
Zc

AH

8q

SYMBOLS AND DEFINITIONS--Continued

lateral transport per unit width per unit time, nominally to
an y-channel from the interior of block K; also denoted VCTyk

value of V at the lower side of a block
value of V at the lower side of block 1i,j

value of V at the upper side of block 1i,j

value of V at new time level

windspeed at 10-meter elevation over the water

a critical speed taken as 14 knots (7 meters per second)
surface width of a channel (conveyance width)

x-component of the wind stress divided by the density of the
water

value of X for right side of block 1i,j

horizontal Cartesian coordinate nominally alongshore, positive
to the right when facing shore

y-component of the wind stress divided by the density of the
water

value of Y for top side of block i,j

horizontal Cartesian coordinate nominally normal to shore,
positive landward

elevation of the seabed relative to MSL datum

value of Z for block 1i,j

barrier crest elevation

channel bed elevation

(gD)!i At/As (Courant number); also Lg/DgAc, equation (77)
L(CpDp) 2/Dat

a head differential dependent upon barrier type

net lateral flow to the channel per unit length of channel
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as

At

SYMBOLS AND DEFINITIONS--Continued

grid size for blocks (distance between successive H values
in both the x and y directions); also written AS or DELS

time step (time interval between successive H values at given
location); also written DELT

the angle between the wind velocity vector and the x-axis
w (gD)%/G

3.14159 ...

wE [Q]/A2

latitude

absolute ‘angular speed of the earth

radian frequency 2u/T



DEVELOPMENT OF SURGE I1 PROGRAM WITH APPLICATION TO THE
SABINE-CALCASIEU AREA FOR HURRICANE CARLA AND DESIGN HURRICANES

by
Robert (0. Reid, Andrew C. Vastano, and Thomas J. Reid

I. INTRODUCTION

Numerical techniques for the solution of equations representing storm
surges in coastal areas were significantly augmented in 1966 by the de-
velopment of a two-dimensional model (referred to in this study as the
SURGE I program) for the U.S. Army Engineer District, Galveston (Reid and
Bodine, 1968). At about the same time a number of bay models emerged.
Notable among these are the models of Leenderste (1967) and Masch, et al.
(1969) , which have been applied to problems of both surge and circulation
in bays. These models include the Coriolis force which is neglected in
the Reid-Bodine model. However, the Reid-Bodine model produced the first
successful inclusion of flooding, recession, barriers, and flow over
barriers in the study of inundation of low-lying coasts. The actual
model is a nonlinear system of equations and boundary conditions solved
by numerical integration of time-dependent, forced motion. Its use pro-
duces the water response to stormwinds over the region for a given storm
tide at the seaward boundary. The initial application was a hindcast of
the Hurricane Carla surge generated in Galveston Bay during 9 to 12 Sep-
tember 1961.

During Hurricane Carla, the wetted perimeter of Galveston Bay essen-
tially doubled, as accurately reproduced in the hindcast computations.
Serial observations of water levels for the storm period available from
stations throughout the bay were compared to levels computed with the
numerical algorithm. These records produced a standard deviation of less
than 4 inches, overall. The maximum deviation of the water level predic-
tion was 1.5 feet and occurred at the grid square corresponding to the
location of the Pelican Island Bridge which spans the channel between
Galveston and the Pelican Islands. Although this disparity was rela-
tively large, its effect on the computations was effectively reduced by
the smoothing operation of the numerical integration. However, this
difference points out a basic problem confronting any model--the minimum
definition of topographic features.

The basic problem of indicating subgrid scale effects in numerical
modeling is normally solved by parameterization of the omitted physical
mechanism. Often, an analytic relationship is introduced that requires
the specification of empirically derived constants; e.g., the wind-stress
equation for the transfer of momentum from wind to water. Another simple
and pertinent instance is the g priori rotation of wind vectors over
certain grid squares in the Hurricane Carla computations for Galveston
Bay. The model Galveston entrance channel was not in the proper orienta-
tion on the Cartesian numerical grid system and, as a result, did not
admit a realistic amount of water to the bay. A programed shift in the
wind vectors indicated this subgrid scale feature.
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SURGE I has been applied to the study of Texas coastline surge sus-
ceptibility. The topographic features of this region are characterized
by barrier islands and shallow, river-fed bay systems surrounded by near
sea level land and marshes. The specific applications of the program
have therefore centered interest on the immediate environs of a bay. The
requirement for surge studies of appreciable distances inland from the bay
system has only recently been placed on the numerical model. The propa-
gation of the surge to higher ground through necessary subgrid scale topo-
graphic features has required an extension of the basic algorithm.

The new algorithm developed for the study of the Sabine-Calcasieu
region is referred to as the SURGE II program. This program incorporates
all the features of SURGE I with the further option of representing vari-
able depth and width channels along the sides of each grid square. The
flow computations for the channels interact with the normal grid square
computations and permit a complete suite of flooding conditions for over-
topping of levees. In this manner SURGE II provides a time-dependent,
subgrid scale transport of water through the model.

II. THEORETICAL DEVELOPMENT FOR SURGE I1

1. Summary of Two-Dimensional Theory.

The development of SURGE II was based on the SURGE I concept by Reid
and Bodine (1968). A part of this study is presented here to provide a
complete description of SURGE II.

The advection of momentum (or field acceleration) is considered neg-
ligible except at singular regions of the bay (submerged barriers and
narrow channels) where the effect is included implicitly through the use
of appropriate nonlinear discharge relations. The effect of the earth's
rotation is also neglected; this approximation appears justifiable for
systems of small spatial scale and shallow depth where frictional forces
are more dominant,

Within the normal domain of the bay and immediate adjoining sea, the
vertically integrated equations of motion and of continuity appropriate
to the problem are taken as follows:

U, oy _ foup2
>t + gD 3% X - fqUD (1)
v oH -2

AR — = - 2
e + gDb 3y Y - fqVD (2)
9H , 3U , 3V

S 3
ot  9x 3y R, (3)
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where

x and y = horizontal Cartesian coordinates;
t = time;

U and V = vertically integrated x and y components, respectively,
of transport per unit width;

g = gravity;

—_—
—_—
"

water level elevation relative to the local mean sea
level (MSL) datum;

D = depth of water at position x, y at time t;
q = magnitude of the transport per unit width;
f = dimensionless bed-resistance coefficient;
R = rainfall rate;

X and Y

x and y components of the wind stress divided by the
density of the water (the density assumed constant).

Normal values of f are in the range 1073 to 1072 for typical seabed
conditions.

The value of q is obtained from U and V by
q= (U2 +v2)" @
which is a positive quantity.

The kinematic forms of the wind-stress components in the absence of
rainfall are taken as

X

K W2 cos 8

Y = K W2 sin 6, (s)
where W is the windspeed at a 10-meter elevation over the water, and
8 1is the angle between the wind velocity vector and the x-axis. The
dimensionless coefficient, K, used in the calculations is presumed to
be a function of windspeed as implied by the van Dorn (1953) relation
for wind stress. Specifically, it is assumed that

K =K forw_<_Wc

Wcz
K =K; +K; (- ;FJ for W 2 W, (6)
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where the constants K, and K, are taken as 1.2 x 10-%® and 1.8 x 1079,

rospectively, and We is a critical speed which is taken as 14 knots

(7 meters per second). For large windspeeds, K approaches the limiting

value of 3.6 x 10-% which corresponds to a resistance coefficient of about
3.0 x 10'2 if the ratio of air density to water density is taken as

1.2 x 1077,

In the presence of rainfall an added flux of momentum proportional to
RW occurs (van Dorn, 1953). The effect can be included by augmenting K
by R/W. For heavy rainfall, the resulting K is increased about 10 per-
cent,

The variables H and D are related by the simple expression,
D=H-2z , (7

where Z 1is the elevation of the seabed relative to the MSL datum.
Presumably, Z is a function of x and y only; i.e., the time-depen-
dent scour of the seabed is ignored.

The above equations ignore the direct effect of variable atmospheric
pressure which is relatively minor in a small, shallow bay. The effect
over the sea is included implicitly through the specification of an
appropriate surge height versus time in the adjoining sea where the com-
bined effects of winds and differential atmospheric pressure give rise
to a coastal storm surge. This is presumed to be determined independently
of the detailed calculations for the bay and enters as a boundary condi-
tion,

a. Boundary Conditions., Four different types of boundary conditions
are used in this system of computations. Two of these conditions apply
to the water-land boundary, one condition applies to the artificial bound-
ary representing the seaward end of the bay system, and one applies at
partial barriers internal to the system. (Additional internal conditions
are needed in the presence of imbedded channels as discussed later in
Section III,2.) All four conditions relate the normal component of flow
at the boundary to the state.of the water level at the boundary.

In general, the boundary between bay water and land depends on the
water elevation and the land topography. The shoreline for different
uniform elevations of the surface of the bay is readily established from
a knowledge of the topography. For a bay with low-lying terrain, the
rate of increase of surface area of water per unit increase of water
level can be considerable, In the actual rising stage of storm tide the
amount of inundation is controlled by the rate at which the water can
flow into the potential ponding areas. In the present scheme, which uses
a representation of the bay in terms of a discrete grid, the elevation of
the seabed or land is regarded as uniform over each grid square, thus
forming a two-dimensional, stairstep-type approximation of the actual
topography. The boundary condition on the normal component of flow, qp,
at the juncture of a flooded square and a dry square is taken as
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1/, =0, (8)

if the elevation, H, of the water is less than that of the adjacent
dryland. However, if the water level is greater than that of the dryland,
then the rate of flooding, q,, per unit length of land barrier, is
given by

n
where Dy is water depth over the crest of the barrier, and C, is an
appropriate dimensionless overflow coefficient, generally less than 0.5
for a broad-crested barrier. The choice of sign depends on whether the
flooding is from bay to land or from flooded land back to the bay during
the recession stage.

Equation (9) is considered valid for any barrier within or at the
boundary of the system for which the water level on one side of the
barrier is greater than the barrier crest elevation, Z,, and for which

the water level on the other side is less than Zp. Moreover, Dp is
simply Hp - Zp, where Hp 1is the water level on the high side.

In the case where the water level on both sides of an internal barrier
exceeds the barrier-crest elevation, the discharge is taken as that for a
submerged wier,

1
q =*CD (g[H; - H )%, (10)

where Dy is the water depth over the crest of the barrier, H; and Hj;
are the water levels on the two sides of the barrier (both of which exceed
Zy), and Cg is an appropriate dimensionless discharge coefficient for
the submerged barrier (generally less than v2). In this case, D, is
taken as (H; + Hy)/2 - Zp. Again, the sign is taken such that the flow

is directed toward the low-head side of the barrier. Both equations (9)
and (10) presume that the velocity of approach to the barrier is much
less than the velocity over the barrier.

In the numerical computational scheme, emphasis is placed on the eval-
uation of flow and water levels within a bay which is connected to a sea
of essentially unlimited extent. An appropriate boundary condition is
required either at the mouth of the bay system or along some line within
the sea which delineates the outer limit of the computational grid. The
correct approach would be to treat the development of the surge in the
sea and bay as a single problem. However, the difference in spatial res-
olution required for the two different regions of the system, as well
as computer storage limitations, makes this impractical. The assumption
is made that the effect of the conditions in the bay has only a minor
influence on the development of the surge in the sea and over the Conti-
nental Shelf. The evaluation of the latter can be determined independ-
ently of the bay problem or obtained from observation and used as an
outer boundary condition for the bay.
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The simplest condition at the seaward boundary is of the form
H=Hg , (11)

where H, is the prescribed water level which would exist in the absence

of the bay at time t at the outer boundary of the bay system. SURGE II
presently uses this condition at the seaward boundary and at lateral
boundaries on the limited shelf part of the system. An alternative con-
dition for the lateral boundaries on the shelf is to prescribe that

3U/3x = 0 at these boundaries where x is taken alongshore (Jelesnianski,
1966, 1967). An alternative condition for the seaward boundary is one
which allows for radiation of energy to the sea. The latter condition

is of the form

H=H + qn/cg R (12)

where q, is taken positive outwards from the bay to the sea, and Cg

is an appropriate admittance coefficient (with dimensions of velocity).
Nominally, C_, represents the wave speed in the sea. The generalized
condition (eq. 12) is nearly equivalent to the simplest condition (eq.

11) if Cg greatly exceeds the wave speed for the bay.

b. Initial Conditions. Since the system includes allowance for fric-
tional dissipation as well as radiation of energy, the solution for given
fields of X and Y and given boundary function, H,, should be reason-
ably insensitive to the nature of the initial conditions after a suitable
lapse of time from the initial state. Thus, the initial conditions can
be somewhat arbitrary. As in the laboratory model experiments, it is
reasonable to start from a state of equilibrium in which U and V are
zero and H is uniform throughout the system, in order to minimize the
introduction of transient oscillations related to the starting conditions.
Moreover, a reasonable period (depending on the characteristic decay time)
can be allowed for the system to reach that state where its response re-
flects only the effect of the forcing functions.

2. Theory of Embedded Channels.

Let s denote distance along the axis of a channel whose cross-
sectional area is A and surface width is w at position s and time
t. Let Q be the volume transport through A in the positive sense of
s, and let H be the water elevation above MSL datum at the same section.
In general, A and w are known functions of H for a given cross sec-
tion, as determined by the geometry of the cross section (Fig. 1). In
particular, 3A/3H = w for given s. The width w is to be the 'convey-
ance' width, as used by Dronkers (1964).

The channel is considered an 'open system" in the sense that water
and momentum may enter or leave the channel laterally; i.e., exchange of
fluid with adjacent bay area or flooded land can exist. If the longi-
tudinal velocity in the channel is considered uniform for evaluating the
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Figure 1. Schematic channel cross section showing
pertinent parameters.

longitudinal transport of momentum, then the equations of motion and
continuity for a given channel reach are (Stoker, 1957, Ch. 11; Dronkers,
1964, Ch. 9)

8Q .3 .2 SH _ -

ac"'as «Q /A)+gAas w'rs ch+1.m (13)
%A, 3Q

at + 3s Lf ? (14)

where

Ts = longitudinal component of wind stress (divided by water
density);

o = wf|Q|/A? where f is a dimensionless channel-friction
coefficient;

Lg = net time rate for gain of water volume per unit distance
along the channel by lateral transfer and rainfall;

L, = associated net time rate of gain of momentum (divided by
water density) per unit distance along channel.

The units of Lg are square feet per second; L, has the units cubic
feet per second squared.

It is convenient in the analysis of the channel dynamics to trans-
form the above equations into a characteristic form. There are several
different possible characteristic forms. The approach used by Stoker
(1957) is to work with u and H (where u = Q/A) as the dependent
variables. Dronkers (1964) works with either Q and H directly or
with Q and total head (H + (Q/A)2/2g). Each method has certain
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advantages and disadvantages. In the present analysis, the variables
Q and H are used to be as consistent as possible with the computa-
tions in the two-dimensional regions of the system.

In transforming equations (13) and (14) to characteristic form, it
is noted that

9A _ BH
at " at
9A _ _9H
s 7 9s +b, (15)
where
-
H const . (16)

(For a channel of uniform cross section the latter quantity would be
zero.) It can be shown, following Dronkers' (1964) analysis and con-
sidering equation (15), that a characteristic form of equations (13)
and (14) is

_Q+w(__+/_] {wrrs-aq+r,m+b[2] (-2- /_:‘] }(17)

A

along the path s(t) where
%_/_A (18)

The path line where the plus or minus sign is taken in equation (18) is
referred to as the positive P characteristic or the negative N
characteristic path, respectively. These are illustrated in Figure 2
where x corresponds to s, the two paths having point C in common.
Equation (17) with the upper sign applies along P and equation (17)

dt

c
1 ¥AL

t
)<H >(B

Figure 2. Schematic positive and negative characteristic paths
to a common point in the x, t diagram.
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with the lower sign applies on path N. Thus, information with regard
to Q and H at points x, and xg at time t and along the two

paths can, in principle, be used to predict the values of Q and H
at point C from two equations.

For a laterally closed channel (Lg, Ly = 0) of a uniform cross section
(b = 0) without friction (o = 0), in the absence of wind stress (T = 0),
then the quantity in braces on the right-hand side of equation (17) van-
ishes. In this case only the information at points A and B of Figure
2 is needed to predict values of H and Q at C. To show that equa-
tion (17) is consistent with Stoker's (1957) analysis for this special
case, let u = Q/A and D = A/w. For a uniform cross section at given H,
di/dt = dD/dt, so equation (17) reduces to.

4OV | 4 /5 90
gt  t(uxpp)m=0 (19)
along
ds
ac - Ut /eD. (20)
Equation (19) simplifies further to
w & u + 2/3D) = 0. (21

Thus, for this special case (u + 2/gD) is conserved along P where
dx/dt = u + /gD, while (u - 2/gD) is conserved along N where dx/dt =
u-vgd. Thus, u and D (hence, Q and H) can readily be evaluated
at C.

In the more general case the time integral of the right-hand side of
equation (17) must be estimated in a rational way. This is considered
later in Section III,2. Also, in the general case it is usually not
possible to put the left-hand side of equation (17) in the simple form
shown in equation (21).

a. Lateral Transfer Terms. In the absence of direct rainfall, Lg¢
must equal the net gain of volume per unit length per unit time due to
lateral flow into the channel on either or both sides. Let q; and qg,
respectively, represent the volume fluxes per unit length into and out of
the channel. Then, Lg = q; - q, in the absence of rainfall, or

Lg=qj - qo + wWR (22)

with rainfall. The corresponding lateral transfer of momentum (divided
by water density) is

Lm = qi u, - qo uo, (23)
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the transfer from rainfall being included in the wind-stress term as
discussed in Section II,1. In equation (23) the quantity u, is
simply Q/A for the channel while wu; is the channel-directed com-
ponent of velocity of fluid from the adjoining block water area. In
equation (17) the terms L, and Lg contribute to the right-hand side
the quantity,

FosL -Qp /B
A f — w

L o € (24)
Using equations (22) and (23) yields
gglé
FL =q (ui - uo) - wRuo + [w] (qi -q, + wR). (25)

The lateral flows into or out of the channel can be evaluated by
relations such as. equations (8), (9), and (10). This is also discussed in
Section III,2.

b. Simplifications. The SURGE II program uses certain simplifica-

tions of thelabove equations. For normal conditions, the propagational
speed (gA/w)? significantly exceeds the speeds wuj or up; i.e., Q/A.
Accordingly, F is approximated by

%
Fo=+ [Ewi] L.. (26)

Elsewhere in equations (17) and (18), Q/A is neglected compared with
(gA/w)k, Moreover, each channel reach within a grid block is considered
of uniform width and bottom elevation Z.; however, w and Z¢ vary
from one reach to another. Thus, b = 0 for each reach and

A/w=D=H-2Z.. (27)

Under these conditions equations (17) and (18) take the form,

Setwed &

ac * {wr_ - £]qlafp?w) * V&D (q; - q  +wR)}  (28)

along

ds _
el ] (29)

where Tg = X or Y as s = x or y, depending on channel orientation. Equa-
tion (28) can also be expressed in the form,

d
ac «Q i‘,% wDvYgD ) = F (30)
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for a given channel reach where F is the right-hand side of equation
(28). The neglect of Q/A relative to VgD in the above approximate
channel equations is tantamount to neglect of longitudinal advection of
momentum in the original equation (13), an approximation already made in
the two-dimensional equations in Section II, 1.

III. SURGE II PROGRAM

Numerical algorithms for two-dimensional blocks and subgrid scale
channels are given in this section, and the coupling between these is
discussed. A complete listing of the SURGE II program is in Appendix
A. A description of the program, as adapted for the GE-400 computer,
and the required input and output options are discussed in Appendix B.
Appendix C is a user's guide to the SURGE II program. The block algo-
rithm is essentially as discussed by Reid and Bodine (1968) except for
a change in the barrier computation and incorporation of coupling with
the subgrid scale channels.

1. Block Algorithm,

In the numerical analog of the prognostic equations (1), (2), and
(3), values of H are evaluated on a uniform Cartesian mesh at spacing,
As, for uniform time steps, At. The values of H are representative
of the water level for the grid square i, j which is centered at
x=(1i-1/2) 4s, y = (j - 1/2) As, at time nAt, in which i, j, and
n are integers. Values of Z are specified as permanent storage for
the same locations as H so that D can be evaluated as needed at these
locations. Values of U are evaluated at even half steps of x, odd
half steps of y, and odd half steps of t (Fig. 3). This staggered
system gives the least storage consistent with a given spatial resolution.
It corresponds to the simplest scheme discussed by Platzman (1958) and
requires only half the storage compared with the coupled scheme used by
Miyazaki (1963).

The variables X and Y are supplied at spatial locations consis-
tent with U and V, respectively, but at even half steps of t. Values

of Hg are supplied for positions and times on the outer boundary of the
bay consistent with the locations and times for the H values on that

line. Values of R are supplied at locations consistent with H but

at a one-half time step out of phase with H. Arrays of X, Y, and R,
for a single value of j and n, and the array of Hg values for given
n are read from tape as required. The fields of X and Y are gene-~
rated from a coarse spatial and temporal array evaluated from the basic
meteorological data and then evaluated for the detailed mesh by linear
interpolation.
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(1-1)As 1As Ci+1JAs
*

Figure 3. Example of grid blocks showing staggered
arrangement of variables U, V, and H.

Information pertinent to the position, elevations, and discharge
coefficients for barriers (those not resolved by the limitations of the
grid system) is stored as permanent storage along with the field of Z.

The numerical analogs of equations (1), (2), and (3) use values of
U, V, H, Z, X, Y, and R at locations shown in Figure 4 for a typical
calculation. In the present application a common value of R for given
time is used for the whole spatial array. The following notation is used
in the recursion equations: H(i,j) represents H centered in block
i, j at t = nAt; U(i,j) represents U for the left side of block i,j at
t=(n - 1/2) At; v(i,j) represents V for the lower side of block i,j
at t = (n - 1/2) At.

Primed symbols are used to denote values of these variables at time
step At later. Thus, the difference U' - U 1is centered in time at
the level of H, and the difference H' - H 1is centered in time at the
level of U' or V'. The notation for Z or D is consistent with
that of H.
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BLOCK i,j+1

VONTICRE RS MR AVIIRE ISR

®

Vii,j+1)
Y (L +1) Vs, g+

BLOCK i, BLOCK i+1,;

H(i,y)
Uti,g) ZGi,j) UG+1,5) HGH+1,5)
o Rn.j,') XCi+1l,5)  ZGi+1,j)

® ®

Vi, va+t,j)——

Figure 4. Basic block triad showing variables used
in computation of U, V, and H for block 1.

The frictional terms in equations (1) and (2) are represented by
fAU'D™2 and £QV'D"2, respectively, where the estimation of Q and D
is centered spatially at the position for U' or V'. Since U, V, and
D are not available at common locations, this requires a suitable spatial
average in order to obtain centered values of Q and D. The resulting
recursion equations for U, V, and H, wusing centered differences for
the spatial derivatives, are as follows:

—1
Gl(isj)

+ D(i,3)] [H(L,j) - H(i+L,3)] + X(i+l,j)bt} (31)

U' (441,3) = {ucir,3) + BRE [n(a,5)

S
GZ(i’j)

+ D(i,3)) [H(i,3) - H(L,3+1) ] + Y(i,j+1)ac) (32)

Vi(i,j+l) = (v, +) + %ﬁ [D(i,j+1)
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H'(L,9) = H(L,3) +£5 [ (,5) +v' (1,9

- U'(i+l,j) - V'(i,j+1)] + R(4i,j)Ae, (33)
where
D(i:j) = H(i’j) - Z(i)j): (34)

and G and G2 are the factors which incorporate the effect of the
friction. These are given by:

G1(i,3) = 1 + £at {[4U(i+1,5)32 + [V(i,§) 4 V(i+l,j)

+ V(LIH) + V(LD 2L (D05, + DEH,DITE (35)

and
Go(i,§) = 1 + fAt {[4V(E,3+1)2 + [U(4,§) + U(i+l,3)

L -
+ U(i,j+1) + UG+, 3+ 12}2 [D(d,3) + D(i,3+1) 172 . (36)

The latter factors are always somewhat greater than unity unless the flow
or friction factor vanishes.

The prediction relation for H given by equation (33) does not con-
sider any possible contribution of flow to or from the block due to the
presence of a subgrid scale channel. This will be considered in a subse-
quent section.

It should also be emphasized that the effect of Coriolis force is not
considered. The relative importance of the Coriolis force compared with
bottom friction can be estimated in terms of the ratio, r, of these two
forces which is of the order,’

r = AD/fu , (37)

where

A = Coriolis parameter (22 sin ¢, Q being the absolute angular
speed of the earth and ¢ the latitude);

D = mean depth;
‘f = bottom-friction coefficient;

u = typical fluid speed in the bay.
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For 30° latitude A = 7.3 x 1073; typical D and f for gulf coast bays
are 10 feet and 2 x 1073, respectively. For u = 3 feet per second, which
is reasonable for storm conditions, r 1is only 1/10. However, for
normal circulational regimes u may be only a fraction of 1 foot per
second and r is of order unity. Hence, while it may be justifiable to
neglect the Coriolis term for short-duration storm surge studies for
shallow bays of limited horizontal dimensions it cannot be neglected in
long-term circulational studies.

Although it does not appear difficult to add the effect of Coriolis
force, it can be shown (Platzman, 1958) that a different scheme for the
U, V, and H arrays is necessary for numerically stable computations using
an explicit time-marching procedure as used here. The coupled scheme
required for stable explicit computations at least doubles the computing
time. The present scheme could be used with an implicit time-marching
procedure to maintain stability and similar accuracy, but this too can
be achieved only at the cost of an increase in computing time by a factor
of at least two. In the presence of friction, the destabilizing effect
of the Coriolis terms in an explicit scheme such as that used by Masch
(1969) is suppressed; however, this is accomplished only at the sacrifice
in rendition of the frictional terms. Thus, the omission of the Coriolis
force from a program intended primarily for gulf coast estuaries is moti-
vated primarily for reasons of economy of operation, in respect to surge
calculations.

a. Stability. Numerical stability requires that At be taken at
less than the value AS/(2gDp,4) 2%, where Dy,y 1is the maximum depth to
be expected anywhere in the system during the storm surge (Platzman,
1958).

b. Barrier Algorithm. Equations (9) and (10) are assumed to apply
for values of q,, Dy, and A4H at the same time and in the immediate
vicinity of the barrier. 1In the grid scheme used, however, the flow and
the water level are staggered in time; moreover, the water levels like
Hi1 and H2 represent in effect the spatial average for blocks 1 and 2,
respectively, at a given time rather than local values in the vicinity
of a given barrier, which in the schematization are presumed to occur on
lines separating two blocks. As a consequence the above relations can-
not be applied directly. Instead, the evaluation of U or V across
a barrier (if the water level allows such flow) is carried out by a
modified version of the predictive equations (1) and (2), or their
numerical counterparts, equations (31) and (32), where f is replaced
by an effective value related to the barrier discharge coefficient so as
to be consistent with equations (9) or (10). The effect is to maintain
proper time phasing and to consider possible tilt of water level across
the block; i.e., difference of H at barrier relative to the mean value
for the block.

Specifically, the frictional terms in equation (1) or (2) are taken
as (D/LC§)|qﬁ|qﬁ/D§ where C, is the barrier discharge coefficient
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(Co or Cg, depending on type of barrier), q) 1is the transport per unit
width normal to the barrier (either U' or V', depending on barrier
orientation), Dy is the water depth over the barrier, and D is a
mean depth for the effective fetch L across the blocks. The gravita-
tional slope term involves the same scale length, L, and mean depth,
D. The resulting relation for prediction of q; at a barrier, given
q, at the previous time step, is:

laplap + Ty = F, (38)
where
L(C, D, )?
b b
S 2 39
DAt (39)
and
F = g(CyDy)2H + T « (qp + P) , (40)

P being the wind "push" term (XAt or YAt), and AH a head differential
dependent on barrier type. For steady state (q;, = q,) and no wind (P = 0),
the above reduces to

ql = * D, Vg[aH| , (41)

which is consistent with equation (9) or (10) with Cb and AH taken
as Cy and D, or Cg and (H; - Hy), respectively, depending on the
barrier. The more general relation (eq. 38) provides an added effect of
the wind and of the inertia of the water on the blocks. For a submerged
barrier, L 1is taken equal to AS; 1i.e., from the center of block 1 to
the center of block 2. For an overflow barrier, L is taken as half

this distance since the inertia and wind setup are effective only on the
higher of the two blocks.

Thus, Cp, L, H, and D, are taken as follows:

Submerged barrier (Hy; > Z, and Hy > Z)

Cb = CS
L = A4S AH = Hy - Hg
={(H, + H))/2]|- Z

Dy, [ 1 Hy ] b (42)
Overflow barrier (H; > Z, or H, > Zb)

Cb = CO Hl - Zb (a)

L = 4S/2 AH = or

Db = |aH| b - Hz2 (b) ,
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where Z;, is the elevation of the barrier crest, relation (a) being for
Hy > Zp and (b) for Hp > Zp. If Zp exceeds both Hy and Hz, then
qp = 0. The meaningful solution of the quadratic equation (38) is

ay = ¢ ([|F] + (1/2)2)% - 1/2), (43)
where the sign is taken as that of F, as verified from equation (38).

The above relations for barriers differ from that used in Reid and
Bodine (1968) and in the original SURGE I program. The present barrier
relations have a more realistic response when applied to the numerical
simulation of a natural oscillation of a bay having a submerged barrier
across it.

c. Barrier Specification. Since only certain blocks contain barriers,
they must be identified by I, J location; specifically, the program
identifies the Kth barrier block by location I = IB(K) and J = JB(K),
K=1,2 ... KM. A given barrier block potentially has a barrier on the
right and upper side of the block in an x, y plot. These are designated
x and y, respectively; i.e., an x barrier is one normal to the x-axis
(the flow over it being in the x sense). For both potential barriers
on a barrier block, values of Z;,, C,, and C; must be prescribed. A
real barrier is one where 2, is larger than the Z value for either of
the adjoining blocks. A null barrier is one where Z;, equals the larger of
the Z values for the adjoining blocks (thus, in effect, the higher block
is a potential barrier). The program requires that information pertinent
to both null barriers (Zp, Cy, and C5) and real barriers be provided.

d. Volume Check. During the recession stage of flooding when water
is draining off flooded blocks (via the barrier overflow relation), it is
possible for the volume leaving in one time step as computed from qpAt
to exceed the available volume. Therefore, a test is included in the
program such that if this occurs, the flow is adjusted to only drain
the block dry (D = 0), and the flow to adjacent blocks adjusted to be
consistent.

e. Depth Check. When the water depth is very shallow the effect of
the wind is such that a given block could become partially dry unless the
fluid is flowing fast enough for the bottom stress to balance the wind
stress. To avoid anomalous computations for very small D (e.g., in
areas where rainfall is occurring over regions above the surge level),
the wind stress is arbitrarily set zero when D is less than 0.1 foot.

2. Channel Algorithm.

a. Channel Specification. As in the case of barriers, those blocks
on which channels occur are identified by the I and J values; for
channel block K these are denoted by ICG(K) and JCG(K), respectively,
where K = 1,2 ... KCM. Also each 'channel block" may contain two channels,
one on the right denoted the x channel and one on the upper side denoted °*
the y channel. Each of these channel reaches is characterized by a
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channel width (w), a channel-bed elevation (Z.), and a channel-
friction coefficient (f.). Figure 5 shows a schematic of a channel
block indicating nomenclature for dimensions as used in the SURGE II
program. Figure 6 shows the dependent variables pertinent to the
channels as used in the program and stored for the channel block K.
These include the channel flows, Q, at each end of the channel, one
end designated N, the other P (corresponding to the negative and
positive characteristic ends of the channel, respectively). Also in-
cluded is the height, H, of the water level at the point in common to
the two channels for block K (HC(K)). The lateral transport (per unit
width per unit time) nominally to the channel from block K and from
the channel is also indicated: UCT(K) and UCF(K), respectively, for the
channel normal to the x-axis, and VCT(K) and VCF(K), respectively, for
the channel normal to the y-axis. In the formulas in this study, these

are referred to as q; and qg¢, respectively. Note that UCF(K) and
VCF(K) correspond to U and V, respectively, on the right and upper

sides of the general block flow. Also, the quantity HP(K) corrésponds
to the block (pool) height for the channel block. Values of H at the
"negative" ends of the channels for channel block K are stored as HC
values in adjacent channel blocks to minimize duplication of storage.

b. Computation of Channel Variables. The time phasing of block
variables versus channel variables is indicated in Table 1. The H
values occur at common times thus facilitating evaluation of head dif-
ferentials used in determining lateral flow between channel and adjacent
blocks.

Table 1. Time phasing of computations
for blocks and channels,

Time Block Channel
t + At H H,Q

t + At/2 Q

t H - H,Q
t - At/2 Q

t - At H H,Q

For a given channel reach, application of equations (28) and (29)
can be made for two characteristic paths, as shown schematically in
Figure 7. As in the case of the block computations, the friction term
in equation (28) is taken proportional to the product of a new Q and
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Figure 7. Characteristic paths on the time-distance
diagram for an individual channel reach.

the absolute value of the old Q. Specifically, for the positive char-
acteristic path from A to P' in Figure 7, equation (28) is approxi-
mated by

@ - Q) +w/ed (& - H) = T, - £ 2|03/ ®)2w + /6D sal be,  (44)

where D = (Dy + Dp)/2, Ts is the appropriate wind-stress component
(X or Y) corresponding to time level t for the associated channel

block, Aq is the net lateral flow per unit width, and Q is taken as
- L
Q= [(Q} +Q2)/2]° . (45)

The subscripts on Q, H, and D designate the points at which these
apply (see Fig. 7) and primes denote new time level.

After regrouping terms, equation (44) can be written as
Qp + (w /2D /O = [(Q, +w /gD H,) + (WT_ + /gD 4q) 8t)/G , (46)
where

G

1+ £ acjQ)/(Dw . (47)
Similarly, for the negative characteristic from B to N',
Qf - (w/ED /O)Hy = [(Q, - w/gD Hy) + (VT - VD 4tl/G , (48)

where D and G are as defined for the positive characteristic.

The values of Q and H at points A and B are determined by
interpolation from values at N and P at time t, wusing equation
(29) for the path. The distance from A to P or B to N, using
the mean wave speed for the channel at time t is vgDAt. The interval

N to P is equal to As. Let

a = Jg;-AtlAs : (49)
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this should always be less than or at most unity for stability of com-
putation. The linearly interpolated values at A and B are then

QA =a QN + (1 - a) QP
| (50)
Q= (-0) g +aq,

and similarly for Hy and Hg in terms of Hy and Hp.

The evaluation of Aq 1is the most sensitive part of the computations
and is discussed in a subsequent section. Presuming Aq is known, the
problem of evaluating the new Q and H individually at the channel-
end points is considered. Note that equations (46) and (48) yield pre-
dictions for linear combinations of Q and H at two different points.
Thus, information from adjoining channels, or other information in the
case of channel end points, is needed to solve for the new channel Q
and H. For a simple continuous channel without branches and consisting
of a series of reaches of length As but not necessarily of equal width
or depth, then Q and H are readily solved at a common junction, using
the information from the positive characteristic from one channel and the
negative characteristic from the adjoining channel. However, branches do
occur and it is therefore desirable to use a sufficiently general pro-
cedure which will accommodate either branching channels or continuous
channels.

In the scheme chosen for representing channels in SURGE II it is
possible to have four channels merging at a common junction, Figure 8
shows this junction with four different volume transports, but with a
common H. The designation of the different Q shown in this figure is
that used in the coded program (see App. B); QC for channel transport,
X or Y denoting the channel (not the direction of flow), and N or P
denoting whether the flow is at the negative or positive end of a given
channel reach. Each is identified by a channel block index K.

For any given channel reach equations (46) and (48) predict, for a
given point, values of the quantities

BP = Q' + AH'
(51)
BN = Q' - M' ,
where
A = w /gD/G . (52)
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For simplicity of notation let 1, 2, 3, and 4 denote the merging channels
with 1 being the lower channel, 2 the left channel, 3 the upper
channel,and 4 the right channel (Fig. 8). Then, with this notation

Q1* + A1 - H' = BP1
Q2' + A2 * H' = BP2
(53)
Q3' - A3 - H' = BN3
Q4' - 24 - H' = BN4 .
Now, continuity requires that
Ql' +Q2' -Q3' -Q4' =0 (54)
at a common junction. Thus,
(A1 + 22 + A3 + A4) H' = BP1 + BP2 - BN3 - BN4 (55)

from which H' can be calculated at the junction. With H' known, the
values of Q1', Q2', Q3', and Q4' are readily evaluated from equation (40).

For those cases where one or two of the above merging channels do not
exist (i.e., null channels), then their width and A value are zero.
Moreover, the program yields zero for the BP or BN values of any null
channel. Thus, equations (55) and (53) can apply for a general junction
consisting of from two to four real merging channels.

c. Net Lateral Flow. The net time rate of water accumulation in the
channel per unit length due to lateral exchange with blocks and by rain-
fall is

8q = qq - qg + WR , (56)

where q; corresponds (if positive) to the flow (per unit length of
channel) from the channel block to the channel (across the "interior"
side of the channel, Fig. 6) and q¢ (if positive) is the flow (per
unit length of channel) from the channel to the adjacent block. These
flows can be positive, negative, or zero. To allow for channels which
have widths w much smaller than the block grid size As, and since the
above q values are comparable to those thich exist across the sides of
blocks, the change in channel water level can be very sensitive to the
difference q¢ - q¢. Hence, special care must be taken in the model to
avoid possible instabilities caused by improper calculation of these
transverse flows. However, there is no particular difficulty with the
rainfall term i1n equation (56) which is generally at least one order of
magnitude smaller than that of the 'net" lateral flow. In a sense, the
potential difficulty with the transverse flows, q. and q, arises
because the At chosen for stable calculation on the blocks is usually
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too large for stable calculation for narrow channels, unless the coupling
with blocks exists only in respect to longitudinal flow from the channels
to blocks at end points of such channels.

On a given side of a channel, basically four physically distinct sit-
uations can occur: (a) a barrier (levee) or block ground level of suffi-
cient height exists to prevent lateral flow; (b) overflow exists from an
adjacent flooded block into a channel where the water level is less than
the adjacent barrier or ground level; (c) overflow of adjacent barrier
(levee) exists from the channel to an adjacent dry block or one where
the water level is lower than the barrier elevation; or (d) both the
channel water level and the water level on the adjacent block exceed
the height of any intervening barrier and the lateral flow depends on
the difference of water level. These four situations are illustrated
in Figure 9. In the fourth situation, the water level could also be
lower on the channel side with the associated lateral flow reversed.

For situation ‘(a) there is no problem, the appropriate lateral flow
(qt or qf) being constrained to zero value. For situation (c), the
predictiVe-type barrier relation (eq. 55), with auxiliary relations
(eqs. 39 and 40), could be used. In principle, the above predictive
barrier relations should apply for situation (b) as well, provided that
L in equation (39) is taken as the channel width w. However, since
W can be much less than As for many applications, T can be so small
that the relation for qp reduces virtually to a diagnostic-type rela-
tion of equation (40), or more specifically of equation (9) for barrier
overflow. Since situation (b) might occur on one side of the channel
and situation (c) on the other, and since both should be evaluated by
relations compatible with a common time level, the simple diagnostic
relation (eq. 9) has been adopted for both situations in the SURGE II
program. This, however, still demands special checks and possible
adjustments, as will be discussed later. Finally for situation (d), a
submerged barrier-type calculation might seem appropriate if the depth
over such a barrier is small compared with that of the channel or adja-
cent block; however, use of such relations in preliminary versions of
the program proved to be very vulnerable to numerical instability. The
reason for this is related to the above discussion concerning the usual
case where w/As is very small. As a consequence, for situations of
type (d), a special calculation is required which treats the channel as
essentially an integral part of the associated channel block or the
adjacent block.

As stated above, for overflow situations (b) or (c), i.e., to or
from the channel, the relation,

q, = % Con(ng)!‘ s (57)

is used where D, = H - Z;, H being the water level on the high side of
the barrier. While this relation gives a valid value of q,(qy or qf) at
the time t, the value of qp may change significantly over the predic-
tion interval At if (gnb)é > w/At.
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Under such circumstances, an approximate prediction based on the
initial values of qp could lead to physically impossible changes of
channel level. Thus, tests are included in the program to constrain the
lateral flow, such that q¢ - q¢ alone will not cause the channel level,
H., to fall below a minimum possible value nor rise above a maximum
possible value, depending on the situation. Six different situations
requiring tests are illustrated in Figure 10 (the '"mirror" version of
each is also a possible situation). Situations where one side of the
channel is blocked are special cases of those indicated. For situations
A, C, and E, outflow exceeds inflow and the horizontal dashline repre-
sents a minimum level based on the sill depth of the channel. On the
other hand, for situations B, D, and F, the horizontal dashline repre-
sents a maximum possible level. 1In each case, the maximum possible change
in H. 1is indicated as A&H_.

For any of the situations illustrated in Figure 10, the SURGE II pro-
gram compares |qy - qg| with |wH_./At|. If the latter is exceeded by the
trial value of |q; - q¢| then an adjustment is made in q, or qg such
that |q, - qf| equals f;AHC/Atl. For cases A, B, C, and D, both q, and
qf are prorated by a common factor to satisfy the above constraint. For
cases E and F, only the overflow q 1is adjusted to be consistent with
the above constraint.

For situation (d) where the channel and block are connected by a
continuous water surface (Fig. 10), the net lateral flow to the channel,
Aq, is taken to be that which would be required to bring HC to a value
equal to the existing mean level, HM, of the connected channel and
block. For a channel connected to a block on one side only then,

_HB - L +HC-W (58)

M (L+W) ’

where HB is the water elevation on the water-connected block, L is
its width, while HC and W are the water elevation and width for the
channel. The block width L is AS - W if the connected block is the
channel block containing the channel, or is AS for an adjacent water-
connected block., If the channel is water connected on both sides, then
the above relation is replaced by an appropriate average over both blocks
plus the channel.

The Aq for either of these situations is taken as

Aq = (HM - HC)w/At . (59)

To determine the individual q; and qg¢ on either side of the channel,
the mean of these is taken to be that which is calculated as the flow
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between blocks, ignoring the presence of the channel (but considering
barriers). Letting this be denoted qg, then

Qe = qp *+ 4q/2
and (60)

This system of calculation leads to stable results.

d. Channel End-Point Computations. At the end point of a given
channel system, special computations are required. Two types of end
conditions are used: an '"H-end condition" is used where a channel dis-
charges into a lake, bay, or sea, in which case the channel H value at
the end point is taken equal to the H of the adjacent channel block
into which the channel discharges (or vice versa); a '"Q-end condition"
is used at the head of a channel or river at which point the discharge
is specified.

For a Q-end point
Q' =t Qp

H|

Q' -B)/x, (61)

where Q; is the specified river discharge (taken as zero if not speci-

fied); B equals BP or -BN, as defined by equation (51), for end
points occurring at the positive or negative end of the channel reach,
respectively, and A 1is as defined in equation (52). The sign of Q'
is taken such that Q' is directed into the channel, depending on the
channel-end orientation. There are four possible orientations (see App.
B, Fig. B-3).

The H-end points also have four possible configurations; these are
depicted along with the associated adjacent '"ponding" areas (i.e., a
block with Z < 0) in Figure 11. For an H-end point neither the longi-
tudinal flow to or from the channel nor the H at the junction with the
ponding block is specified a priori. It is required only that the pre-
dicted H at the channel-end point and that of the ponding block be the
same. Let H* be the (tentative) predicted H for the ponding block
in the absence of any contribution by longitudinal discharge to or from
the channel which terminates adjacent to that block. Thus, H* corre-
sponds to the H resulting from the routine block calculation using
equation (33) with appropriate adjustments for contained channels as
might occur for situations 3 and 4 shown in Figure 11. These adjustments
are discussed in a subsequent subsection. The correct predicted H for
the ponding block in the presence of longitudinal discharge from a
channel is given by

H' = H* + (Q) + QAt/2a (62)
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where Q& and Qd are the new and previous values, respectively, of .

the discharge from channel to ponding block, and A, is the effective
surface area of the block. For situations 1 and 2 in Figure 11,

Ap = (8s)2, but for situations 3 and 4 a channel might exist on the
ponding block in which case Ay = (8s - w)as.

Equation (62) involves two unknowns H' and Q& . However, for the
channel,

Qy+ W' =B, (63)
where B = - BN for end-point type 1 or 2 and B = BP for end-point
type 3 or 4, BN, BP and X being those quantities defined by equations
(46) to (52). Note that for end-point type 1 or 2, Q& is the negative
of the QC value for the channel.

The resulting H' and Q& for an "H-end" condition are

H' = (F + BAt/2A)/(1 + XAt/2Ap) (64)

Q' = (B - AF)/(1 + At/2ap) (65)
where

FzH + QdAtIZAb . (66)

e. Calculation of H on Channel Blocks. For blocks with D > 0
and containing one or two channel reaches, the prediction relation for
H given by equation (33) is not valid. The correct relation for a
channel block k having location 1i,j is

H'(i,j) = H(i,j) + [U'(i,]) - UCT'(k)]lae/(As - wx)
+ [V'(i,3) - VCT'(k)]At/ (As~wy) (67)
where UCT and VCT are as shown in Figure 6 and correspond to the qg

discussed previously. If only one channel exists (i.e., if wx or wy
is zero), then

0

uct’ (k) Ur(i + 1,j) if wx
or

VCT' (k)

V'(i,j + 1) if wy

0 .
IV. APPLICATION TO THE SABINE-CALCASIEU SYSTEM

1. Adopted Grid and Simulated Topography.

The Sabine-Calcasieu system geographically bridges the Texas-Louisiana
border and is physically linked by a system of manmade channels and a low-
lying region extending 25 miles between Sabine Lake and Lake Calcasieu.
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A local chart of the region is shown in Figure 12. The rectangular
border indicates the region included in the numerical analog. The
selection of the size of this rectangle is dictated by the basic hydro-
dynamic features required to adequately represent the region and then
the logistical and economic limitations placed on the computations by
the availability of computer storage. The region selected is 56 x 40
nautical miles. The grid size (DELX) is taken as 2 nautical miles, so
that IM =28 and JM = 20.

Figure 13 is a contoured plot of the schematized topography super-
imposed on the selected grid system. The offshore topography is regular
with the exception of a shallow region adjacent to Sabine Pass and a
slight embayment lying between Sabine Pass and the outlet from Lake
Calcasieu at Cameron. Both lakes are adequately represented by the grid
interval of 2 nautical miles. Figure 14 clearly delineates three high
topographic areas in the numerical model: the Beaumont rise in the
northwest, the Orange rise, and a more gradual rise northeastward to the
Lake Charles area. The low-lying region between the lakes, immediately
behind the shoreline barrier, and forward of the rises, forms a large
ponding area during the inundation sequences. Between each rise a major
channel is present, the Neches River, the Sabine River, and in the Lake
Charles region, the Calcasieu River runs northeastward from Lake Calcasieu.

The deepest block in the system is -24 feet (MSL). Assuming a 10-
foot surge, a value of DELT equal to or less than 260 seconds (Sec. III,
1,b) is required. The value chosen for DELT is 240 seconds.

2. Channel and Barrier Schematization.

The numerical discretization of the area shown in Figure 12 is given
as an overlay in Figure 15. In this illustration the channel network
(shown by full lines) shows the landward interconnection of Sabine and
Calcasieu as well as the 1link with the Intracoastal Waterway as the
lower left- and right-hand channels. Each channel segment has been
provided the physical characteristics of width and cross-sectional area
that best reproduce the pertinent information for the channel reach that
was provided by the Corps of Engineers. The extent of the channel system
was chosen on the basis of past inundation history and the judgment of
the authors.

The barrier system, also shown in Figure 15, represents the major
manmade and natural obstructions to flow above MSL. At the shoreline
the major dune line is continuous with the exception of an apparent open
area east of Sabine Pass. The block elevation of that area equals the
adjacent barrier heights. Jetties are included at each of the openings
to the Gulf of Mexico. Within the region the majority of barriers are
manmade levees erected for protection. The heights of all barriers were
chosen on the basis of data provided by the Corps of Engineers.

Appendix D has a listing of all data used for the Sabine-Calcasieu
region in the simulation of the Hurricane Carla surge. The topography,
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14. Topography in perspective for the Sabine-Calcasieu region.
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Figure 15.
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barrier data, and channel data are the same for the astrotide simulations
and the standard project storms. There are 91 barrier blocks and 121
channel blocks of which 53 are common to barrier blocks. Examples of null
channel blocks are for K = 4, 6, 18, 21, 24, etc., a total of 19.

Appendix E shows a plot of the block topography with the channel and
barriers superimposed. This plot is given on two pages; x (or I) runs
from left to right and y (or J) runs from bottom to the top of the
page (I values are indicated along the top of both pages and J along
the left side of the first page). Also in Appendix E is a listing of
the key arrays for channels as generated by the program. Note that the
final array size for channels is 128 (KCMP), there being 6 channels which
terminate on the boundary of the grid.

As an illustration of barrier input note from Appendix E that for
block (2,2) a y barrier exists, but not an x barrier. The bed eleva-
tion of block (2,2) is -10 feet while that of block (3,2) is -13 feet.
Thus, a value of ZX of -10 feet should have been input for this block.
The listing of the barrier input data in Appendix D gives the information
for block (2,2) at K = 12 with ZX = -100 (tenths of feet) which checks.
The actual barrier on the upper side indicates a positive 6 feet. How-
ever, barrier block K = 13 at the adjacent block (3,2) shows a 2ZX
value of -12 feet. Reference to the topography in Appendix E indicates
that this is the elevation of adjoining block (4,2) which is higher than
block (3,2) and hence is the correct entry.

For an illustration of the sign coding concerning barriers along
channels, refer to the channel input data in Appendix D and the plot in
Appendix E. Channel block K = 1 located at (8,1) shows a negative
INCX and a negative IZCX which is the coding for double levees of
equal height with the channel in between. This is the location of the
double jetty entrance channel for the Sabine region. Channel block S at
location (7,4) shows a (+,-) signature for the x channel and a (+,+)
signature for the y channel. Hence, the barrier for the x channel is
on the inner lateral boundary while that for the y channel is on the
outer lateral boundary (see App. C,6). Reference to Appendix E key
array listings shows KCB = 37 for channel block 5. Barrier block 37
has the same location (7,4) and indicates valid barriers of a 5-foot
elevation above MSL for both the x and y channels.

3. River Input and Hydrograph Gage Locations.

There are three river discharge locations provided for the Sabine-
Calcasieu region. These locations, as given in block 9 of the input
(App- D), are (28,15), (4,19), and (14,19) which are respectively for
the Calcasieu River near Lake Charles, the Neches River north of Beau-
nmont, and the Sabine River north of Orange.

Nine gage locations for the astrotide calibration and Hurricane
Carla simulation are shown as small circles in Figure 16. All of these
with the exception of the North Sabine Lake gage are located on channels.
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V. TIDAL CALIBRATION
1. Tide Data,

The tidal calibration is a required step in the preparation of the
numerical storm surge model. These computations permit the adjustment
of the parameters representing the frictional effects in the channels
and low-lying regions of tidal inundation. The calibration adjusts the
tidal flows in order to adequately predict proper phasing and tidal
excursions in the model region. Comparisons are made with actual tide
records from geographical locations corresponding to blocks or channels
in the grid.

Calibration of the Sabine-Calcasieu region was carried out for the
springtide conditions that existed from 0000 hours, 22 August to 0000
hours, 27 August 1973, Tide recordings at nine locations in the region
were furnished by two U.S. Army Engineer Districts (Fig. 16): Sabine
Pass (southwest jetty), Port Arthur, north Sabine Lake, Brakes Bayou
(Beaumont), and Orange, Texas, provided by the Galveston District; Cameron,
Hackberry, Calcasieu Lock, and Lake Charles, Louisiana, provided by the
New Orleans District.

The tidal calibration must be accomplished during a period when the
tide is effectively the only forcing function operating on the system.
This requires no abnormal riverflows into the region and winds which will
not substantially alter the slope of the water surfaces. Such conditions
existed for the first 96 hours of the 120-hour record period and this
interval was used in the tidal calibration.

2. Estimation of f. for Entrance Channels.

Many of the bays or lagoons along the Texas coast are of such dimen-

sions that their largest natural period is small compared with the tide
period. Moreover, virtually all have narrow connections with the Gulf

of Mexico. These two features conspire to produce a reduction of tidal
range and a significant lag within the bay compared with the gulf tide.
In addition, the tidal range is nearly uniform throughout the bay except
possibly in some of the upper reaches of adjoining rivers. For these
systems, the approximate response can be calculated in terms of the
channel-friction coefficient, f_., (or discharge coefficient) plus
appropriate dimensions of the bay and entrance channel (Love, 1959).
These relations can be used to get at least a preliminary estimate of
f. from the observed response.

Consider a bay of total MSL surface area, Ag, which is connected to
the sea by a channel of cross-sectional area Ac, surface width W,
effective depth D¢ (defined as Ac/W), length Lc, and channel-bed

friction coefficient fg.
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Let H be the volumetric response in the bay at time t (where
H <« A; represents the impounded tidal volume above MSL at time t); let
Q be the tidal flux from the sea to the bay. Then,

A B_q. (68)

Neglecting the inertia effects in the channel for the slow tidal variationm,
the slope force in the channel is balanced by friction at any time t;
thus,

Hy - H = m|QlqQ , (69)

where Hg is the given tide level at time t outside the bay entrance
and m is a dimensional constant for the system given by

fL

nTep aZ (70)
c C

This can also be written in the form,

1
m = a2
g(Cd Ac)

where C4 is the discharge coefficient characterizing the constricted
opening between bay and sea.

Assuming the input tide Hg is simple harmonic with period T and
amplitude ag then,

Hg = a, cos uwt , (71)

where o = 2w/T. Ignoring the second-order compound tide due to non-
linearity in equation (69), the response will be roughly of the form,
H = ra, cos (wt-4), (72)

where ¢ is a phase lag and r is the relative amplitude response. If
these are substituted into equations (68) and (69) and the quantity |Q|Q
expanded in the Fourier series form, it can be shown that

r = cos ¢ (73)
and
Y1+ 8BZ -1
sing =128 -1, (74)
where
B = g%-m(Asm)zao (75)
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(Love, 1959). A plot of r and ¢ versus the dimensionless parameter
B is shown in Figure 17. The timelag of the high tide in the bay rela-
tive to that outside the bay is simply T = ¢/2v, for ¢ in radians
(or T = ¢/360 for ¢ in degrees).

Thus, if r or ¢ is estimated from observations it is possible to
get an estimate of B. Generally, the value obtained from the observed
r will differ from that obtained from the observed ¢; in this event
an average of the values of B can be used to estimate f.. In terms

of B, f. 1is given by

=3" __gB
L =8 a2, (76)
-3 [+
where
2 L
ac = . 77
D A2 N
c c

It is emphasized that the above analysis pertains to a bay system
connected to the sea by a single channel of uniform dimensions. The
results can be generalized for the case of a series of N channels of
different dimensions or of N channels in parallel or combination of
both gas in the Sabine-Calcasieu system) by using an effective value
of a“.

Let a2 designate the value of a2 for an individual channel as
evaluated by equation (77). Then, the effective value of a2 for a
series of N channels is simply

N
a? = g a? . (78)

However, for N channels in parallel the effective a2 is given by

-2
o (¥
a = a (79)
P n=1 "
For a series containing a parallel subset, the effective a2, for
the latter is used in equation (78). If two or more complex entrance

channels are in parallel then the effective values of a are used in
place of a,; in equation (79).

The use of this procedure will be illustrated for the Sabine-Calcasieu
system. In the numerical simulation scheme there is a total of 40 blocks
of 2 x 2 nautical miles covered with water and 1n communication with the
sea. This represents a surface area of 5.91 x 10° square feet. In addi-
tion, the channels contribute a total of 0.64 x 10° square feet. Thus,
the total surface area for the combined system is Ag = 6.55 x 10 square
feet (3.77 x 109 square feet for the Sabine part and 2.78 x 10° square
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feet for the Calcasieu part). The two parts of the system are coupled
via the Intracoastal Waterway and their responses are about the same,
so the combined system is treated as one,

A summary of data and calculations pertinent to the entrance channels
for the Sabine-Calcasieu system is given in Table 2 (see also Fig. 15 and
App. D). The simulated Sabine Pass between the gulf and Lake Sabine con-
sists of two sections (1 and 2 in Table 2) of different dimensions in
series. However, Calcasieu Pass consists of a pair of parallel channels
(4 and 5 in Table 2) in series with a simple channel (3 in Table 2). The
individual a2 for each channel is also shown in Table 2. The effective
a? for Sabine Pass is the first partial sum shown in the last column. The
effective value of a? for the parallel part of Calcasieu Pass is shown
in the last column, opposite entries 4 and 5. The effective value for
Calcasieu Pass is the partial sum indicated in the last column. The
effective value for the entire pass system is evaluated from the Sabine
Pass and Calcasieu Pass values, using equation (79) for parallel systems:

a2 = 0.32 x 1076 (square feet)"1 .

Table 2. Data on simulated Sabine Pass and Calcasieu Pass.
n | W, D, A, L¢ a? x 10° | o? x 10°
(ft) (£ft) | (££9) (ft) (ft~2) (ft-2)

Sabine Pass

1] 2,330 20 46,600 24,360 0.561 0.561

2] 2,860 21 60,060 36,480 0.482 0.482

Subtotal 1.043
Calcasieu Pass

3 800 32 25,600 24,360 1.162 1.162

4 500 40 20,000 12,160 0.760 0.4551

5 1,000 16 16,000 34,480 8.960

Subtotal 1.617

lEvaluated by parallel channel relation.

The observed ranges and times of minimum tide for 25 August 1973 for
the Sabine-Calcasieu system are given in Table 3. Gage 1 is used as the
input gulf tide. The average of all other gages is used as the response.
The indicated amplitude response is

1.50

r=so—r0r=

7.59 0.58 .

Using a tidal period of 25 hours the indicated phase lag is

360 _

Pty °
25 47° .

¢ = (20.8 - 17.5)
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Table 3. Ranges and times (c.d.t) of available observed
tides in the Sabine-Calcasieu system for 25

August 1973.

Gage No. Place Range Time
(ft) (hr)

1 Sabine Pass, southwest jetty 2.59 17.5

2 Port Arthur 1.53 19.0

3 North Sabine Lake 1.40 21.5

4 Beaumont 1.52 21.5

S Orange 1.40 23.0

6 Cameron 2.05 17.5

7 Hackberry ' 1.06 22.0

8 Calcasieu Lock, west 1.45 20.5

9 Lake Charles 1.60 21.5
Averaggﬁof 2 to 9, inclusive 1.50 20.8

From Figure 17 the corresponding values of B are 4.7 and 3.6, respec-
tively, with an average of 4.1. The tidal frequency is

2w

= —= < -5 <
25 x 3’600 7.0 x 10 radians per second

W

and a, = 2.57/2 or 1.3 feet. Consequently, the estimated f. for the
entrance channels is from equation (76): f. = 0.0018.

The final selected value of f. for the entrance channels is 0.0015
as determined by trial runs. This is somewhat less than the above esti-
mate. The difference might be accounted for by the fact that the tidal
hydrograph is not really simple harmonic but contains compound tides (of
higher frequency) giving the sharp minimum and broad or double-peaked
maxima. The effective frequency is consequently somewhat greater than
the w given above, thus yielding a smaller f. closer to 0.001S.

3. Final Calibration for Tide.

The major control on the response of the bay to the tides are the
dimensions and friction factor for the entrance channels as discussed
above. In this connection, it should be pointed out that channel dimen-
sions (width and depth) were taken such that the average cross-sectional
area (under MSL conditions) for a given reach is represented by the pro-
duct of these dimensions. Thus, if the depth is taken as the mean for
the reach, then the width will be somewhere between the width of the
dredged channel and the surface width of the natural channel.

The values of channel friction for the remaining channels and of the
block friction were selected by a trial-and-error procedure, starting
with a uniform value throughout. The final values of channel friction
for the upper reaches of the Neches and Sabine Rivers were taken as
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0.0025 to give a reasonable agreement for the Beaumont and Orange tide
response; it was necessary to use a low value (0.0005) for the upper
reach of the Calcasieu River to reproduce the Lake Charles tidal Lydro-
graph. The latter three gages (Beaumont, Orange, and Lake Charles) have
connections to the inner bay areas only via channels, hence their re-
sponses are fairly semsitive to the channel friction. The low value for
the Calcasieu River may be due to underestimates of the effective channel
widths, which would demand a less than normal friction factor.

The block friction for the tide calculations was taken as 0.0015 to
get a reasonable agreement for the north Sabine Lake gage. However,
later calculations for the Hurricane Carla simulation (which is more
sensitive to block friction than the astrotide) indicated that 0.0025
(as used in the Galveston Bay simulations) was more appropriate.

The results of the final astronomical tide simulations for a 96-hour
period starting 0000 hours c.d.t., 22 August 1973, are given in Figures
18 to 26, and Appendix F. The input tide (Fig. 18) corresponds to the
observed tide for the period at Sabine Pass (southwest jetty). In the
subsequent eight figures the computed (full line) and observed (line
with circles) are compared for the eight different gages within the
system; the gages are identified in the figures. Note that the observed
values for each gage have been adjusted with respect to a local datum,
taken as the gage mean for a 120-hour period starting 0000 hours c.d.t.,
22 August 1973. In all cases, the computed ranges are in fairly good
agreement with the observed; however, there seems to be a consistent
tendency for the computed to lag the observed. This might be due to a
possible time-shift error for the input gage. Although a lowering of the
frictional coefficient for the entrance channel would decrease the lag
within the system, it would also increase the range of the tide every-
where in the system. It was felt that it was more important to reproduce
the range than the times of high and low water, and hence the value of
fc = 0.0015 for the entrance channels was retained.

For the upper Calcasieu River (Figs. 25 and 26) the computed water
level (which refers to a common MSL datm for the system) and the observed
water level display an apparent vertical shift. This could be related to
possible wind effects in the second part of the record, which have been
ignored in the computations.

The steady river discharges adopted in the astrotide runs were 800
cubic feet per second for Calcasieu River, 1,100 cubic feet per second
for Neches Biver, and 1,500 cubic feet per second for Sabine River.

Serial listings of the computed water levels at the gages discussed
above are given in Appendix F, along with listings of volume transport
at six channel positions. Flow at points 1 and 2 correspond to input

(if positive) to the system through Sabine Pass and Calcasieu Pass,
respectively. Since the tide amplitude is less than the seaward barriers,

the two passes represent the only source of water for normal conditions.
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Reproductions of channel output at three different times (30, 60, and
90 hours from start) are shown in Appendix F. The output shows flows
(in cubic feet per second), direction of flow, and water level along the
various channel reaches at the specified times.

VI. HURRICANE CARLA VERIFICATION

1. Forcing Function Input.

a. Wind-Stress Fields. The x and y components of the wind stress
for each 3 hours in a 72-hour period for an 8 by 6 coarse grid for Hurri-
cane Carla are given in the input listings in Appendix D. For convenience
in spotting possible errors in input, the wind-stress vectors were plotted,
based on the above input, by a special subprogram. Samples of these plots
for each 12 hours. are shown in Figures 27 to 32. The plots showed sus-
pect entries, which were subsequently corrected before any runs were
attempted, and have I increasing upward and J increasing to the left;
i.e., the seaward boundary is on the right.

b. River Discharge Input. The river discharges for the Calcasieu
River, Neches River, and Sabine River for each 3 hours are listed as
block (IDENT) 12 in Appendix D.

c. Gulf Hydrograph Input. The final input for HG, the water level
input along the seaward boundary, was taken as interpolated values between
Sabine Pass and Calcasieu Pass with input sequences at those passes adjust-
ed to match the observed values at the Sabine Pass U.S. Coast Guard Station
and Cameron after some modification due to flow through these passes. The
input is given sequentially at 3-hour intervals along with the wind-field
input in Appendix D.

2. Further Adjustments and Results.

a. Adjustments. In the series of runs for the Hurricane Carla simula-
tion, it was necessary to make some adjustments in the block topography,
particularly in the upper reaches of the Neches River, in order to provide
more ponding area at the levels of flooding encountered. These changes,
which are reflected in the final topography (App. D), do not change
the results of the astronomical tide calibration because the changes were
at levels well above those encountered with the astrotide runs.

A further modification was the reduction of the wind-stress values to
80 percent of those shown in the listings and in the vector plots for the
upper left-hand region of the grid. Specifically for I.LE.3 and J.GE.4,
the wind-stress components were so reduced in the final runs for Hurricane
Carla. This reduction was also used in the later application for Standard
Project Hurricane (SPH) simulations. The rationale for this adjustment is
based on the greater sheltering in this region due to both topography and
vegetation. The initial H for all locations in the bay was taken as
3.2 feet.
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b. Results. The results of the Hurricane Carla simulation are given
in Figures 33 to 41, and Appendix G. The input (observed) hydrograph for
Sabine Pass is shown in Figure 33 for a 72-hour period starting at 0000
hours c.s.t., 10 September 1961. These results are based on a block
friction factor of 0.0010.

The computed and observed values (where available) at gages 2 to 9
are shown in Figures 34 to 41. The principal discrepancy occurs at Beau-
mont where the computed peak surge exceeds the peak observed value by
about 0.8 foot. It was found later that by increasing the block friction
to 0.0025, this difference was reduced to 0.4 foot without materially
changing the results at other key locations in the system.

The auxiliary sample output for the simulated Hurricane Carla run
(App. G) gives, in addition to the serial listings of the above hydro-
graphs and flow at the two main passes, sample listings of channel out-
put at elapsed times of 30 and 60 hours.

VII. STANDARD PROJECT HURRICANE (SPH)

1. LR-ST Storm Data.

The large radius, slow translation (LR-ST) storm was utilized as an
atmospheric forcing function for the verified model of the Sabine-Calcasieu
system. The storm parameters were extracted from the pertinent gulf coast
section of the National Hurricane Research Project Report No. 33 (Graham
and Nunn, 1959). Table 4 lists these values which were also used in con-
junction with the analytic storm representation given by Jelesnianski
(1965).

Table 4. Atmospheric parameters for the large radius, slow
translation (ST) and medium translation (MT) storms.

Parameters ST storm MT storm
Radius to maximum winds 27 nmi 27 nmi
Maximum windspeed 100 mi/h 100 mi/h
Central pressure 27.55 in 27.5S5 in
Translation speed 4 kn 11 kn

Wind-stress vector plots have been prepared beginning at t = 30 hours
and at 10-hour increments to t = 80 hours (Figs. 42 to 47). The storm
track, which is taken normal to the general shoreline, has the Sabine-
Calcasieu system on the right-hand side of the storm approaching the
coastline. Landfall of the storm center is close to grid block 1,1.

The orientation of these plots relative to the topography is similar to
the wind fields shown for the Hurricane Carla verification. The gulf
hydrographic input, provided by the Galveston District, was developed
by an application of a one-dimensional bathystrophic model (Marinos and
Woodward, 1968; Bodine, 1971). A tidal component has been added to this
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open-coast surge. A total rainfall of 16 inches in 24 hours is included
as input. The results are based on a block friction factor of 0.0010
and are therefore tentative.

2. LR-ST Storm Results.

Nine simulated hydrographs are presented in Figures 48 to 56. The
hydrograph locations are selected to coincide with the locations of the
Hurricane Carla graphs and are shown on the base map in Figure 16. The
maximum water level excursion in these graphs is nearly 19 feet and
occurs at the Beaumont gage (Fig. 52) at approximately t = 80 hours.

The highest elevation at Sabine Pass, southwest jetty (Fig. 48) is 13
feet and occurs at t = 77 hours. The Port Arthur surge crests (Fig. 52)
at slightly greater than 14 feet shortly after high water is reached on
the open coast. The gage at north Sabine Lake (Fig. 51) reaches a maxi-
mum of 15.3 feet which coincides with Port Arthur. The surge at Beau-
mont develops continuously from the 7-foot level at t = 66 hours to a
maximum at 80 hours in direct correlation with the surge character at
the coastline. However, the 7-foot level is reached at the coast approx-
imately 6 hours before Beaumont. At the Orange Naval Station (Fig. 53)
the surge development appears more monotonic with a steady climb from

t = 54 hours to the peak surge of nearly 16 feet shortly before the
Beaumont peak. The recession stage at Sabine Pass occurs quickly with
passage of the storm, and the open-coast water level has returned to
normal level by t = 90 hours.

Drainage inland slowly reduces water levels and, at t = 90 hours,
Port Arthur and north Sabine Lake have water elevations of approximately
10 feet. Farther inland, the water elevation at Beaumont and Orange
stands at 13 feet. The system continues to drain over the next 10 hours
of prototype computation but slows considerably since the runoff reaches
peak rate at the end of the run.

Recalculations at the Galveston District, using a block friction of
0.0025 which improved the Hurricane Carla simulation, indicated signifi-
cant reductions in the peak surges for the LR-ST storm (Table S). The
greatest reduction is for Beaumont, as in the case of Hurricane Carla;
however, the amount of reduction is disproportionately greater than
that seen for Hurricane Carla.

Table 5. Comparison of peak surges for the LR-ST storm,
using two different block friction factors.

Location Surges (ft above MSL)
FK = 0.0010 FK = 0.002S
Port Arthur 14.3 14.1
Beaumont 18.7 17.1
Orange Naval Station 15.9 15.2
Lake Charles 14.1 13.9
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Figure 50. Hydrograph for SPH, LR-ST at Port Arthur (FK =
0.0010).
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Figure 51. Hydrograph for SPH, LR-ST at north Sabine Lake
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Figure 52. Hydrograph for SPH, LR-ST at Beaumont, Neches
River, and Brakes Bayou.
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Figure 56. Hydrograph for SPH, LR-ST at Lake Charles,
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3. LR-MT Storm Data.

The large radius, medium translation (LR-MT) storm has identical
characteristics to the LR-ST storm with the exception of a higher trans-
lation speed of 11 knots. Wind vector plots from t = 15 hours to t = 40
hours are shown at S-hour increments in Figures 57 to 62. The storm
track is identical to that of the LR-ST storm. The gulf hydrographic
input was derived by one-dimensional, bathystrophic analysis and pro-
vided by the Galveston District. Runs were made both with and without
rainfall. Again, the results given graphically below are the tentative
results based on FK = 0.0010.

4. LR-MT Storm Results.

The more rapid movement of the storm center across the Sabine-
Calcasieu system yielded generally smaller water level excursions in-
side the bay system in comparison with the LR-ST storm. Hydrographs at
the established prototype locations are shown in Figures 63 to 71 for
the computer run with rainfall (16 inches) and without rainfall. Note
that direct comparison between the LR-ST results and LR-MI results
should be made on the basis of Figures 48 to 56 and 63 to 71, respec-
tively. All of the SPH runs use an initial water level of about 2.5
feet in the bay systemn.

A summary of the peak values and relative times of water level at
seven locations for the three different SPH runs is given in Table 6.
Although the absolute values of the water levels depend on the value
of FK (as discussed in previous sections), all results in Table 6 are
based on the same FK and hence the difference between values is not
too sensitive to FK.

Table 6. Conparison of peak surge and time of peak surge, showing effects of translational
spced of storm and rainfall (FK = 0.0010 for all three cases).

Slow spced Medium speed
Location With rainfall With rainfall Without rainfall
(ft above MSL) | (timel) (ft above MSL) | (time) (ft above MSL) | (time)

Sabine Pass entrance' 13.0 0 14.9 0 14.9 0
Port Arthur 14.3 2 13.2 2 12.5 2
North Sabine Lake 15.3 1 15.3 1 14.7 1
8eaumont 18.7 4 15.1 S 11.5 6
Orange Naval Station 15.9 4 14.5 S 11.7 6
Cameron 11.3 1 11.0 1 10.8 1
.e Charles 14.1 6 _;_:_gl_d_i e 6 13.2 6

Inearest hour after that of Sabine Pass entrance.

Comparison of the first and second sets of peak levels in Table 6
indicates a reduced response at nearly all stations within the Sabine-
Calcasieu system with an increase in the translational speed of the
storm, in spite of the increased surge at the shoreline (Sabine Pass
entrance). A reduction in volume response within the system is expected
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rainfall) at Port Arthur (FK = 0.0010).
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for the greater speed (shorter duration) storm because of the constricted
connection to the sea. Port Arthur shows a reduction of 1.1 feet for the
MT storm relative to the ST storm; north Sabine Lake appears to show no
change. An examination of the wind fields close to the time of the peak
surges (Figs. 46 and 61) indicates that a greater wind-induced setup
within the lake occurs between Port Arthur and the north Sabine Lake
station for the medium speed storm, due to the favorable orientation of
the winds near the time of peak surge at the lake entrance.

The response at Beaumont and Orange, both of which are well inland
of the main lake area, shows a significant reduction (3.6 and 1.4 feet,
respectively) as well as a greater timelag for the faster storm. More-
over, the peak elevations for both of these stations are somewhat less
than that at north Sabine Lake for the MT storm in contrast to the situa-
tion for the ST storm. The limited access of water to these regions is
apparently responsible for this sensitivity to storm duration.

The influence of rainfall and associated runoff from drainage areas
well inland is shown very dramatically from a comparison of the second
and third sets of peak levels in Table 6, particularly for Beaumont and
Orange Naval Station, where runoff produces a differential flooding of
3.6 and 2.8 feet, respectively. A differential of about 0.6 foot due to
runoff and rainfall occurs even within Lake Sabine. The effects within
Lake Calcasieu and upstream to the northeast are less pronounced due to
the smaller runoff.

VIII. CONCLUSION

The use of a modified program for inclusion of subgrid scale channels
has been demonstrated to be essential for simulation of tides in the
upper reaches of a system like the Sabine-Calcasieu region, where the
primary connection to locations such as Beaumont, Orange, and Lake Charles
is via river channels which would not otherwise be resolved by a grid
scheme of the order of a 1-nautical mile scale. Even for conditions of
extreme flooding, as occur during hurricanes, the incorporation of the
subgrid scale channels provides a degree of freedom for return flow in
the presence of water level gradient, which would otherwise not exist in
models which exclude subgrid scale channels. The simulation of Hurricane
Carla in particular is improved over that attainable with the SURGE I
program which did not allow for the subgrid scale channel subroutine.

While programs such as SURGE I can, in principle, simulate the effects
of channels, provided the grid scale is of the order of the channel width,
the required computer time is usually prohibitive at least for explicit
numerical models. Some advantage can be gained in respect to economy by
the use of implicit numerical models such as that of Leendertse (1967);
however, the accuracy of such schemes when used on a competitive basis,
from the standpoint of economy (large time steps) can suffer relative to
that which can be achieved with the subgrid scale channel routine. How-
ever, the best procedure for such numerical simulation remains to be
determined.
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APPENDIX A

SURGE II PROGRAM

This appendix includes a complete listing of the SURGE II program.
Except for SUBROUTINE CHANL, the program is much the same as that used
in Reid and Bodine (1968). It should be emphasized that the coding of
calculations of flow and water level for blocks does not include the
effect of Coriolis force. Moreover, no attempt has been made to opti-
mize the coding since the original version. The actual new part of the
program is embodied in SUBROUTINE CHANL and the way in which the channel
computations mesh with the block calculations. Thus, while many users
may prefer their own version for calculations over the main grid, it
should be possible to incorporate SUBROUTINE CHANL with their own pro-
gram when applied to systems like the Sabine-Calcasieu region in which
allowance for channels is essential.
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NEAIBUEwy ey PT2e0000
ANISHLE Y PT24009S

127



SUACQUTINE PalT?

ns

128

130

140

148

150

15%

[aXa X2l

3%0

Jeov
) 347
340
3oy

'L14
@10

620

“3v
44

800
519
$60
Sty

$90
&%

i)
ety

(314
YL}

L TAR! corse

CHSTUzature (AN ale)oC

vCsCnytO

00 3%50 wasyeI~R0

NESNEXTY

mR0(“d)juRN(Mes, Mae)] )o(aViel,}oCR00KA)
| LUTEE TN § O W T IN 27
IF(NTIVE«TSTa)u3093800370
[E(NTTvEatnn)3pgeudeulo

IF (e 23enreT)apne3 %390
HENUO(CTIST(MCoy)eD]STINC)) /X CART
KCaxCay

nEal3e

60 %I w20

NE~3BvEwYe)

62 tu w20

“Ealapr

«C8<Cey

CANT [y

aN3anely

ANu3 F 4y
RE(RAPO(OIST(nCay)*(Av3el Doay Y)/x0 00T
Rélneo

60 0 aao

allwaq.n

contTluye

€0 OF 341+ a%n RO VALLES

START 0F .1°n €rvPLTATIONS
1P (JwlrDe~Fy)aoue820¢510
CONTINuE

If (lF1esT)enn Q704570

Cr San Tar,te
"G1(l)s=Go(1)

0C San Jegtr, 1~
X1(leJ)sud(T e 0y
Yi(led)my2(t4 )y

00 §90 tayz2,a

51 (1R 1 Ya=a2r1RY)
LAS&I3 T3 3 EY Y

1TevT1vEay

00 #10 T3texvay
nGR(LIeHGRe(Te1T)

IS (*0nInD, 7T,y GC TU ot0
00 020 Jst L™y
Av(ledysxus €1etelT)
YO(leJ)svyou(ge)elT)

CONT fuyE

D0 030 Jsdyn
rRR(J)e ™R (Je]T)

JalnOwy

1881

00 7310 Lstelvay
JCSIet 700 o))

128

FYN 4,0%420

08722/77 16514006

PT2ennqy
PT2e0907
PT2e0na8
PT2«00Q9
PT2e01049
PT2e0101
PT2e010
PT2e0193
PT2eginu
PT2ec10S
PT2e0106
PT2e010?
PT2e010A
PT2+0129
PTeeg11n
PT2a0111
PT2e9112
PT2«0113
PT2e0t14
PT2«011S
PT2e0116
P12e0117
PT2-0118
PT2ec119
PT2e0120

PT2e0121
PT2=0122
PT2e012}
PT2e012¢
PT2e012S
PTeeri26
PT2eas127?
PTee(128
Pr2eny29
PT2e2130
PT2eCt 31
PTRent32
PT2e0133
PT2e)13u
PT2ect3S
PT2ej13M
PT2«013)7
PT2ey139
PT2egt3®
PT2edlun
PTRe01ul
PT2e0142
PT2e0t4l
PT2e0tud
PT2e014uS



$URROUTINE PaRTQ

160

168

170

178

180

18%

190

198

200

208

210

OO0 o000

65¢
680

%47
(L1

(319

700
7o

129
1%
T40
750

800
819

820

[AlY

840

T4/%4 LK T4 FIN 4,b60029 08722777 186451400

00 669 ugyexmv
I191¢(k2e(xel))

12311extu

LIRS (¥G Kool )ouk(xolL)) /Al
CYME(YRIKeT 1L )aYR(CL))/AJ

GC TO (a50,607)418

DR (HMGR (K] )auGR(R)) 2L

Ch 48¢ fCol1412

OFusiCel
Y2(ICeJC)sYR(U L) (DTRS(DFYs,5))
X2(ICeJCIBXO (U, L) (NaI8DPY)
Gd TO (6744049).18

HG2(IC) awufia () eDPNRS(DFye,S)
CONT T iyr

DG 690 Iarsd,n
r82(l91ygnAR(TRTY)

6N TG (7004710)41S

1882

COnTInpe

DO 740 tatet~

DC 739 Ley4L>v
Jiste(L2s¢Le1))

J2nJte Ix

JIKI® Jreny

JiLdsJyeL?

DXAB(X20eJIx] YoX2(]oJ1)) /8]
Ovas(v2€14sJ1L) Yev2{ledl1))/ad
DO 720 JsJ1eg2

0fusJe gy
XK2(1eJ)sx2(1eJ1)+02R8(DF+,S)
Ye(leJdysvd(leJy)e0rRe0Fy
CONTINyE

COrLTIngE

CONT InyE

1P (1F1as7)760,80008G0
IFIRSTg

GO TO €79

COnTInyE

ANyPavey

aInD8JaTNn
OFuUB( 211 Dal,) /7o UP
CFUMBDF e, 7aN'P)

00 820 wgd,a

ME(X)BuP | () oNFU P (T2(H)enA](x))
HG(I%)e WA (1Y) o CRUMe(mG2(IV)emGyelv))

§=tEP weolLE FIELD FOR FLOW FRO* BLOCKS

00 2010 Jeyegeom

THIS BRANCH SHIPS THE JNVESTIGATIAN OF POSSTBLE BARPIERS FOR TwE
ACr Joy, £08 Jat TRE INDICATUR LG} IS SET, IF J 1S GREATER THawn
1 & SEa0Cw FOO 9AR=TERS [N TRE RO~ oILL TAKE PLACF,

L

129

PT2e0tub
PT2ec1u?
PT2e0148
Pt2e01u9
PT2e015N0
P1240151
PT2e0152
PT2001%3
PT2-0150
PT12e015S
PT2«0156
PT2«0197
PT220159
PT2e01%9
PT2e0100
PT2e0101
PT2ec162
PT200163
PTRe(tbu
PT2eC165
PT2ec1606
Pr2eC10?
PT2a01068
PT2e01069
PT2=0170
PT2e0171
PT2-0172
PT2e0173
PT2ec174
PT220175
PT2e0170
PT2eC1T7
Prectire
PT2e(119
PT2ac180
PT2e0181
PT2ec182
PT2ec18}
Pr2eG180
PT2e318S
PT2e0180
PT2eG187
PT2+0188
PT2e0189
PT22190

PT2e0191

PT2=G192



SURGOUTINE P2PTQ

18

220

228

230

2318

240

248

2%0

258

260

208

OO O

85¢

&40

870
(119

£9)

OO0 O o0

9¢
9N
Q20

1000

M OO0 N

1019

1020

1030
1040

[aXal

165y
1083
1084

M YAL] opre2 FIN L,004620 08722777 16451400

Ls0 PT12+019%
A NOrag  COMPLTATION SEQUEACLE mIL GCLUR,Twt FIRST ye0IR FLUK

TEFOCP ey STORAGE IS SET 45 TwaY nf twe FINST COLUMN,
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«H(L)ex PT2e0109
COLTInpt PT2e(200

CASEC ON «Jo THE INDEX LY IS SET TO IMNCICATE TRE AARRIER SITUATION
IN Tmg upve, COvPUTATION, LJS) EOR O BaRklees,
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SEGIN v~E EvavyuaT]on OF TmE PaASIC TwIAD OF GRID SQUARES, THE
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Rl 8 K(TeJ) P12eg210
28 12¢1e0) PT2.0211
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CNST & 1Cnsv(«y) PT2e9234
1100 1% 8 24 sn,9 PT2«0215
CO0! e cort o 001 PT2«0236
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318 GO TO (12901380 ) et PT2e02062
[4
1270 OWs~ieza PT2e02e3
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132



SURRQUTIAE PaaT?

375

389

38S

390

30S

400

410

u“us

420

1842
1803
15464

1560

2 XaXaXaXaX,] [a X2l

1570

1571
1577

1872
157

157%
157«

1573

1540
1590

1610
1620
1630
1o6¢
1050

1670
1eA0

2882

1621
1074
1671
1872

' LVARS [oLAR T4

1F(01e9,0)1%560,156041543
1F(0120,111%64,150u41%0e0
PuSrep n

G8(Gey, 16,071,

STANCARE CoaLCl aTICY OF G FCR BL2ruy
o 3(1,0/6)0C % #(C2 ® Tal & =) Py gn)

FTy u,04420

08722777 16.51,08

PT2«9315
PTée0d1n
Pr2en3y?
PT2e5318

PT2e(¥19

TrE m o a8p 0 CALCULATINNS 8RE “aSE £ Teg RASIS OF TWE JNDEX L9, IF
LASY TWE ol CuLal]OND 4PE P28Te2 6C 4f & RETyRY T Twg SOISNT OF
J4VESTIGATINs CF Tet DaTUr PRLATIZ §59]PS 1§ wafE (STATE¥E-T 2y)
APTESY Teg DUMSy VARISRLES =2 483 £2 49 SET UP FCQ ThE O\NEeTrEEE

$0UsES,

GOIsLyscy

GoesLa/ry -

16 (888¢n), | T,1,0E=10) (9C,0
GO TG (1S71e1n81) el

18(0)1572,1%77,1573
PLoaSey

GO Ty 1%gn

vLang
1F("2e2F)18764157541578
.80,C

GC TG jSac
IFCIC2en)1576e187%0158¢
Gee>

60 U 1890

hLA']
18("1e29)157841850 1525
IF(le1)169)¢18970tn3y
18 (JetaL)trtceraldetledt
LEFT wavn SEa+a03 =unDA%Y CINDITIY
LISXRAY I ER]

VL% 1,29

GO T0 1871

IF(Jelec)rnugygrudeto?C
18 (letrv)1e7ryyaSnelo?e
WIGHT wmau A SELadaC mLUNDaky COsDITIAN
m(lvv ) & =GrIvr)

GO Y0 jenr

UNle,

"2 8 w(TyJde)

13 1201eJe)

D2 3-2 <2

LQ 8

GO TL yree

10 187141674,107)
IF(YLna)tm00s10a8,10646G
16 ( 2e22)1272,1a82.10682
Ge0,0

133

PT200320
PT2e0321
PT2e0322
PT2«032)

PT2e0326
PT2e012S
PT2=0326
PT2e0327
PT2e0328
PT2e(329
PT2e0330
PT220331
PT2ec332
PT2en333
PT2a030
PT2e0338
Pr2e«0336
PT2e3%3)7

PT2e5138
PT2ec339
PT2<0349

PT2e03u1
PTee(3u?

PTeaclul
PT2e03uu
P12+034S
PT2eClus
PT2e(3u?
PT2eGYut
PT2e034u9
PT2e0350

PT2ec3S1
PT2en3s2
PT2c353
PT2e 35



BURGQUTIANE PaRTQ

e2s

430

38

“ao

[T}

S0

uss

7]

[T13

are

478

[aXaXal

1082
1685
16%0
1604
tes?

1673
1683
1688
1692

1689
169}

1690

2000
2010

1700
1710
172¢
1721
172¢
1723
1724
1729

t17a0

4
1750

o X 2l

Jo/%e ° goTER BTN u,00420

1F(“La)r160ustbnuelo®S
IF(%01ent ) 10Rpelbo0r ) 084
uhlsuhy

16 (G02eN) 1674128701090
wsel(?

GO TC y1ma0e
I6("1e2R)1672416330108)3
1F(PLw)r1pn2,108001039
1F(QUD1en)109241652¢1090
G360}

GO T0 1494

16 (QeUn1eNN1) 19U 169991091
4009 8 Neting ¢ 0,009
Q9 (N/(ans0))enit

USL B (ys1/70a000))*301
val B )

vtledrsun

U @ Uyt

v(led) 8 vt D)

van (D) 3 v\

CovTlvyF

VlimeJyayny

ConTlsys i
IF(uCY,G7,0) Call Creni(2)

S$=EEP ~~OLE FIFLD FOR n OM BLOCKS

Sumag,

Countsg,

L0 2020 JeleJuw

00 1790 fajel¥m

1912140y

Dien(l,Jye2

16(Je1)17004370001210

"(lel) 8 wGL])

IF(D1)1rane1720001720
16(Je1)1709,17%0041728
IFCle1)17220172201728
1F(JeJaL)179g.¢179041272%
1F(leluv)1720417290172%
1F(JeJan)179,,1790,1729
SETUPSBCIerL(Tedioi(lelod)eviieJ)ev(Telel))
n(led)s RElsJ) & SETUP o Ratn

8 BSUveanSF(m(]ed))

COunTacnysTey,

IF (D) o SETUP ¢ adln) 1740017601750
mCled) 3 12(1e )

IF(xCm,6r,0) GO TO 1799

08722777 16451400

PT1220155
PT1220356
PT2e035?
PT20358
P12e0359
PT2a0300
PT2e0361
PT2e0%02
PT2e030)
Pr2e0304
PT2=0%65
PT2e03e6
P12e03%e?
PT2«0308
PTRe0309
P12-0370
PT2-0371
PT2e0372
PT20373
PT2«0374
PT2e(37%
PT220%76
PT20377
PT2e0378

PT2=C3?9
PT2e(3A0
PT2=0381
PT2e0362
PT2epla3
Pt2e032u
PT2e0385%
PT2e0358
PT2e03n7
PT2ec3a8
PT2e0349
PT20360
PT2«0%91
PT2e0392
PT2e¢393
Pr2«C390
PT2+039S
PT2e(39s
PT2e039?
PT200398

PT2«0199

ENTER RULCFF vaLLES O ENTRY RLOCKS ONLY IF CWANMELS NOT PROVIDED

00 1770 JJxe) s 1RO
16 (LROJ(TIN)eJ)1T7700176001700

134

PT2a0uon
PT2e0001



SURRCUTINE PaRTR

480

11

(111

$00

908

S10

815

820

1760
1770

1780
1790
202¢

OOOON

2075

2085
2090

(4
2105
2100
2110

(4
21%

[4
2140

2150

[4
2160

L LYAL (J AR T4 FIN 4,0%u20

IFCLAOT(114)e?)1T770007000177%

COnTINUE

GO TU 1790

“lled)a m(Jed) ¢ =HOCTJU)SQELT/(CE x822)
CONT s yF
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IF(%C",67,2) CaLl CnanL(3)
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J-[Nonqunncl

IF(SUm/€01NTe190,) 237%94210002140

TEST Twg STaQI ITY 36 TeE COSPUTATIANS VIS avE su8(%),
COMPUTLTLIA~E axE SPaoLe, CaLCULATICHS CCrTINLE,
COrPUTATINNS aGE L STA=LE, 4N ONelINE “ESSARE |9 PRINTER

TEST NT F23 Twe OQUTPUT OF yevemeCox,Y PIELCS,
Ti= sHvivBalnT] i

ITimatgw

rINTSINTED

IO (T /nInt)a P /] TER) 2095+2085.2790

CaLl Saveed

15 (MTelnNLT) 2110421752107

QUTOLT tseuemeRo¥e? FLIELDSe PESET Avsc 4N0 StEp wh,
IS CInP LR, $C,0) GO TC 2110

CALL Cmar (u)

6 Y0 219~

(328 3]

AN B NN o
POUR & NTTEsF
CaLL Cmar (o)
CANTINYE

IF (nve 4PIvE) 218Ce21000232

STOR™ cnup BTEC, Fl-aL OUTPLUT GN T40¢S,
PRINT 218a,\n

FORUAT (21, STCP AS AT NTlee 3 ol4)
$T(P

CaLL Saveryy
CaLL Contrne )
RETUWN
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PT2egug2
PT2eGupl
Pleenucy
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PT2=0u06
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PT2e0une
PT2e0uyl
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PT2ecut

PT2e04u1}
PTee0utt
PT2e041S
PT2e0ule
PT2=0017
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PT2«0019
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PT2e642%
Pr2e002u
PT2e0u2?
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PT2«0ulu
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SUBROUTINE ChanL(N) Cmsi 0001
c
s COmmuN/a Ky TACI00)eJB(190) 012X C1GA)oIZYCIN0YoTCACX(106r) Car1co04
1e1COCY(100)o1COSXCI00)0ICOSY(100) ¢ LPOT(P) e LROI(®)DIST(24) CmyL000S
24CR3T(30)sRO(A,30)9™GR(8)1XR(Beh)eYR(Aep)e™aK(A) C=NL0MD6
COrPON/ALNY/ 12€2802V)0U(R28¢20)sv(2Re20)eH(20420)eMTIVE Cmnr0e?
COMIMUN ALK/ Moo [ e P AR oNFUIINFLP Yo o kugu AN L “aXsDELAWDELY (= L 304
10 1eCONFAomBTe U oI oL oM ITolJIeddl o 130, MV ¥y “mQF ,CONSTS Cm 0009
201PRGeJURO0 ¥R ISTRIINDNON KL g NORT 4T UE o [yTT+E QNI LGV Cm-L5M10
JouC P eDFyY INTER CnLonyd
COruTr /gy HON(AB)eCROCE) e ME(R4) e X1 (28021),Y1(28421)0x2(28021) CmuLang?
L1ov2(2P21)0x(28)97(28)e™G1(28)9™G2(26)em31(0)¢mA(9)evN(28) Certcryl
15 2e75(228)emk2(8) [ A R X ]
CC»20Un/0 ¢S/ TCGII30)eJCGE130)0laCx(13S)0lneyel30)12CaC1RC) CmrLonmS
1012CY(130)¢2CYPC130)9CCANELII0)oRCYPI13,) o0y N(130)e=Cl130) e PC1303Cn 1N
QeXCeuCY(130)enCY(130)9XCB(130)euCT(139)euUlF(130)¢vRT(13D)0130 Crticn?
JoMen(20137)0vCTCI3I)0VCF(139)0aC3Y(137)ea00bv(13M)evCxP(13)) C=.L3n18
20 Be%CYPL130)ouLB(SO) e MLy IFC(150)FC [N LAR
CO~~0n/q uyys TehUeNFe IBL  o%J97(u0) Cunlcnn
CUF"O"/“LIQI Iz'le‘aU""OoclOCZ'CSQI'"‘OJ‘“H wPoedt P T el TeaColFINSTCH L (N2
Lodol Dy uen]eXMQuUeNEr 3oANORT,y ClhoWalvedJoslo Juon]x [N LY 1
. EAVIVALFCE (NssDSC) C=nL 0923
2 4
ABSF(¥) 3 sRS(Y) CraL 2124
SQARTF(x) = SGRT(X) CrLor2s
[4
GO TG (1000¢20000300006000) o CHALAN2e
30 4
c CatvEL CcPNE | 1S FOR READIYG CmaSnFL DATa ann ESTABLISHING <EY ARRAYS
4 Crae€L CNCE 2 15 #07 FLOW %0 #EIGHT CaLCULATINNS [r CravELS
4 Cmasigy cNOF 3 18 FOW CaLCuULATION OF = On oL OCKS CONTATINING CHanNELS
¢ CHANNEL €npE & 1S FI% LISTI.G OF CeavagL Outayt
38 4
C ENTRY POLIT | pOR REACIVG CHanvEL D8Ta, [VITIALIZATION 300 F90
C ESTABLISAI'G wEY a4P9aYS POR ROUTIMe CaLCULATIONS
4
1000 PRINT Sue CmnLRnO27
Y P21 Y gag CeriLcn2s
600 FU~“aT(y Tug FOLLONING AmE SUBGRIO CmatNEL DATAe 2 vaALES In FEC=~Lyn29
1€ (e 2) C=sL0n3d
CuB(OF  vosdyrgL? (LI LYY
4
@S [4 A “EGaTIve T Cx L9 TaCY [DE-TIFIES THOSE CPaNtELS AT1Tw M435TEDS OF
[4 ESuaL BLEVATIOr G% 2JTm SINES SUCH 4SS & JETTY SvSvee
[4 FOm ST GLe @42al€R5s Tme LATTEQR IS Tad: . ON Twg [UNEQ STDE IF THE
. Cear 8 aLcC 1F 12C IS NEGATIvEs amlie O~ t=f OUTER $iNE IF 12C IS
4 PCSITLIvE
50 LD 8L wzyear Crm L ut32
=tal, &py, TrPESTe TCOEM)I o JCOCu) ot - Patud) e dZearn) e taCy(n)elZCr(ny (.0 2r30
1elbC () Crmoer 088
1F(I*C(ey,kn,ny 1FC(")x FCe1u000 C™ Lenls
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§01 FORMAT(T]1,42X,7185¢9(32019)) CrnL003e
L 1] IFCIOENT NE,8) GO TD S10Q CrAL03?
§0 CONTINyS Crngonds
00 100 wgtencv CHAL0O03®
HEN(Lonygn Chnt 0940
KEN(Rex)zn CHNLONuY
(L) LLIS LT 1 L LN DI ]
KCx(%) 2 o CHanLGNal
KCY(®) 3 A ChrLChGU
uCxP(u) 3 ¢ CunLenus
KCYP(K) 8 O CutL90ed
[1] 18 leGtuny ConL0nu?
J 8 JCGixy CHALONUS
00 80 LagexCh CHNLO0u9
IPCICGCL) EO,(To1) 8NN LJCG(L),EQ.J) *CvO(x) 3 CHnL 089
IFCICGEL) (&R, T, 04D, JCG(L) EVe(Jel)) aCXV14) 3 ¢ ChaL e
70 IECICGIL) EN (Te1) 8¥DJCUIL) ,EG,J) xCVI) 3 CHaL0952
IFCRCGEL) BN, T ANDLJCEEL) o£TalJm1)) ACK(4) 3 L CuvL(AS3
80 COnTIuye CunLersa
KCa(«) o o CunLONSS
1€ (kr,En,0) GO TO 91 Cr.L0088
7% 00 90 (sjenm CunLcas?
TF(I0CL) EN,T1,8C4J8(L),E3,J) «CB(wY) 2 L [42N-1.11.)
90 CONTInyE CwaLO0SO
@1 CONnTINYF CHALC%0
uCitny 8 a,0 CuuLoCet
0 UCF(x) 3 0,9 CHNL 0002
veT(%) 3 n,0 ChnlLoCe3
VCFia) = 0,0 CHALARBU
nP(H) 8 WwtleJ) CHsL00eS
PRINT §024 %o1CG(N) o JCO(N) o IACR(%) o 1ZCHCX) oL CYINYIQIZEY()oIFC(4) CP LIRS
8s 602 FORVAT(r  wafel8el LCOI(of30( JCOErol3ol JuCus(elSel J2CXS(ola  Cm L0987
1ol IwCvmtelSet T2Cya(elasl IFCatoTuy CraL0%08
100 CONTINUE CHNLO089
4
[4 ARRAY kg IDEMTIFIES BARRIER BLOCKS »~]Cw AQE AJT COuvON
90 [4 »ITH CHaNNEL 9,0CKS
Les ¢ CHALOPYY
00 108 wgyow CwALaAT)
I918(x) CusLone2
JaJB(x) CHtL 0073
9 00 102 Ls1y¥C™ CrxL 000
16 CICOCL) EN, T, AN, JCG(L),EDeJ) Gn TO 105 CmnL00T5
102 CONTINUE CuNLOOTYS
LESLCey CHaL0a??
KLB(LC)sx CraL0d78
100 105 CONTInys CraLEN T
LINZ N4 CraLDORO
4
¢ Yot FOLLOWING CREATES A SPECIAL INCEX #DR CwmavcEL STARTING ANVH END
[4 ANY BLOCK ~17W “EGATIVE JGC CR JuC tOETIFIES & CwaNaEL E°D POQINT
109 [4 ARRAY xEN INFNTIFLIES ~MaAT Tvwe OF gNG POINT Ex]STS ACCCRDING T g
4 1 KkCx ™ § xCs 0
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128
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168

135S

(2 X a¥a¥al

1o
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121

12%

T4/% cP13e

.

2 KCy ™ o xCv @
¥ XCxP ™ 7 %CxP Q
4 KCYP w 8 wgYP Q

1800

00 2v0 xstyxC™

131CG(x)

J8JCG(x)

IF(Cx(x) nE,0) GO TU 140

1% (InCxtn) EQ,0) G0 TO 110
16001Aa0e

n9sxCvetag

HCX(rn)gKs

J1CG(n)me]

SEN(leKIBY

1F(J,2a,1) GO 9 110

131214 Jer)
IP((rtlede1)aZ) LELO0) KENCLy%)3S

IF(uCv(x) rE,0) GO TO 120

1P (InCveny EQ,0) GO TO 120
180818001

K9SxC~e 1RO

KCY(n)sKks
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1CG(nyma]

Lol
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KEN(LoKIBD

1P (180,1,800,0.LE.J90) GO TU 120
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IP(1.%0,1) Gp tn 120

I1812(1=1. 1)
IPCtm(leted)eZ) bT,0) NEN(L.%X)32
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KYEXCYP ()

IECIaCy(nr Mg, 0) GO TO 130
IF(RvY, g9,a0) GO 10 12}
1FCInCY(xy),~E,2) 6D 10 130
1P (ax,en,8) G0 10 125
IF(IaCxtny) ,nE n) G2 TO 13y
1808334

RCEP(k)srC™e 1RO
IFLICG W) LT, A) JCG(a)Isey
I1CGIxNyse]

Ley

1FQJCG () ,LT,n) L2
“EnlLon)z?

17(J.8Q,J%) Gg TO 182
I912(TeJ01)
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CHNLO09S
[ LINLITY
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CrnLONS
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CHALOL YO
CmaLo1t
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CHnL011S
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ConLo11?
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IF(laCxtux) NE,0) GO T0 200
IF(xX,6Q,0) GO TU 13}
IF(leCurux) ,vE,0) GO TO 200
LF(xY,E9,0) GO TU 135
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1808 [8Ge

KCYO(u)axCvegnC
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CONTINUE
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KC™ 284 Cve 1AOM
09 210 MsyexC™e
mC(n)amGl
CCxP(xy 8 3,
QCyP(wy) 2 o,

OCxv(v) s o,
GCrvix) 3 0,
40Gx(v) 5 g,
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CONTINnyE

08/22/77 10451406

CHNLO127
CmaL 01268
CurLG129
CmaLc130
CraLot 8t
Coni0182
CuAL 133
ConL 0134
[SL AN TR L
CHALO L3S
CrvLo13?
CHnaL0138
CmnLo13e
CoNLO140
[ INKENY
CHALOt U2
craL01ud
[ LIN Y]

CunLO146S
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CrALOtu8
CHALO149
CHsLo150
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CmaL018S

APRAY Q] TNENTIFIES TRE LOCATIGAS OF GIVER I[nPUT FOR Q TYPE EAD COIAaTS

LR*8Q

LO~s0
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1P (uCxa(u) 60,0y xCx{n)a]T0P
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1F(1~RQ, 67, 0) ¢n TQ «éo
L3sy

IFCICGLm) 5T,7) GU TU «o0
KJARES ' (LSem)
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CHALO1SH
CmALO1ST
[LOIN 2R 1]
CHALO1S9
CHNLOte0
CHALOteL
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CHALO163
[LLUIN YY)
CmvLO16S
CHalo1406
[LLIN YY)

CrnL0168
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IE(%J,LE,u) GO TG wov

LansLRMey

LR32

Co 450 Ls1,Ivan
IF(LROTEL) B9, 1.8M0,LRGJ(L),e3,0) LosL

US0 CONTIvyE
[LISE Y IR ]

TP (LR, GT,A) Qv ¥~e)

460 1F(JCG ("), 6T,0) GO T 309
IF(LS.EN,2) GO 10 30
L9s2
6L Yu 410

300 COMTInyE
IS (LM EQ,1¥RN) GO TU 8¢

PajInT a470¢ LAY, T™NG
470 FORMAT(L e/ /(00080000080 4qu] Goassnusess LY {el},
1 0 CravvgL END OCINTS o/ =8TC= TmE (o3¢ ( RTVER 1aPUT PASITIONSI

CHaNLOT TS
CurLdrYe
CrnL017%
CraLetL7e
CHaL017Y?
CmwL0178
CmaL0179
CraLOL A0
Cuni0181
CuhLcr 82
CHnvLO183
ConiLO184
CHNLO18S
Cnni ol ae

CHALOt8Y
CmunLO1e8
CmNLg189

2 o/(!co-.'.c:..-o-otttatoOo-t-utc.-.ca.-o.'.o.uooo.totnt‘oooo-(./)C~\Lc|q~

480 CONTIuys
PRINT guq
S49 FORMAT( L ()
D0 400 wer uCn
PAINT 6604 HoEX(R)oACTY(K) ¢ XCAP(R) o CYO(X) oCRIK) s ICG(XK) o JCOLN)
LoMEN(1 oMy yuFNCem) o XRT(X)
SG0 FORMAT(( K3(of3el “CXB(ol30( <CYSB(a]30! KCYPR[e]%0( «CYPR{y]Te
§ 0 XCAg(yT30f TCOB(el30l JCOGIC 030 "EALT (0T34l XEM2x (413
2 %Qlaters)
600 CONTINYE
PRInT 561, nCup
8§51 FOx™ET (( (o077 10U L4CP2(,y 15,7/)

nETUKN

S10 PRINT §ag

$n3 FTmMaTY (¢ §70° AECAUSE CaRCS »ITw JOeNT ® 8 EXPECTEOLe//)
PRIYT Snus IDENT

S04 FO=“at(gy, {IDENTE(¢I4)
STop

4

C ENTRY POINT 2 £NR LCY AND MEIGHT CALCULATIONS TN CHAMNELS
¢

2000 SO 3 gsreL T

v0 2500 KspeuCe~

18 1CG(xy

Is ladgen

Je JCG(x)

Js laeg( )y

FUSHU 8 SATO (X1 (1eJIt0FUS(X2(Ted)exytTed]}))
PUSHY 2 SPIe(villed)eDFUstY2lIyJ)evi(14d)))
"9 w(l,])

v & 121

HCl 8 mC(u)
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CraL o191
CHnLO01 92
ConL01Q}d
CuaL0100
CHaL019S
CraL0190
Cra 0197
CruLdyed
C=sL0199
CotL 0200
CwAaLO201
CunL0202

CwnL0203
CraL 0204
CwnL 0205
CHnNL 0206
CHnL0207
CHnL 0208

CHNL0269
CrnL0210
CHnLO211
CuaLo212
C=hL0213
(LN I
CHaLC21S
CHALD216
CmaL0217
CrNLO21A
CHiL0219
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Ot 8 mjez Crun 0220
CFs IFCIx) CHnL0221
CFe CFeDELT/10000C, CHnL0222
K< 8 ¥CA(N) CHhL022)
210 aCOBlaCu(x) CHNL 224
~C84b8(nCS) [LLINF P11
IF(~C,EP,n,Y GO TC 2250 [LLINF 1
LS 8y CnnL 0227
(4
2718 T2 8 12014100 CHNLO228
H2 8 n(ls14]) CHhL 0229
02 8 »2e72 CragL 239
Q% ® QCrNtK) CenL 0231
9 ® NCYp(u) ChunLo232
280 Gl 8 ugT(v) CWNL0233
GF 8 ycF(r) CHNLO230
PUT 3 PUSwU CwAL023S
PUC 8 prguyenl CHNLO234
nasxCy(x) CuNL023Y
285 2CS8l2Cn () [LLINFA L]
{Ca=ans(2¢$) CHMLO239
1€ (un E0,0) GO TO 2110 CrhLG240
I8Cs 1Iu(x«) ChnLy24t
13Cs 2at/19, C=NL0262
29) COO0ls fronx(xx) CunLC24)
COCls coQt/1000. CHhLO244
COSIs 1CcONX(KK) CHnL0248
COSta costs100n, CHhLQ246
69 TU 2n2n CraLO24Y
298 C
CUS9SPCUTER WEekWTEY PUINT (X AND Y ChaANNELS)
2010 ¢201 8 ent CHNLO 248
ccst s cor CrAL0249
[4
3100 2020 =% 8 mC(xa) CmriL0280
RAC 8 (HCTewn) /2,0 CHNLO2S1
0sC @& mace2¢C CHAL02S2
1F(0AC, 6T, 0,0) GO Tu 2020% CHnL0293
¢ .
308 PRINT 20208 DaCe & CHNLE2Se
20206 FONMAT(1 DACE(eFT,29 11 87 CNANNEL BLOCK(0Tuo/ /) CHhL029S
G T9 4eon CHMLO2Se
4
20205 CEL 8 SnaT(GRaveLa() C=nL02S7
3o ALP3 (C3ece, CHNL 0268
CoLP 8 1 ,n o ALP CHNLOP2S9
mb 8 ALPeuv » CALDY (L [ ETNF FY]
HE 8 CalPomn o sLP0n(] CohL 026t
G ® ALPenn & CyL¥e,e [LUTN LY
ns G 3 CaLPe’s o 3LP83P CENLO263
Lfs | CrALOZ204
Loza CHNLG20S
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325

338

340

S

350
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i 114
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2022

2021

T4/74 [\LAK F FIN a,00u20

01 » 0y

CIl s na¢

nl & »y

nll ® wmag

gl s ot

o] 8 PELx owg

“11 ® ot

IF(xn,GT,0) GO T0U 2022
o821

GO TO 202¢

IRsloC

I#(~C8,LT,0,) 60 TU 2021
1FC2Cs .67 ,0,) 29321
LO9y

IF(21,67,708) 243t
181826 *

4
COsOs8 [ANER RFegNTRY POINT (SIDES 1 AND 2 OF CHANNEL)

202%
203¢
2040
2060

3
2070

<
2079
¢

2080
204

2082
2083

20080
2085

[4
2090
2109

[4
211¢

1F(u]ltle?2a)2030,203002080

1F (m1e79) 20604230042070

IF(nleZ8) 207%,2075¢2080

COut 3 o,

60 Tu 2100

OvVERELNe FRO“ REGION | TO ReGINN It
L2 LYY L]

GO T0 2490

OVEIFLra FRO™ PEGION 11 TO REGION |
U=alzent]

GO 1O 2049n

SUEMECGED B4PQLERS

GO TC (20m1.2783)0 LF

COUTS wlealls(wleNll)/((nlewll)wDELT)
LEs 2

GO TG (2110021270 LY

GO TC (2p043.20mu)¢ LS

0UTe L({leled)

GO TU 2nas

COUTS v(l.Jey)

08722777 16,51,.08

CHNLO266
CHALO207
[LATRFTY ]
CHnL 0209
CHnL0270
CwsLo27
CuNLO272
CmnL0273
CHALO274
Cwnt 0275
CHNLO0270
CmniL 0277
CraLo278
CHnL0279
CHNLO280
CunL0281

CrnLO282
CWaL 0283
CriL 0284
CHNL024S
CHnLO280

CHnLO287
CrnLO288

CmnL 0289
CHnL 0290

CHMLO291
CHNL 0292
CHnL 0293
CHMLO294
CHMLO20S
CHNLO0296
CHnLO297
CHALO2498

Wl 8 3007 ¢ ((m1e2,87ACom2)0aCo(M]amAC)O(aCoe2) /0ELN)/(2,%0ELT) CHAL0299

nOAR (QTe00UT) 2,
QTs WOyTHMIN
QOUTs QNytewpn
GO TO 2t2a

QOUT 8 € N1e0MHESNAT(GRAVEARS(DM))
LosLG
GO TU (211002120) L7

01 & Dac
Cil s 02
"l 8 waC
rll 3 w2
Ul » aF
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CHNLO303
CruLO30e
CHaLOB0S

CHhLO3OS
ChhL0307
[ LI YL
Cunl 0309
CHNLOYY O
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w]l 8 ¢

«“l1ls OELx

Gt 8 Qour

1F (x4 ,GT,0) GO TO 2112
19822

GO TJ 211y

18s24C

IF({=C8,L7,0,) 6N TU 2t1i1
[FL2CS,LT,0,) 74822
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APPENDIX B

DESCRIPTION OF THE SURGE II CODED PROGRAM

The general strategy of the program is discussed and certain special
features are pointed out which may not be apparent without detailed study
of the program. Operational aspects of the program are discussed in some
detail in Appendix C.

The version of the program adapted for use on the GE 400 computer
system by the Corps of Engineers consists of the following parts or

subroutines:

MAIN whose primary job is to read and check the sequencing of the
basic data for the block computations;

PART 2 which controls the basic computational sequencing, initializa-
tion, and updating of storage, interpolation of coarse wind
fields for the actual grid, and routine computation of U, V,
and H for all blocks, considering barriers (basically, the
SURGE I program);

CHANL(1) which is called only once to read channel data and to estab-
lish certain key arrays for routine calculation;

CHANL(2) which is called routinely to compute flow and water levels in
channels and at channel end points;

CHANL(3) whose task is the routine calculation of H on blocks con-
taining channels;

CHANL(4) which is called for listing of channel computations;

LIST(1) which is called only once to read control data for block
listings and to list the topographic Z field;

LIST(2) which lists the H field for blocks if called;

LIST(3) which lists the U, V, and H fields for blocks if called in
place of LIST(2);

SAVE(1) which is called only once to read the positions of certain
gage locations for water level or flow;

SAVE(2) which is called routinely at preselected time intervals to
save water levels and flow for gage locations defined by
SAVE(1);

CONTIN(1) which is called only once to read basic storage in COMMON
BLOCKS 1 to 10 in the case of a continuation of a given
problem;

CONTIN(2) which is called at the termination of a run to output the

continuation data called for by CONTIN(1).
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The version of the program used in the testing and calibration work,
using an IBM 360/65 computer system, has an additional assembler language

subroutine for plottinﬁ.pos@tions of barriers and channels (see Fig. 15).
This is useful in checking input data for channels and barriers to spot

possible errors in coding the positions of channel blocks and barrier
blocks. Unfortunately, this subroutine is not compatible with the GE 400
system. Subroutine PLOT in Appendix A however can be used for this pur-

ose. Subroutine LIST is not used in the version of the program in
ppendix A.

1. Flow Diagram.

A schematic flow diagram for the SURGE II program is given in Figure
B-1. If a new problem is being run then the first phase is reading in
the basic data and checking the data sequencing to make sure it is in
order and complete. This is carried out in MAIN and the beginning of
PART 2 which calls subroutines CHANL(1), SAVE(1), and LIST(1).

Initialization of block arrays is carried out in PART 2; initializa-
tion of channel arrays and establishing of key arrays are carried out by
CHANL(1). These key arrays are discussed in a subsequent subsection.

Step 4 of the flow diagram is the beginning (or reentry point) of the
routine computations for each time. After generating, the detailed inter-
polated fields of x and y components of wind stress for the blocks
(step 4) and all blocks (i.e., all I,J) are swept to compute the flow
components, U and V, ignoring at first the presence (if any) of sub-

grid sc?le channels, but considering barriers for any barrier blocks
(step 5).

In step 6 CHANL(2) is called to sweep through all channel blocks to
evaluate all channels Q and H except those for H-end points and all
lateral flows to and from channels. In the latter operation, the flows
U and V computed in step 5 are replaced by corrected U or V be-
tween blocks, considering the presence of the channels.

Step 7, which is carried out in PART 2, sweeps all I,J to compute

water levels on blocks ignoring for the present, the presence of any
subgrid scale channels,

In step 8, CHANL(3) is called to correct the block H values on
those blocks containing channels and to compute the H and Q values
at H-end points of channels. This also provides corrected H values
for those blocks into which the channels discharge.

Steps 10 and 11 are output operations for block and channel computa-
tions carried out in PART 2 and CHANL(4). This is followed by a time
updating and test for end, dependent upon a prescribed maximum number of
time steps. Before termination of a run, the contents of all data in
COMMON are saved for possible continuation of the problem, if desired.

2. Identification of Adjacent Channel Blocks.

To provide rapid access to values of H and Q in channels adjoin-
ing a given channel reach, special arrays are generated in subroutine
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CHANL(1). There are four such arrays: KCX(K), KCY(K), KCXP(K), and
KCYP(K). These give the channel block identification index for those
channel blocks which are adjacent to the Kth channel block as indicated
in Figure B-2, Thus, KCX(K) is the identification of the channel block
which has an x-side channel adjoining channel block K on the negative
characteristic side (i.e., on a preceding row), while KCXP(K) is the
identification of the channel block which has an x-side channel adjoining
channel block K on the positive side (i.e., on a following row). KCY(K)
and KCYP(K) have analogous meanings for blocks with y-side channels
adjoining that of block K. These arrays are generated by an appropriate
series of tests in which the 1I,J values of blocks adjacent to that of
channel block K are compared with the ICG and JCG values of all
other channel blocks. This is carried out only once during any run, and
is not particularly time consuming; moreover, it avoids any human error
which may easily occur if such arrays were required as input.

CHANNEL
BLOCK
KCXPy

CHANNEL CHANNEL CHANNEL
BLOCK BLOCK BLOCK
KeY, K KCYPx

CHANNEL
BLOCK
KCXx

Figure B-2. Channel block identification for
channels adjacent to those of block K.

The arrays KCX and KCXP have the properties KCXP(KCX(K)) = K and
KCX(KCXP(K)) = K with similar relations for KCY and KCYP.

As an example of the use of such arrays, suppose the value of HC 1in
an x channel adjoining that of channel block K is needed. This could
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be addressed as HC(KX) where KX = KXC(K). Using Figure 8 as an
example, the values of channel flow entering the junction from channels
1 and 2 would be addressed by QCXP(K1) and QCYP(K1), respectively,
where K1 designates the channel block containing channels 1 and 2.
However, the flow leaving the junction would be addressed by QCYN(K2)
where K2 = KCYP(K1) and QCXN(K3) where K3 = KCXP(K1). While redun-
dant storage of such H and Q values would also satisfy the require-
ment of rapid access to such values adjoining a given channel block, the
use of the integral arrays KCX, KCY, KCXP, and KCYP saves storage for
most computer systems.

An examination of the listings of the values of the arrays KCX, KCY,
KCXP, and KCYP, as output by the program, indicates that the maximum
value of any of these can and usually does exceed the number of input
channel blocks (KCM). The reason for this is that dummy storage posi-
tions are created for blocks adjoining channel end points. This is an
artifice of the program which allows routine computation for all channel
reaches before special computation for channel end points.

3. Barrier Identification.

The position of the Kth barrier block is given by the array pair,
IB(K) and JB(K), which is input to the program. It is convenient to
have rapid access to barrier information for those barriers which happen
to fall on a given channel block. The array KCB(K) gives the identifi-
cation of the barrier block which coincides with channel block K. Thus,
ICG(K) = IB(KCB(K)) and JCG(K) = JB(KCB(K)). If no barriers exist in a
given channel block then the corresponding value of KCB is zero. Thus,
in the routine program, a test for zero value KCB is made; if nonzero,
then a call can be made for barrier data such as elevation and barrier
coefficients via the barrier index KB = KCB(KC) where KC 1is the
channel block concerned.

The array KCB(K) 1is generated in CHANL(1), via a scan of all 1IB
and JB values for given ICG and JCG for channel block K.

An array KLB(K) 1is also generated which identifies those barrier
blocks not common to channel blocks. This is used only in the IBM 360/65
assembler language plotting routine, not in routine calculations,

4, Channel End-Point Identification,

As a signal that at least one channel end point occurs in a channel
block K, the value of ICG(K) is negative. If two end points occur,
the value of JCG(K) 1is also negative; otherwise, it is positive, If
no channel end point occurs, then both ICG and JCG for the block are
positive. This positive-negative coding is generated automatically in
CHANL(1) by appropriate testing; namely, to check if a valid channel
connects at each end of a valid channel in the block concerned.

In addition, the arrays KEN(1,K) and KEN(2,K) are gencrated in
CHANL(1) to identify the type of end point for, at most, two potential
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channel terminations in given channel block K. If there is no channel
termination both KEN(1,K) and KEN(2,K) are zero; if one termination
occurs for block K, KEN(1,K) will have an integral value from 1 to 8
and KEN(2,K) will be zero; if two terminations occur, both KEN arrays
will have nonzero value. In use, KEN(2,K) 1is called only if JCG(K)

is negative.

The coding for the type of end point is indicated schematically in
Figure B-3. Values of KEN from 1 to 4 represent "H-end'" type termina-
tions where a ponding block immediately adjoins the channel end. Values
of KEN from 5 to 8 are those for which Q is specified; e.g., river
discharge. Values within either group indicate the relative orientation
of the channel end point in question to assure calling the correct data
and using the right signs in the routine calculations.

3,7
POSSIBLE
ORIENTATIONS
OF ENDS
2,6 4,8
1,56
TYPE OF END

KENg= 1,2,3,4 HC=H OF ADJACENT BLOCK
KENg= 5,6,7,8 Q SPECIFIED

Figure B-3. Identification of type and orientation of a
channel end point by the coded identifier KEN(K).
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APPENDIX C
USER'S GUIDE TO SURGE II

The coded program SURGE II is intended for use in the numerical simu-
lation of storm surges or astronomical tides in bays and estuaries for
specified time sequences of water level at the seaward boundary of the
bay or estuary and specified wind stress and other storm data over the
bay or estuary. The user may use one of two distinct modes of operation:
(a) the storm mode, in which all storm data are required as well as sea-
ward hydrograph data; or (b) the tide mode, in which no storm data are
required, the only forcing being the input water level variation at the
seaward boundary. Moreover, in both modes the user has the option of
initiating a new simulation or continuing a previous simulation, the
input requirements being different for each.

In general, the input consists of the following types of information:

(a) Control Data--For input-output operations, initializa-
tion, array size, time stepping, and run duration.

(b) Bay Schematization Data--including block topography,
barrier data, and channel data.

(c¢) Forcing Data--including sequences of water level at
seaward boundary, wind-stress components over bay, rainfall
data over bay, and river discharge data.

(d) Problem Specification Information.

Certain checks are made as the data are read in, with regard to proper
order of input, proper amount of sequential data, and proper size arrays.
All stops resulting from these editing checks of input are identified.

In the subsequent subsections, the individual input parameters are
identified (with appropriate units), the sequence of data input for the
different modes of operation is given in some detail, and special require-
ments concerning data input for barriers and channels are discussed,
followed by a summary of output information and output options.

1. Definition of Input Variables.

The following variables are listed in the order in which they are
input (asterisks separate data blocks):

ICARD Control index: O for starting, 1 for continuation.
el Block 0
IDENT Data block identification;
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IBL starting column (I value) for listing of block H output
(normally taken as 1);

KCM total number of blocks with channels (including null channels,
see subsec. 6 of this app.);

NOWIND control for storm data input: O for normal input operation for
wind stress, rainfall, and runoff; -1 for omitting such input
for tide computations;

INTER interval in SAVE operation (time interval is INTER*DELT);

NGAGE number of H gage locations saved;

NFLOW number of Q gage locations saved;
IMIN minimum expected H (feet);
IMAX maximum expected H (feet).

NOTE----IMIN and IMAX are used only in subroutine GRAF, applicable to
IBM ‘360 or 370.

Kok kkk Block 1
NTIME Initial time level (normally O, unless a continuation run is

being carried out, in which case NTIME should equal the final
value of the previous run);

NM maximum number of time steps for the problem;

MMIN minimum "map time" for wind-stress input;

MMAX maximum map time for wind-stress input;

NFU number of iterations per map time interval;

I0UT interval for routine output from blocks and channels equals
IOUT + 1;

INFLD special output flag: 0 for standard output, 1 for extra
listing of channel output for one iteration preceding normal
listing.

*EXKK Block 2

IM Total number of x-grid intervals;

JM total number of y-grid intervals;

KM total number of blocks having barriers;
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KMAX
LMAX

% &k kX

DELX
DELT

Cbo

FK

FC

HGI

% % %k %k ok

KI

LJ

KII

LJJ

JBL, JBR

* K Kk %k
IB(K)
JB(K)

1ZX(K)

1ZY (K)

1CDOX (K)

total number of coarse x-grid points for wind-stress input;
total number of coarse y-grid points for wind-stress input.
Block 3

Spatial grid interval or block size (nautical miles);

time interval between block H and flow computations (seconds);

overflow coefficient for natural low-lying ground such as
barrier islands;

bed-resistance coefficient for blocks;

bed-resistance coefficient for channels (used only if values
for individual channels are not entered);

initial water level above MSL in the bay (feet).
Block 4

Number of interpolation subdivisions of each coarse x-grid
interval KI*(KMAX-1) = IM;

number of interpolation subdivisions of each coarse y-grid
interval LJ*(LMAX-1) = JM;

number of coarse x-grid intervals;

number of coarse y-grid intervals;

number of "open boundary' J-intervals on left and right
of system (not used in version in App. A).

Block &
I location index for barrier block K;
J location index for barrier block K;

elevation of x-barrier (right side) on barrier block K (tenths
of feet);

elevation of y-barrier (upper side) on barrier block K (tenths
of feet);

overflow coefficient for x-barrier (value x 1,000) on Kth
barrier block;
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ICDOY(K) overflow coefficient for y-barrier (value x 1,000) on Kth
barrier block;

ICDSX(K) submerged wier coefficient for x-barrier (value x 1,000) on
Kth barrier block;

ICDSY(K) submerged wier coefficient for y-barrier (value x 1,000) on
Kth barrier block.

Khkkk Block 6

12(1,J) Elevation of ground or seabed (feet) relative to MSL datum
for block location I,J.

ek Block 7

IMRO Number of river input (runoff) locations;

JMRO number of map times with runoff values;

KR number of channel-stress values (normally same as JMRO);
ISTR start of rain (map time);

IND end of rain (map time);

NOW number of iterations between river input values (normally

same as NFU);

KIM number of iterations between channel-stress values (normally
same as NFU);

NORT number of iterations per hour for rain (normally same as INTER).
*E KKk Block 8

RF Total rainfall (inches);

CONST fraction of rainfall not absorbed by ground;

S conversion factor for wind stress (5,280/3,600)2 x 1,1/10.

Kk kk ok Block 9

LROI (K) I location index for Kth river input block;

LROJ (K) J location index for Kth river input block.
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dek ke kk

DIST(M)

% %k ok k

CHST (M)

de kK kK

RO(K,M)

ok Kok

MTIME

% %k Kok

HGR(K)

%k Kk k

HBR(J)

d dek kX

XR(K,L)

% kk ok ke

YR(K,L)

ddkRkdh

ICG(K)
JCG(K)

IWCX(K)

IZCX(K)

Block 10
Percent of total rainfall per hour for 24 hours.
Block 11

Channel-stress values at map time M (entries are used only
if KCM = 0).

Block 12

Discharge (cubic feet per second) from Kth river input block
at map time M.

Block 13

Map time for given block of wind-stress input and seaward
water level.

Block 14

Seaward water level above MSL (feet) at MTIME for coarse
grid position K.

Block 15

Water level on right open boundary above MSL (feet) at
MTIME for grid position J (not used in version in App. A).

Block 16

Wind-stress component in the x direction (units of (miles
per hour)2/10) for coarse grid position K,L at time MTIME.

Block 17

Wind-stress component in the y direction (units of (miles
per hour)2/10) for coarse grid position K,L at time MTIME.

Block 18
I location index for channel block K;
J location index for channel block K;

width of x channel (right side) on channel block K (feet),
with sign (see subsec. 6 of this app.);

depth of x channel bed on channel block K (feet), with sign
(see subsec. 6 of this app.);
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IWCY (K)

IZCY (K)

IFC(K)

% K %k Kk

IGAGE (K)

JGAGE (K)

KFLOW(K)

% kb kK

IEND
NF
IBEGIN
NJ
NCARD

ALPHA(J)

width of y channel (upper side) on channel block K (feet),
with sign (see subsec. 6 of this app.);

depth of y channel bed on channel block K (feet), with sign
(see subsec. 6 of this app.);

bed-resistance coefficient for channels on block K (value x
10,000), if entry is zero (blank) then IFC is taken as FC
(entered in Block 3) x 10,000.

Block 19

Location index for the Kth hydrograph, if JGAGE(K) # 0
IGAGE(K) is the I location of a block H; if JGAGE(K) = 0
then IGAGE(K) is the channel block index for a channel H

if not zero, this is the J location of a block H; if zero,
a channel H is indicated;

channel block index for the Kth flow gage, the flow being
that of the lower end of the x channel, or the left end of a
y channel if an x channel does not exist, or a channel end
point if one exists in the identified channel block.

Block 20

Maximum I in listing of block arrays of H, U, and V;
number of iterations between listings;

first I in listing of block arrays;

maximum J in listing of block arrays;

total number of alphanumeric problem identification cards;

alphanumeric character data which identify the problem and
gage locations by name.

2. Input for Initiating Storm Surge Simulation.

The sequence of input for starting a problem in the storm surge mode
is given below in the form of a summary of the READ statements active in
this mode, together with a summary of the appropriate FORMATS for data
input in different blocks. For all data blocks requiring an entry of

the identification integer IDENT, only the units digit of the data block
number is entered in column 1 of the data input card.
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Control Card

READ

Block

READ

Block

READ

Block

READ

Block

READ

Block

READ

Block
DO

READ

1, ICARD

0 (1 card)

1,  IDENT,

------- IMIN and IMAX are left blank unless subroutine GRAF is used.

1 (1 card)

100 , IDENT,

2 (1 card)

100 , [IDENT,

3 (1 card)

250 , IDENT,

4 (1 card)

100 , IDENT,

(0 for starting)

IBL, KCM, NOWIND, INTER, NGAGE, NFLOW, IMIN, IMAX

NTIME, NM, MMIN, MMAX, NFU, IOUT, INFLD

IM, JM, KM, KMAX, LMAX

DELX, DELT, CDO, FK, FC, HGI

K1, LJ, KII, LJJ, JBL, JBR

5 (total of KM cards of barrier data)

500 K =1,

100 , [IDENT,

KM

IB(J), JB(K), IZX(K), IZY(K), ICDOX(K), ICDOY(K),

ICDSX(K), ICDSY(K)

500 CONTINUE

Block 6 (total of 2*IM cards of block topography)

DO

READ

READ

550 I =1,
100 , IDENT,

100 , IDENT,

IM
(1z(1,3), J = 1,10)
(1Z(1,J), J = 11, JM)

550 CONTINUE
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Block 7 (1 card)

READ 100 ,

Block 8 (1 card)

READ 250

]

IDENT, RF, CONST, S

IDENT, IMRO, JMRO, KR, ISTR, IND, NOW, KIM, NORT

Block 9 (1 or 2 cards, dependent on IMRO)

READ 100 , IDENT, (LROI(K), LROJ(K), K = 1,5)
IF (IMRO.LT.6) GO TO 575
READ 100 , IDENT, (LROI(K), LROJ(K), K = 6, IMRO)
575 CONTINUE
Block 10 (3 cards)
READ 250 , IDENT, (DIST(M), M = 1,10)
READ 250 , IDENT, (DIST(M), M = 11,20)
READ 250 , IDENT, (DIST(M), M = 21,24)
Block 11 (L + 1 card where L = KR/10. If KR = 0, block 11 input is
omitted.)
READ 250 , IDENT, (CHST(K), K = 1,11)
READ 250 , IDENT, (CHST(K), K = 11,20)
READ 250 , IDENT, (CHST(K), K = KL, KR (KL = 10 * L + 1)
Block 12 (JMRO cards of river discharge data)
DO 700 M= 1, JMRO
READ 250 , IDENT, (RO(K,M), K = 1, IMRO)
700 CONTINUE

Wind Stress and Water Level Forcing
(MITL sets of blocks 13 to 17 where MIL = MMAX - MMIN + 1)

710

CONTINUE
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Bloeck 13 (1 card)

READ 100 , IDENT, MTIME

Block 14 (1 card)

READ 250 , IDENT, (HIGR(K), K = 1, KMAX)
Bloek 15 (1 card)
READ 250 , IDENT, (HBR(J), J = 2,8)

Block 16 (KMAX cards)
DO 790 K = 1, KMAX
READ 250 , IDENT, (XR(K,L), L = 1, LMAX)

790 CONTINUE

Block 17 (KMAX cards)
DO 800 K =1, KMAX
READ 250 , IDENT, (YR(K,L), L = 1, LMAX)
800 CONTINUE
IF (MTIME - MMAX) 710, 1,015, 1,015 (710 returns to read block 13)

1,015 (CONTINUE)

Block 18 (KCM cards with channel data. If KCM = 0, the READ statement
is bypassed and block 18 should be omitted.)

IF (KCM.GT.0) CALL CIIANL(1)

DO 50 K=1, KM
READ 100 , IDENT, ICG(K), JCG(K), INCX(K), IZCX(K), IWCY(K), IZCY(K),
IFC(K)
50 CONTINUE
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Block 19 (2 cards)
CALL SAVE(1)
READ 350 , (IGAGE(K), JGAGE(K), K = 1, NGAGE)

READ 350 , (KFLOW(K), K = 1, NFLOW)

Block 20 (NCARD + 1 card)
CALL LIST(1)
READ 1 , IDENT, IEND, NF, IBEGIN, NJ, NCARD
DO 250 J = 1, NCARD
READ 450 , (ALPHA(J), J = 1,40)
250 CONTINUE
Format Statements for Input. The following formats were used in
all the testing operations. It is recommended, however, that for routine

operations those READ statements using FORMAT 1 be replaced by FORMAT 100
to make all basic numerical input consistent in card column range.

1 FORMAT (I1, I3, 19, I4)

100 FORMAT (I1, 2X, IS5, 9(3X, IS)
250 FORMAT (11, F7.0, 9F 8.0)

350 FORMAT (20 I 4)

450 FORMAT (15A2, 15A2, 10A2)

3. Input for Tide Mode.

For calibration of a given bay system, under virtually no wind con-
ditions, for its response to forcing by astronomical tide at the seaward
boundary and a steady-state river discharge, allowance is made in the
coded program to bypass the detailed input of wind-stress components,
and rainfall and channel-stress data; moreover, since a steady river
discharge is assumed only a single card is required to define this input.
In essence, the data blocks 10 to 17 are replaced by a shortened version
of block 12 plus a modified version of block 14 in which tide data at the
seaward boundary are prescribed at hourly intervals as the map time inter-
vals. The input is summarized as follows:
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Controil Card: 0 in column 1
Block 0: see Section IV,1, NOWIND = -1
Blocks 1 to 9 see Section 1V,2
Block 12 (1 card for steady river discharges)
READ 250 , IDENT, (RO(K,M), K = 1, IMRO)
Astrotide Block (1 card for each 12 hours)
905 READ 910, IGA, MTIME, (H(1,J), J = 1,12)
MU = MTIME + 12
IF (MU.LT.MMAX) GO TO 905
910 FORMAT (I2, I4, 12F 6.2)
(IGA = 1)
Blocks 18 to 20: see Section 1IV,2
Comments on Tide Mode. The map time interval for the tide mode is
1 hour. The MTIME entry for the astrotide block is the time (hour) of
the first of 12-hourly values of HG (entered as H(1,J)). The tide is

assumed uniform along the seaward boundary of the bay system, hence one
HG value per hour is sufficient.

In starting the tide mode from rest state (U= V =0 and Il = HGI = 0),
usually one or two diurnal tide cycles are required for the numerical
model to reach a nearly periodic response to an almost periodic input.
Thus, if the final diurnal cycle is to be free of initial transients, at
least 72 hours of HG data should be provided. This may require an
adjustment in the dimensions given in COMMON/BLK6/ which appears in sub-
programs MAIN, PART 2, and CONTIN, if the full data set is to be stored
for one run. An alternative is to make use of the continuation option,
using less data input per run (e.g., 24 hours).

4. Input for Continuation of a Run.

Since the main purpose of the tide mode is for calibration of the bed
friction coefficients for blocks and channels, it is expected that many
trial runs will be made for a given bay system. In order to keep the
machine time to a minimum for each successive run, it is desirable to
use an initial field of U, V, or H which is close to the true re-
sponse at the starting time. This can be accomplished by using the re-
sulting U, V, and H arrays from a previous tide run for the bay system
as the initial values. (This should be done even if the previous run has
different values of the bed friction coefficients.) The mechanism for
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accomplishing this is the use of the continuation mode option, as con-
trolled by ICARD. In this mode, the contents of common from a previous
run are input along with any additional forcing function data.

To make the program as flexible as possible, the continuation option
can be used for either storm surge problems or astrotide problems, the
only difference in input being in the type of forcing function input.
Such forcing function data should be consistent with the continuation
time. Moreover, the value of NTIME input in data block 1 should be
equal to the final NTIME in the previous run which is continued.

The sequence of input for continuation of a problem is as follows:
Control Card: 1 in column 1
Contin Deck: Contents of COMMON output from a previous run

Blocks 0 to 3: see subsection 2 of this app. (4 cards)

Foreing Deck: For storm surge mode, blocks 13 to 17, inclusive.
For tide mode-astrotide deck.

A flow diagram summarizing the READ operations as controlled by ICARD
and NOWIND is given in Figure C-1.

5. Comments on Barrier Input.

a. Possible Barrier Locations. All barriers in the schematization
occur parallel to the sides of a given barrier block. Barrier data
qualified by an X in the coded name (e.g., IZX, ICDOX, ICDXS) refer
to barriers normal to the x-axis on the right side of the barrier block;
those qualified by a Y in the coded name (e.g., IXY, etc.) refer to
barriers normal to the y-axis on the upper side of the barrier block.

If a channel exists parallel to either barrier, then such a barrier may
occur on either or both sides of the parallel channel, depending upon
the coding of the associated channel input data (as discussed in a sub-
sequent subsection). Barriers which might exist along the left or lower
side of a given block are represented by appropriate data coding of a
barrier block in a previous row or column.

b. Precaution. It should be emphasized that for any barrier block
it is up to the user to supply appropriate barrier elevations ZB for
both the right and upper sides of the barrier block even if a real
barrier occurs only on one side of the block. The important point to
observe is that the specified 2B values should always equal or exceed
the larger of the block elevations at or adjacent to the side of the
barrier block in question. Otherwise, errors can occur in the computa-
tions.

c. Array Size. The number of barrier blocks KM is normally
limited to less than 100.
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Card
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0] no

Read CONTIN
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0] no
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Read Blocks
10,11

e

F‘

Read Block
12

Y€ TIf NOWIND =

01 no

Read Blocks

Read Astro-Tide

13,14,15,16,17 Data
Y& I7r ICARD = 0 )——12°
Re'ixg.llgl'ggks > Begin Calculations |
Figure C-1. Flow diagram for read statements.
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6. Comments on Channel Input.

a. Possible Channel Locations. All channels in the schematization
occur along the right side or the upper side of a given channel block.
Channel data qualified by an X in the coded name (e.g., IWCX, IZCX)
refer to channels normal to the X-axis on the right side of the channel
block; those qualified by a Y in the coded name (e.g., IWCY, IZCY)
refer to channels normal to the Y-axis on the upper side of the channel
block. 1If a block has both an X and Y channel, one data card speci-
fies both.

b. Channel Junctions. In the schematization of a channel system
junctions can occur with adjoining channel reaches parallel to each
other or perpendicular. Moreover, one-, two-, or three-way branches are
possible. -

Four possible right-angle channel junctions are illustrated in Figure
C-2. The simplest junction is that shown in the upper right panel of the
figure where the joining channel reaches are in the same channel block
K1. Right-angle junctions involving two adjacent channel blocks are
illustrated in the upper left and lower right panels of Figure C-2.

CHANNEL CHANNEL CHANNEL
BLOCK BLOCK BLOCK
K1 K2 K1
CHANNEL CHANNEL
BLOCK BLOCK
K3 K3 A
£
|
k1 | CHREEE CHANNEL
. LO BLOCK
NULL CHANNEL | K1
8LOCK I
(IHCXWIHCYiejl

Figure C-2. Four possible simple bends for a channel reach.
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The final possible right turn is illustrated in the lower left panel
of the figure. In this case, the program requires that a channel block
(K1) join the connecting channels of the nonadjoining channel blocks
(K2 and K3) even though no channels exist on the joining block Kl1. In
such circumstances, the required ''null" channel block would have zero
width for both the X and Y channels (IWCS = IWCY = 0) as input. The
H value at the junction of the connecting channel reaches for this case
is stored as HC(K1); i.e., in association with the null channel block.

Colinear adjoining channels always involve two adjacent channel
blocks. Four possible junctions of this type are illustrated in Figure
B-2 in relation to central channel block K.

c. Channels with Levees. The program allows for the following possi-
ble situations with respect to barriers parallel to channels:

(a) Single barrier on the "inner" lateral boundary of a
channel;

(b) single barrier on the 'outer" lateral boundary of a
channel;

(c) barriers of equal elevation on both sides of a channel.

NOTE.--The term inner or outer side of a channel refers respec-
tively to the side common to the channel block contain-
ing the channel or the side common to an adjacent block.

The barrier elevation information is input separately from the
channel block data and allows only one elevation for the right side and
one for the top side of a block (hence, the restriction of equal barrier
heights for the double levee situation c above). The specification for
situations a, b, or ¢ is accomplished by a sign coding in the channel
block data as follows:

(a) Channel width (ICW) positive, channel-bed elevation (IZC)
(b) channel width positive, channel-bed elevation positive;
(c) channel width negative, channel-bed elevation negative.

It is understood that only the magnitude of IWC and IZC for a given
channel is used in calculations.

d. Channel Terminations. A channel system can terminate at (a) a
larger body of water representing a lake, bay, or sea; or (b) at a bound-
ary or in a landlocked block within the system. In the second case, the
program assumes that the flow at the channel end is zero unless a river
discharge to the channel is specified (see input) and that the channcl end
block is one block inside the boundary block.
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e. Restriction. Only channels with the channel bed below the mean
water level (MWL) reference are allowed. The actual elevation used in
calculations is - |IZC|, regardless of the sign on the input of IZC for
a given channel.

f. Array Size. The number of channel blocks (including null channel
blocks) is KCM. However, (CHANL(1)) creates arrays of length KCMP > KCM.
The value of KCMP exceeds KCM by one plus the number of channels which
terminate on the exterior boundary of the grid including the seaward bound-
ary. Since KCMP is limited to 130, KCM should be less by the amount
described above.

7. Outgut.

a. Listings of Input and Key Arrays. All input data are listed in
easily identifiable form in the order in which the data are entered
through block 18. Immediately following the basic channel input is a
listing of the key arrays for channels, as discussed in Appendix A,
including the assignment of sign coding for ICG and JCG.

Also printed out, in the same block format as the routine listings of
H, are the block elevations.

b. Sequential OQutput. Normally, the routine output of computed values
includes block H arrays and listings of all channel variables at pre-
determined intervals of time (as determined by IOUT). It is possible to
list the U, V, and H arrays for blocks by changing the CALL LIST(2)
statement following statement 2,100 in PART 2 to CALL LIST(3).

For channel listings, refer to Figure 6 for notation; the listings
are ordered by channel block number K. The block location I,J is
repeated (negative signs indicating end points). This is followed by
HX, the water level (feet) and QXN, the volume transport (cubic feet
per second) at the lower end of the x channel, then QCP, the transport
at the upper end of the x channel. These are followed by HY, QYN, and
QYP representing, respectively, the water level and flow at the left end
and flow at the right end of the y channel. Next is HC, the water level
at the junction of the x and y channels. The last four entries in the
channel listings are the transports (in cubic feet per second) to the
channel from the channel block and from the channel to an adjacent block
for the x and y channels. The HC value is meaningful for null channels
only.

c. Saved Time Sequences. Subroutine SAVE, if used, saves sequences
of water level and flow at preselected locations (as identified in block
19 of the input). In the original version of the subroutine used with an
IBM 360-65 computer the saved information was punched on cards to facili-
tate later graphing of the sequences.
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APPENDIX D

COMPLETE DATA LISTING OF INPUT FOR
SABINE-CALCASIEU REGION WITH
FORCING DATA FOR HURRICANE CARLA
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®e049 *=,0352 @,0198 N33 e,N)12p6 =018
@015 @,0022 e,0022 @uN02U e,NN23 =,0023
a0l ®,0012 e,0011 @N01p e,f017 *,0016
0002 00,0000 @,N006 «,0008 o,N010 @*es0ul2
«004 «NONS D004 00,0000 e,n0ng =,0008
0005 0020 0012 s 0008 002 NL00060
000 oN043 0017 «0000 «000s WN0NU
006 oN0U3 0017 «00NQ «N006 o 0004
e 000 20043 0017 oNO0S «000s 0004
HGR FOLLOWED bY HWHR ARRAY (IN FEFTY 87 MTI"ts
60200 60,2000 48,2000 AP000 4,2000 6,2000
Sou00 S,4000 S,4000 S.40nd S,a00p0 S,4000
XR VALUES(IDNTae) AnwD YR VALUES ¢INuTg?) AT “uPT]ImMEs
e (065 @ 0247 &,N21]1 o,0190 o,n178 =,0162
0089 @,0307 o,0211 @ TT a,0162 ®,0147
@086 @, 02R6 @,N210 @,0162 e,n107 =,0}133
@080 ®,0207 @,0209 @,0)06 e, 0132 *,011%
@00k @,0205 @,0207 e N1 L,r11Q0 e,0)(C7
0e039 2,0278 o,01R9 e,0117 oMy e, 009S
ee039 @,0278 @,01RY e4N}17 o,N10g =,0095
®e(39 '.0276 ..01.9 e,N117 e,Nihy ®,009%
0N8 oNG20 «N01S 0001 e oHUN}
e 010 $0043 002¢ «OMS 001y 000G
o0Y0 «00060 0030 «0C10 «NOIN «0007
2011 20044 «N03? N2} oNOIR 00015
0012 «N0S1 0004 eN02S «0010 +NO1S
0012 .0079 0047 0027 «0020 « 0017
0012 «0079 eNOU? e 0027 0020 00017
012 oN0T9 0047 00027 0020 0037
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HGR FOLLOWED BY wAR ARRAY (1M FEgT) a4t MTIvts

]
8.0v00
S.3v00

Q9
7.2000
b6,2000

6e000 6,0000 #,0000 6.008r 44,0000 ©,0000
Se3N0 S,3000 S,3000 Selvnn &,3680 S.3000
AR VALUELS(IONTEO) 4MD YR VALUES (INNnT=T?) 4T MaAPT]IMES
0e008 ©,01R5 @,0150 e,0143 e,f130 =,0118
®,0U2 *,0210 @,015% e,0128 e,Ni1a °=,0105
©e(39 @,0198 @,0150 #7114 e,N103 =,(09¢2
0e03d @,0150 e.N130 o011y o,0091 @007¢
0e030 ©,0134 «,01%6 @,0000 o,00R0 =,0072
e,026 *,0175 @,0109 @,0078 e,N070 &,003¢
0e026 @,0179 2,0109 «,0078 «,0079 ®,0080
e0026 #,0179 0,0109 ©,0078 «,0070 ,008¢0
0017 « 0040 W N0US Ay o N0 00025
016 L0078  ,00SY L0037 L0314 0026
Nk 0070 MG IY 00tY N0V W0y 20
G106 L0u8d  ,00SF L0082 L,00%¢  .N02¢
019 L0082 «N0SH L TR 1S NI hU2d
o014 «O0AS RULLS eNU3S «N032 0029
014 .NCYS «ORSY 0038 oh032 N9
«014 W 0089 + 0081 «001§ 0032 W02V
HGR FOLLOWED BY YHR aNRAY (]n FESTY AT MTImMEs
T¢200 T,2000 7,2000 Te2000 71,2000 Te.2C00
64200 60,2000 60,2000 642000 ho2000 6,2000
XR VALUES(TIUNT®O) 410 YN VBLUES (InHTs?) aT MAPT]IrvES
®eN60 ®,N289 @,0210 <,020] a,NY1Ap =,017}4
--0S7 0.0503 CQOZ', .uﬁ‘.s a,N)AN -.0155
e NS0 ®,0290 ©,N200 *,016% «,01%2 ©,0139
®,0US #,N222 #,N20A e,0148 e,N137 =,0120
@e037 @,0170. «,0189 40133 @,0122 =,0110
@e036 @,0208 o,01U2 €,0110 L,0108 =,016]
0,030 ®,02U8 e, ,N1U2 *,0119 e ,N|0R *,0106]})
©e036 ®,0238 @,0102 e,N119 L,0)03 e,0}16]
0027 «0100 «N078 oN06S «N0S7 0049
00206 .0138 +00R0 0080 +NOSA «N0SO
027 «N1SO « 0090 « 0067 «NO%A + 0050
¢ 025 «0113 20097 20066 « (0SS «004s
0022 +0094 20090 0068 «N0Su 00009
0023 JN148 0079 TS 0083 «007S
023 20348 o079 0061 «NOSS3 20075
« 023 20079 008} « 0083 «007%

00148
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HGR FOLLCwED BY W8BR AWRAY (IM FgfET) a7 MT]Hes 10
7¢000 7.,0000 7,0000 T.0000 77,0000 T4000C T,0000
56000 06,0000 640000 60000 AL000p 640000 00,0000

XR VALUES(INNTSO) AND YR VALUES (TNnTgY?) AT MAPTIMES
@e0UB ®,0190 @,N1TY9 ey 0lhn w,N{lg =43115
@e0U2 @,N224 @ N1TH @ 0]VT &,0125 e4011)

0,037 *,01R7 e,0150 ®,0122 e,f112 *,0101
ee032 ©,0170 @,0132 40180 o,f000 =,009)
20028 @,014] €,0157 @209 e N0RT e40078
oe024 ..0105 e,0106 ®, 00K oy NG TH e,v00d
@ 024 ©,01695 e, 004 e,008% o,0074 *,0008
@024 *,0109 #,7100 @,00Ry &,MfN74 =, liunn
02U +NOAS 00070 2 00by e N 4R EY)
0023 0109 N0?9 +NQSS 2 ONUP UTD!
00214 0099  L00R0  .N0SU N4 40u3?
0020 L0090 JNo67 2008 EYY) MO Va
18 20081 «NNRY OyuQ YT ROTTAYS
s016 2N1NY e 00h0 LT o NOVY «N033
010 .010’ QnOQO 000“5 .ho!c 00033
o016 ,01038 20060 «N04S «N0O3e V33

HGR FOLLUwFC By HER ANRAY (1M FeFT) 47 MTIME® 11
G800 99,8000 g,R0N0 S,8000 &,RP00N S,H006C 95,8000
Se800 S,R000 S,8000 Se8000 &,R000 S,R000 S.8000

XR VALUES(TUNTEO) AND YR VALUES (INLTeT) AT "2PTIMES
e 084 o 0213 «,010¢ <,C140 e,0iS5s =,0143
@eQUb ®,02495 @,N190 ©,0]153 e.njbn =,N}2E
eaeNUQ -, 0225 e, 0180 e, 0} 8A oN1260 e,0]1e
0o 037 ©,0199 &,0147 @s012% 0119 e,N102
o033 .Qolq7 .09175 ®,fi1 10 e,N0%Q ®, 00RO
®©s028 ©,N199 o,0130 ©,009 e,N0RA e,0079
®s(128 ©,0199 @,0130 ®,0098 o,00R3 «,0079
®e028 =,0199 o,013u 0092 o, ,00% =,0079

0024 <0080 . 0072 +00SS RS «NOTS
WoN22 0109 N0 o 0USS N 0OUS 00037
0021 .010% .0075 00053 oeV0US RS
«021 +0090 « 00869 « 0082 sNYUY 00039
019 L0083 0045 «0049 00U N0 Yo
«018 «011S o N0n9 20045 +N039 0033
0018 o0315 «0069 «00US  -,0039 1333
o018 oN11S « 0069 «00us YL e 0033
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MGR FOLLOWED BY WER aWRAY (IN FEFTY AT MT[NES

12

60,2000 6,2000

64200 6,2000 64,2000 06,2000 A, 2000 06,2000
5,300 S,3000 S,3000 Se3v00 S,3000 55,3000 9S.3000
XR VALUES(IONTES) AnND YR VALUES (JOMT?) AT “aPTIMES
es0UN «,0106 e,0108 «.0130 a,0]120 @o,011¥
o035 @, 0169 «a,01600 *,0]124 a,0118 e, 0105
ee029 ©,0165 «,0130 e,0100 o,709) <=,0083
®e025 =,N136 e,0110 e,M0R7 4,008 e Ould
ee021 ®,0101 @,0115 @77 o,00Tn «e00h3
ee018 ©,0121 «,0092 *,0059 e,n0h1 =.0055
@s01B @, 0121 o,N092 ©,0080 a,0061 *.0055
2e018 ®,0121 e,N0092 ©,00%9 e,n061 =40055
031 «0135 20099 W0Qhy «NOTY 000061
0029 0127 «0102 «N0AQ YY) 0064
«02S .N1133 « 0095 « 0067 «N0SY o 0Qul
022 JN114 «0091 o006% 0082 IR
o020 ,0088 00938 ' N08E JNOUG 00041
«018 20109 00?7 Y sO0bY 00 l7
o018 ,0109 WN0?7 OUe T «0037
s018 oH109 0077 000 JNoUA 0037
HGR FOLLOWFD bY WHR aRkRAY (IN FgpT) AT MTIrES 13
0eBN0 6,6000 £,6000 0.6000 H,A000 6.7000 6,7000
6,800 5,R000 S§,%000 8,3000 €,8000 S5Se8000 55,8000
XR VALUES(IDYTEe) avN YR VALUES (INNTST) AT ~aPTIMES
@e0U9 @, 0255 o, N218 ®,0211 e,N20] =019}
©e 002 =,0251 ©,0199 <,0170 o,rf169 *.0159
ee037 ©,0247 e, ,01R0 ee0174 e,”1%3 e,0N133
0e033 00,0197 o,0179 @,0145 eN126 0109
0e028 ©,0154 @,0150 e 0)JFA o,n11] =,0102
®e026 *,0193 <«,0115 ,0u% e,ANTQ e,N000
e (P4 '.nIQS e, 0115 ®,NY%% @ 0079 *,00060
es02U ‘.0\"3 o135 009y esMDTQ e, 00b0o
053 h2U0 0189 0165 T )28
0047 « 0251 o0179 00144 on127 0111
043 0285 L0170 « 0169 WAN120 L0093
00139 00211 0173 «0130 0902 00070
e0%3 oNITH 20150 o101 «N0%7 0080
0029 0214 «0140 0VQ3 <009y « 0085
+029 ,0214 00140 «N0QYy ,009) 20085
0029 0214 00140 00093 0091 20085
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14
2.,2000
Se6000

15
$.1000
$.2000

HGR FOLLOWED BY MBR ARRAY (IM FEETY a7 MT[Mts
$.800 %,8000 S,8000 S,%00 6,0000 6,1000
56600 55,6000 S5.06000 Seb000 S,b0np S46000

NR VALUES(IONTSG) &ND YR VALUES (INNT27) AT MAPTIMES
@e0U] #,0223 e, 018 @,0179 e,017) *,0163
©e036 @,0235 @,0157 @,018] o,0185 =,0]148
ee032 =»,0201 @o01S0 ©40162 e,0142 ey,0121
2s029 ©,0196 ©,0155 @,013u e,0128 *,0121
®e025 ®,0107 @,0182 ®e0110 a,N]15 . =40097
®e022 #,0183 @,0120 *,0099 o,0102 ®, 0108
@s022 ©,0183 @,0126 *,0099 o,n102 *,0109%
®,022 *,0183 o,0120 ®,0099 e,0102 ®, 0109

044 o0215 0163 e0) Uy JNi2u 0108
0040 0234 «014¢ 00122 «M117 e0302
030 «N207 N1 U0 o013s 0107 «008S
v032 00193 «0yud 00117 WoN100 « N0AS
0029 00152 003407 « 0099 JNOQY 0007}
0025 0196 o120 s 00RQ « 0086 «0082
0025 <0196 0120 o 00AQ NOPe o082
e 025 «0190 oN126 o)A Y LYS «008¢

HWGR FOLLOWED BY MBR ARRAY (IN FEFT) 4T M1]~cs
Ge300 94,3000 WU,3000 4eSo00n a,T00p 449000
54200 5,2000 S,2000 Se2000 S,2000 S.2000

XR VALUES(T0NT2e) 4ND YR VALNES (JONTg?) AT “aPTl«Es
°s 000 ©,0222 o,01% <, 0185 o,n19) <,018)
ee036 #,0264 @,0173 ©.0168 o,0)1Ts ©.0169
e 0% #,0233 «,0170 40182 e,0160 <*.0138
®e030 @,0203 e,0173 ©,0152 e,0147 @*0149
@029 *,0168 ©,0170 *=,0128 e,0132 *,0113
©es025 @#,0218 o,01495 ,0115 e,0110Q 0102
@025 @,0218 @,0105 ©,N116§ e,N119 <=,01)2
o025 0.“215 e ,N1UY e, MilS o119 e,0102

o 0U9 0240 o019 Y Y oN160 003141
W 0U4 0304 «0179 0187 JN148 W0127
+040 «nR67 w0180 00169 N30 o0312
«037 N34 0179 0107 127 0110
«03S « 0187 «0182 «0124 110 «0U9S
e032 L0250 0155 40115  ,A111  L00Rs
o032 «N2%0 «015S ¢011S FGAR K] NUBY
0032 0250 +0159% «0118§ N1 RDY.T)
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191

HGR FOLLOWED HBY WHBR ARRAY (IN FEFT) AT MTIMEa {6
o600 W,6000 4ebON0 WeT00) 0,9008 Se0000 Selv0Q
56100 S5,1000 85,1000 Selung &,1000 Se1000 5e1v00

XR VALUES(IDNT®e) AND YR VALIUES (INVTE?) AT MaPTIMES
*e(27 -,0156 °,0149 o162 CPLER A e,0l00
©s026 '.0!01 -.0‘36 --0150 o180 wy,dlby
@029 ®,010d e,0100 ®,0150 e ,Nnj R =,0)25
00023 =,016]1 «w,01S3 e,01390 S,n128 =,0119
®e02] @,N150 @,0142 e,0100 o,0117 =,0125
@019 =,f1SS @,0132 40100 e Nil1g 0099
19 ®,0159 @,01%2 #0100 e,0110 *,0099
©e019 @,0159 @,0132 40100 a,0110 *,0099

2087 0293 oN247 « 0239 «"2%0 00190
+ 0S4 .3376 «0230 002,2 «N10a 019
« 051 .033‘ 0240 00222 eNYPRY «03 U9
« 045 0290 0245 0206 T 0130
040 L0271 0227 W016y 0186 20149
0038 00268 0211 «0148 YT 0110
0018 0268 0211 0108 0140 0110
«038 s 02h8 N211 eNYUB 0180 «0310

HGR FOLLOWED BY WAR AWRAY (N FEFT) AT MTIMEs 7
Sed00 S,6000 S,4000 Se0000 &,R0N0 08,0000 66,0000
S¢300 S,3000 S,3000 S.3000 %,3000 S¢3000 S5,3000

XR VALUES(IONTeb) AnD YR VALUES (INNTsT) AT MAPTIMER
©e015 =,0139 @w,0109 o]y o,N124 e=,0114
®e015 ®,0125 e,0089 e,011] e,0121 <=,013}

. ®e013 ®,N118 &,00R9 e,011) o,N}18 e,0122
o014 =, 0111 @ ,N108 «,0100 e,N10] *,00%
©e018 ©,0097 @,017] @,00Ry @M% =,009}

013 ®,0103 «,0092 =,00Rp e,00% =,0068%
@018 ©,0103 «,0092 e,00Rfp o,008s ©=,008%
ee013 ®,n103 @,0098 e,0085 a,NnAy =,0045
071 0518 LY 1374 030 e0Cw}
Y NYTY oN2T4 +0289 eN286 .0281
058 J0011 00270 0240 N2b4 0239
« 085S 00362 «N314 s0269 N227 « 0189
0009 ,0317 «N293 0213 o210 o199
00U s0310 00252 0213 0019y 0175
w044 03106 20252 213 N193 « 0175
00U ,0310 0252 v 0213 04193 «0175

1e

17

Se100v

6,0000
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MGR FOLLUED BY M@R &RRAY (IN FEFTY 8T »T]lvez 18
490 S,1000
S.00nn §,0000

«0229
0214
00193
00193
v0101
o010y
«010s
«01ldup

S.8000 S.4000
SeNuhy S,.0v00

(IPNT37) 4T MAPTIMES 18
*,0020 e,0028
©s0022 e,0030
*sN028 e, N0YY
0024 =, M02A
®,0023 =,002n
LR I3 oo NP6
@,0021 e,N02p
©eN021 e,002¢

0228
JN210
«0192
01T
«N180
eN14S
M1 US
0148

WBR aARQAY (IM FEFTY aY
35000 t,80n00
Yol 00 08,9000

*,0040
‘.0037
*,0031
°, 00268
*,2020
®,2025
®,0025
'00025
N22n
s0208
00175
0loy
0131
ARY
118
0110

»TIYEs 19
4eMV0O W,1000
We4000 4,4v00

XR VALUES(IOMTmo) AND YK VALU'ES ([NMT3?) AT “aPTImMEe 19

« 0080
007
«003%0
0030
e 0020
o0C1S
0018
0018
028y
X4y
N2uY
eH247
«N2e9
021
00211

4e700 44,7000 94,7000
$,000 S,0000 S,0000
XR VALUES(IONTa6) 4MD YR VALUES
-002 "’."‘000 .00007
e001 ©,00086 e,001])
06000 <,0011 e,n028
°e(00] @,0014 o,0019
®,001 ®,N015 e,0022
002 e, 0010 e,0029
®,002 ©,0010 e,0020
@002 *,0016 e,002v
NIT.) oN249 0212
+ 045 ,N332 0211
00U 20310 0210
0038 N268 W0211
0033 02114 0211
0031 0229 00193
01} N229 0193
03] .0229 oN103
HGR FOLLOWED 4y
3.200 3,2000 3,2000
4000 G,0000 d,400V
«016 YTRA 0080
01 W « 0090 00U
0012 0072 00050
0011 «hO6) oNOUd
009 ,0048 o00tS
W 00R JN0Ub 0532
008 LT NJ R4
o008 +0040 0032
087 .N301 NPTy
0 0SS YRR 0264
082 o037 WN2R0
0080 0349 0307
004? «0306 «0280
0 0uS 0529 +0306
e 04S 0329 <0308
0 04S 0329 «0808

o021}

192

001S
0228
e NNPD
« 017
0012
«fOVY
SAUAR
FOGARY
NeRp
02867
MOPX L)
n2un
H220
oN214
021
h21y

«902%
U119
o001}
0007
Nulu
oNVCT
N TUGR )
W0uAT
.(\2“(‘
0208
oN2ud
0212
0230
0212
s0212
0212

S,u000

84,1090
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HGR FOLLOWED BY MgR ARRAY ()N FEET) AT MTIres 20

3,4000 3.6u00
4,0000 @,0v00

VALUES (INNT2T7). 4T MAPTIMES 29

+0073
.0059
WNOS)
« 03¢
)
003
« 093¢
20034
«N238
«022¢
e 0205
00158
o045
00159
«N1S9
20189

MTIHER 21
4,0000 4,1000
46,6000 G,6000

VaLies (INNTa?) T MaPTIMES 2}

20700 2,7000 2,7000 2.9000 13,2000
U4e0N0 W,0000 U4oNO000 He0300 w0000
XR VALUES(ICNTme) anD YR
2018 0086 0073 04 Te L0075
0015 0313 00064 0UNY W0CAD
014 ,nO0R2 L0060 «00SS  ,ANSy
0012 ,0076 o005 00054 NLLYTS
0011 « 0060 «0057 o0VUR N0y
0009 00062 00049 0032 oNn31
«0n9 0062 0049 0632 YRS
«0NQ NOB2 JN0U9 « 0032 FLIAS
0036 oN193 0180 . 401099 eN217
0015 h20b 0160 W1y NNy
00;3 .02‘5 .0135 Ooiﬁq 00187
003} 0210 0201 017 eN172
029 « 0185 0180 0187 N8R
.0?1 .ﬂZ‘U .ol’l 00‘30 .01“0
027 0203 0171 N30 IR
3?7 0298 017 N BT YT
WGR FOLLOWED BY HMBR ARRAY (IM FErt) 8t
3700 33,7000 3.7000 3.A000 11,9000
GebN0 4,6000 4,6000 deb00) d,60N0)
XR VALUESCTONTZS) ann YR
10 0074 LYY Y NOTS N0TH
013 «N093 D062 «QUAY NTY 3
012 «0u72 00060 «NGS3 «NOSS
011 .,0070 0064 MUY noun
010 0053 0053 « 0043 + 2039
o008 20061 w0043 DUy NS
0NB 0061 0003 0037 «001%8
o008 0061 000643 Nudy «N03s
e 029 0145 N3 e 0161 N Y Y
«026 0190 NERY eN]1Se oN1bR
s026 0163 0150 «N13A WN183
029 0164 o160 0107 IR
0023 «0136 20138 0126 oh128
022 0367 0126 «0114 oN118
022 01067 00126 0110 NIRKS
s022 0167 0120 «0tl4 oN11S

193

LY )
MY
+ 0058
0037
N 1"3 3¢
« 0030
«N030
« 0030
00195
ofilng
oN16b
0114
0110
w0104
00104
00104

3.8000

4,1000
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MGR FOLLOWFD BY HHR aNRAY (In FEeT) AT MT]Mee 22

40000 84,1000
44,4000 4L.40N0

VALUES (IPNTe?) AT aAPTIMES 22

0u7y
O Y
UITAY-)
«0V30
o033
0039
0039
Oy39
0180
o134
00130
«OQR9
0090
ity
0114
oNYlu

nTIves 23
24R000 2.9000
3.5000 3.5000

VALUES (INNT3Y) AT MAPTIMES 23

3500 3.5000 33,5000 3.7000 3.9000
Qe0Q G,U000 4,4000 doly0o 4a,00n0
XR VALUES(IONT®O) AAND YR
013 + 0060 « 0058 U7} 0067
sute 0079 o056 «0061 LY
e 010 00067 00060 NoKy NI
2010 NGBS oH0BS 0080 YR
0008 «0009 e 0009 «00UpD «"039
e 007 00056 «00U0 0034 «0037
00?7 +0058 «0040 0034 00ty
0007 .0056 .0000 10030 .no"
0021 0104 00109 «0118 N1V
0020 .0!02 N1NG oM19 .ﬂl’o
019 JN132 ,0120 00109 oN122
«019 oN133 .0]“7 «0138 PLE RN
018 .0110 «0110 w0100 N0}
010 +0130 20100 LT 010y
010 L0136 L0100 L0008 nyny
0010 .0130 +0100 009 N0
HGR FOLLOWED BY HBR ARRAY ([M FEFT) at
24200 2,2000 2,2000 2.4000 ?2,.M000
3990 33,5000 3.53%00 305000 3.%000n
.XR VALUES(TONTEH) AND YR
e 0NQ WNOW} 0040 000%2 onO‘S
008 0052 NG «00u9 «N0UA
007 s0049 «N0SO N0UY oNONY
0007 oNGu? 200840 W0uas oNDUY
006 L,003S 0039 «00133 +003s
000 0088 00032 0032 «003
+006 0044 00032 e0032 +NOYY
«0NG 0004 20032 «0(32 «NOYY
013 003 L0072 009y L0002
e012 .N081 «0073 LY W NOAY
e011 JN082 « 0090 «00%u LY
e013  ,N0R4 L0105  L00RS  ,N0Rp
o011 «00m0 «0070 «00mR JNOTY
e011} «0086 +«0068 00068 «N0AQ
e 011 L0086  ,0068 L0088 L0060
o011 0086 L0088 L0068 L0069

194

+00SH
0047
wusSy
0033
+ 2039
0029
00029
« 0029
0108
W00
«009%
0000
J1.1]
«0069
e 00069
« 0069

4,000

2.9000
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\
3

g
Ke
L$3
Xg
Kg
Kg
Kg
Kg
s
g
Kz
Keg
Ks
Ks
s
Lf ]
LY ]
Ks
LT
Ks
K3
Kg
Ke
Kg
Kg
L% 3
Ke
g
Kz

L3
241000
3.5000

2,1000

24

VALUES 1N FEET

0

n
2801
0
1000
0

[
300
s3vQ
«900
aQuh

«900
'TU
4vo

eul0

oy
«u00

150

MGP FOLLOWED dY HBR aHRAY (., FeFT) at MTIMes 2
o300 1,3000 1.3000 eSura  §.700n  1.9000
500 3,5000 3,5000 3¢500a6 3.500n0 3.5000

XR VALUES(IONTSp) 48P YR VALUES (1NRTz7) AT MAPTImMES
«000 .0050 00035 « 0040 LY G499
0N <0034 0033 40038 0042 TR
e 005 00037 o037 00032 R e NOLY
«0095 s0081 20045 e0013n RN Y Q38
+ 004 ,N0206 o030 « 0029 «N013 Y30
0N 20033 e 0024 «002u 0 N027 ohy2?
o004 .0033 000?“ rd) «eN027 o')OZ’
00U +0033 sNO24¢ s NO27 w0027
o008 20040 0040 « 00583 «N06) 20070
0008 0040 0047 20054 Y Y «0072
007 0055 0055 eiUn «N (0SS Nl
0007 JN008 00672 s 00U9 eNOSe -« o 0LOS
00006 s0042 oNOuUY o NOSC «N0SY? T Y
006 ,0087 0043 «0043 «N0SH «0US1
000 « 0057 oNOud 008 YL «00S1
e 000 0057 «0045 00Uy «N0SY «0051

THE FOLLOWING ANF SURGRID CrHaNNEL NaTae 1

1 1C6z A JCRz 1 1wCxze233n 12Cvs «20 Iwlvs
2 I1CGs & JC62 2 TaCxsedytn lrcvz =20 IvwCys
3 IChz B JCRs 3 1aCx3 2860 12Cxs =21 IuCvs
4 1CGs 7 JCnhe 3 lwlfixs n 12Cxs 0 liCys
6§ 1CGs 7?7 JCGs 4 1aCxa 2840 [2Cys =21 IwCve
6 1CGs 6 JCGs 4 laCxs o 12Cxs 0 lwCvs
T ICRe o JCG3s & laCxs tang J72Cxa 26 IwlvYs
A ICGa & JCGz & InCXxz Q0o l2Cxs 26 IwCvs
9 1CGs & JCGS 7 1aCX3 aqpp 17Cx3 =21 I=CYS
10 1€G2 7 Jglhz 7 fafxs 0 17€xs 0 Iw«lvs
11 1cGe A JCG=z 7 IrCxs= 0 17cxs 0 {vCye
12 1C6Gs 8 JC6z R 1aCre «9np 12Cxs =206 [u(vs
13 ICGz 9 JChz A l.Cxz2 o 17Cxs 0 lwCys
14 1CGs 9 JCGz O J+Cx3 eQnp 12Cxs =20 luCvs
18 ICGs 9 JCGe §n InCxa Qap I7Cxs =20 lvwCve
16 JCGs 9 JChRs 11 IaCxm  g4np 12Cas 35 laCvs
17 1CGs 8 JCGs 1y IwCrs 0 12Cxs 9 1vCvs
1A ICGx 7 JCGs 1) laCas 0 172Cxs v lwCvs -
19 ICGs 7 JCGs 12 1wCx® wu0p JZCe¢s =35 lwlyvs
20 1cGs » JLGe 12 Ie«Cxe o0 1Icys 0 lsCys
21 IcGs S JCas 12 IeCxe 0 J7Cx= 0 lwCvs
22 1c6z S JCGz 13 l«Cxz 380 12Cvs 43 l«CYs
2% ICGs S JCh=z 14 TwCrz 380 I2Cvz <43 lwCYs
24 1CGz 4 JCGLE ju 1+Cxsz ¢ 17Cxs 0 IwCvs
25 IChz ¢ JCOx 1S laCxa 300 17Cvs =25 1aCvs
26 ICGs S JUGz 1§ laCaz 0 I17C¥a 0 laCva
27 ICGa S JCGRz 16 laCnz ayne J2Cxs =00 lwlvs
2R 1CGz 4 JCG3 16 1eCas 6 12Cxs 0 lwCvs
29 1CGz 4 JCGz 17 laCaa  4ng 12Cvs =30 IwCys
3a ICGz S JChRz 17 IaCas » YT20x2 0 IeCYz

L¥]

195

L

IZCve
12Cvs
12Cvya
12Cva
12Cvs
12Cvse
l2Cvs
IZCvs
liCvs
12Cvs
12fvs
I2Cvs
TiCvs
T2Cvs
12Cvs
12Cvs
12Cvs
TlCvys
12Cve
1ICvs
I2Cvs
I2Cve
12Cvs
T2Cvs
12Cvs
12Cvs
12f0ve
I2Cve
I2Cve
12Cve

.21
0
2o
12
.15
o2
L4
o0

=)}s
35

IfFce
1fes
1fcs
1fra
1fcs
1fes
lrpso
1fcs
1fcse
1rea
lérs
1fcs
1ftes
1Fes
1fcs
1rcs
1Fes
1Fcs
1fes
1fre
1Fes
Ires
ifrs
irecs
Thes
1Fcs
1fes
1fFcs
Ifers
TFes

15
15
16
15
19
15
15
20
20
20
20
2¢
20
20
29
25
29
28
25
2%
2%
?5
28
4
7S
25
2%
23
25
28



I1CGs
ICGs
1C6e
ICGs
I1CGs
I1CGe
I1CGe
I(Ge
1CGs2
1CGs
1C6s
1CGx
1CGe
1¢Gs
1CGs
I1cGa
1CG2
1CGs
1CCGs
ICG:
ICGs
I1CG2
1C6a
1Chs
IChs
1CGe
1¢cGs
1CGs
IcGse
1Chs
I1CGs
1CGs
dCGe
1CGs
1CGs
1CGs
1CGs
1CGe
1CGse
1CGa
1CGs
1CGe
1CGs
1CGs

5 1CGs

ICGs
. 1CGs
1CGe
1CGs
1¢CGs
1¢Gs
1CGa
1CGa
ICG:z
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JCGs
JCGs
JCGse
JCGs
JCG=
JCGe
JCGs
JCGs
JCRe
JCGs
JCGsa
JCGs
JCGs
JCGs
JCGs
JCGe
JCGs
JCGs
JCRs
JCGs
JCGs
JCGs
JCGs
JChe
JChz
JCG=
JCGs
JCG=
JC6s
JCG=
JChsz
JCGs
JCGe
JCGz
JCG=
JCGs
JChs
JCGs
JCGs
JCGe
JCGs
JCGs
JCGs

» JCGe

JCG=
JChz
JCG%
JCGe
JCGs
JCGsz
JCG=
JCGs
JCGa
JCGs

O O ODNFTUNNL WYY —=

-

18 InCxs
18 InCxs

fwCxs
JaCxs
IvCas
IaCxa
IoCxs
IrCxs
IuCxs
I~Cxs
laCarse
IwCas
{wCas
1~Cxs
I«Crs
JaCxs
JaCxs
1+Cxs
leCars
IrCas
InCxs
IsCxs
1.Cxs
IwCxs
InCxs=
InCxs
J«CX2
TaCxs
JrCxs
InCxs
laCxs
1«Cx2
JuCxs
JwCxe
TuCxs
IwCasz
laCxs
[nCas
TnCxe
l4iCxs
1wCxs
JaCxe
IvCxs
InCrs
IuCas
IaCxe
laCxs
InCxs
loCxs
TuCas
InsCxs
TuCaxs
IwCxs
1rCxs

350

200
200
100

I12Cxs
12Cx=
12Cxs
12Cxs
12Cvs
12Cxs
17¢Cve
12Cxe
{7Cxe
12Cx=
12Cxs
12Cxs
12Cxs
I7Cxe
12Cxs
]7Cxs
12Cxs
I7Cxs
f2Cvs
17Cxs
12Cxs
12Cx=
12CYs
12Ccxs
12Cxs
1ZCxs
17¢cxs
12Cxs
fZCxs
12Cxs
17Cxs
I17Cts
17Cvxs
172Cxs
12Cxs
1ZCxs
12Cxs
17Cxs
12Cxs
I?7Cxs
12Cxs
12Cvys
12Cxs
12Cxs
12Cxs
12Cve
12C¥s
12Cxs
1ZCxs
12Cxs
17Cxs
12Cxs
12Cys
12Cy¥s
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lwCys
JwCvYs
{wCvYs
IwCys
JwCvs
IwCY2
1«Cvs
IvCYs
{~«C¥s
leCvys
ITINZ
lwCye
IxCvs
JwCys
JwCys
leCvs
InwCys

l4aCve

JwCvys
IvCvye
InCYn
laCys
IwCys
IwCys
laCYs
IwCys
IwCYs
luCys
IvCve
I4Cvs
[~Cva
TuCys
InwCYs
[wCvs
IuCys
JwCys
JwCvys
laCve
lwCys
luCys
iwCys
JuCys
IwCys
luCys
luCvs
IvCvys
laCvye
laCvys
IwCvs
laCve
Iwlya
1«Cvs
laCvs
lwCys

300
0

100
100
200
200
200
290
200
200
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200
350

IzCys
1Z2Cvs
12Cve
I2Cvye
1zCvs
12Cvse
12Cva
1zCvs
IZCvys
I2Cvs
1ZCvys
IZCve
I12Cvs
12Cys
12Cvs
12Cye
12Cve
I2Cve
IZCvs
T12Cvs
12Cvse
1z¢Cys
121Cvs
I12Cvs
12Cys
12€Cvs
l2Cvye
IiCys
1iCys
12Cvys
I12Cvs
12Cvs
12Cvas
Iz2Cvs
t2€yvs
IlCvs
T2Cvs
[ZCvse
12Cvs
IzCvs
11¢vys
12Cvs
12Cvs
T2Cve
I2Cvs
[2Cys
12Cvys
12Cvys
12Cve
12Cys
I2Cve
12Cvys
12Cvse
12Cvs
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1fFCs
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lFee
lfFce
1Frs
1Fcs
1fcs
IFcs
1Fcs
[Fcs
Ifcs
1fcs
Ifcs
1fcs
Ifcs

IFcs

1fce
1fcs
1fcs
1f¢s
Ifgse
IFrs
1Fcs
1fcs
1Fcs
I1fce
1fFcs
1Fca
IFes
1fcse
IFcs
lécs
1fes
IFes
IfFcs
I1fes
1Fcs
1fcs
1fFca
Iftes
Ifrs
iftcs
IFc=
IFcs
1fcs
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IFes
1fce
1fes

NN VN
AR R AT T Y]

NN
[(VRV NV RV BV

NN Y YNY
[V RV RV RV RV ]

NNV
(U RV ARV AT BT ]

N W N
[V AV RV ]

-t wa -
VRV RV AV ROV VAV ND 0000000000 00000



Kz 99
“s100
Ks{01
XKei02
Ks103
Ke104
Ks10S
Ke106
Kato?7
Xa108
8109
K110
Ks111
Ks132
Ks113
Ksjju
XKs11$
Kgiie
Ks1y?
Kg)i®
Ks119
Ks120
Kei12}

1CGa
1CGa
1CGs
1CGa
1CGe
1C6Gs
I1CGs
I1CGs
1CGe
1CGn
ICGa
1cGa
1CGs
1CGs
1cGn
1¢Ge
1CGs
1CGs
I1CGs
1cGs
I1CGs
1CGa
1CGs
1CGs
1CGs
1CGs
I1CGs
1CGs
1CGs
1C6Gs
ICGs
1C0s
1CGs
1CGa
1CGs
1CGe
1¢Gs

JCGa 1
JCGs 12
JCGs 33
JCGs 13
JCGs 14
JCG= 14
JCGs 14
JCGs 18
JCGn 18
JCGs 30
JCGs 30
JCGs
JCG=
JCGs
JCGs
JCGs
JCGs
JCGs
JCG=
JCGs
JCGs
JCGs
JCGs
JCGe
JCGs
JCGs
JCGs
JCGs
JCGn
JCGs
JCGs
JCGs
JCGs
JCGs
JCGs
JCGs
JCGa

NNV
[V RV I Y 3
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R B RN g

R TR TR VR,V
B~N~N O

- et g
APPN OO DPPIROODPIPVNOCANAESELEE DPDPOO

AT NN~ N W HEERNBANE N~

IwCxe
InCxs
IwCxs
InCxs
InCxs
IwCxs
IwCxs
IwCxs
InCxs
InCxs
InCxe
IwCxs
IwCxs
JuCxs
InCxs
InCXs
InCXxs
IwCie
IwCxs
IwCXxs
InCxa
InCXxs
IvCxs
ThCXe
IwCxa
IwCxs
InCxs
IncCxs
InCxs
InCxs
InwCxse
InCxs
IwCxsx
JaCxs
InCxs
I«Cxs
IwCXs

HYOROGRAPH GAGE LOCATIONS

GAGE .

GAGE
GAGE
GAGE
GAGE
GAGE
GAGE
GAGE
GAGE

PV NE N -

KEY FLOW {OCATIONS
CHANNEL BLOCKS 1

BLOCK He 18 & Js
CHANNEL M, Ks 1§}
BLOCK Wy I3 11 Js
CHANNEL My, X8 2%
CHANNEL Hy, Ke ubd
CHANNEL My X8 72
CHANNEL Hy K8 100
CHANNEL Hy Ka 3
CHANNEL He Ks 92
"

800
900
1000

400

0
800

300

12Cxs
12Cxs
l2Crs
12Cxs
J2Cxs
1ZCxs»
12Cxs
12Cxs
12Cxs
1ZCxs
12Cxs
12Cxs
12Cxe
12Cxs
17Cxe
12cys
17Cxe
17¢xs
12CXe
12Cxs
12CXs
12¢x=

0 l2CYs

12Cxs
12Cxs
1lCxs
12Cxs
12Cxs
12Cys
12Cxs
12Cxs
17Cxs
1ZCxs
12Cxs
12Cxs

0 I2Cxs

12CXe
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=25
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0
=12
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o e

20
0
.12

IwCys
laCvys
JwCve
IwCys
IwCve
IwCys
InCYs
wCys
IwCvs
IwCys
ivCYa
IwCys
lwCys
[WCYs
IwCYs
IwCys
Incys
InCyYs
lwCvas
JwCys
IwCys
IwCYs
InCYs
IwCys
IwCys
IwCys
IwCys
lwCys
InCye
lwCys
InCvys
IwCva
IwCys
InuCys
InCys
IwCvs
jwCcys

12Cve
12Cys
I12Cvs
I12Cvs

0 12Cys

i12Cvs
12Cvs»
I2Cvys
T2Cvs
1iCva
12¢vs
1ZCve
12Cys
11Cvys
1iCvs
1lcvs
I2Cve
12Cvs
12lcys
{ZCve
1ICys
liCvs
12cys
12cvys
12Cvs

12Cys’

IZCvs
I2Cys
I2Cvs
12Cva

-1ZCvsa

I2Cye
12Cys=
12Cys
12Cvs
I2Cys

0 liCYs

1fFca
1Fcse
1Fea
1fcs
1Fcs
1fce

I1fes -

1Fcs
1fcs
1fce
1fesm
1¢6¢cs
1Fce
1Fcs
1fce
IFrs
1fcs
1fcs
1fes

“1Fes

I1Fcs
1fcs
iFcs
Ifcs
1fce
1fce
ifes
Ifca
IFes
1fFen
1fcs
IFcs
1Fce
1fecs
1Ffes
1fes
iFcs
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APPENDIX E

LISTING OF KEY ARRAYS AND CHANNEL AND BARRIER PLOT
FOR SABINE-CALCASIEU REGION
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15

KCx®y22

KCx®
xCxs

1
2

KCueq28

xCxs

q

KCXx® 12y

xCxs
“Cus
xCxs

[}

7
[

KCxs128
xCawy 28

KChre

1

xCxe128

XChs®
xCxs
KCxe

13
14
15

xCx2128
KCxs12d

xCxs

18

KCx3128
nCxsy286

KCxe®
xCxs

21
22

xCxxy28

xCxs
XCxs
KCas
KCx?®
xCxe
KCXs
xCxs
XCxs®
xCxs

KCx®128

xCxs

34

KCxsq28
KCx® 128
Cxs)28
xCxs)28

KCxs

39

KCxsy28
KCx3)28

xCxs
KCre
kCxs
KCxs3
KCxs

a2
1}
46
[}
T3

nCxs12¢

KCxs
KCxs
xCxs
wCxs
nCxs
RCX®
XCxs

1]
a7
so
)
52
s3
38

KCx® &5
KCx®y 28

KCxs

S7

KCxsy 28

KCxs

59

KCx3128
"Cxs)28
KCxs126

KCrej28
KCY¥s)2g
KCys &
KeYe128
xCYz o
KCYni28
KCYn 108
KCY®}§0p
xCysyo?
Kgys 9
nCYs 10
RCYR120
KCya 12
KCYs]28
KCye128
KCYs 17
nCYs 18
({42 3% 4]
KCYs 20
KCYe 21
KCYn128
Kcysy2s
kCYs 24
KCYaj28
xCys12¢
KCYs 28
KCYn 28
KCYs128
KCYs 34
KCYs 26
xCys 32
KCYe 3y
«Cys128
KCYwi28
KCYys 36
KCYe123
KCYs 1%
KCYs 37
KCYs 34
KCYa SS
XCys 40
KCYs 4}
XCYs 44
KCYn128
KCrsy28
KCYn 4§
KCYsi28
KCYs 47
KCYs S0
XCYs128
KCvay2s
KCYsi28
KCY»128
KCYu123
KCYmj28
KCY® S7
XKCY=128
KCYs S9
KCysi28
KCYS128
KCYs 42
KCYs o1
wCYs 62

KCxfs 2
KCxPs 3
KCxPei 28
KCxPs ¢
xCxPst1d)
KCxPs 7
KCxps @
KCXPs @
xCxPaile
KCXPB1@n
xCxpe 12
nCxpPeida
KCxee 140
KCxPs 1§
xCxpPe 10
KCxPs12a
nCxpz120
KCxPs {9
KCxPe12A
KCXPa128
xCxps 22
KCxPs 23
xCxps 26
RCXP3 2¢
xCxps 28
KCxPs 29
KCxPs 30
KCxPs 29
nCxps 32
KCxPs 31
KCxPagen
KCxPs 33
KCxesi2A
KCXP3 3§
xCxPe128
KCxPs128
KCxPsigp
KCXxPs §§
KCxPs 40
KCXPu]2a
KCXPs Wy
KCxPs 43
RCxPS de
KCXPB uS
KCxPsi12A
KCxPs 47
KCxPs 59
KCXPE 49
KCxPuq128
KCxPs 51
xCxPs $2
ACXPS §3
KCxPs $u
KCxPsy2e
KCxPx So
KCXP812A
KCxpPz SA
KCuPs128
KCxPs o0
KCxPuq28
"CxPe128
KCxPsi2a
«LxP3128

KCvPm128
KeyPe12g
uCvPe128
KcvPs 3
kCvPei 28
KCYPR ¢
«CvPe12y
KCYPB1?p
xCvPs 10
nCcYPe 1}
kCyPeyi28
kCYPs 13
KCvPei2R
NCYPR12y
KCvPe 37
KcYPE128
NCvPE 1
KevPs 1y
xCvPey28
«cYPs 19
«CvP® 20
KgvPel2g
xCvpPu) 28
KcvyPs 23
KCYPS 26
wCYPR12s
wCYFS)2R
KcvPs 2y
kCyPe 30
KeyPeg2n
KCvPe128
KeyPe 39
KCyPE{2A
ucyPs 29
Cvees 32
KCYPs 3g
KCvyPs S8
xgvrs 39
KCYP 124
ucvPe 4y
wcybs 42
KCYPs o)
«CrPe128
KCyPR 4}
KCYPR Uy
Keveey2a
KCvPs 48
gyes12g
«CvPs128
KevYPs Uoq
XCyP2128
cYPsy2s
wCyPs12a
XCYPs12s
KCYPS U0
XCyPuw| 28
xCYPr Sp
KCYPS128
xCyPs S8
KcYPa128
KCYPS 62
KCYPe 63
KCYPS by

KCos
ncos 17
xCus 28
nCus 27
nCos 37
KCes 0
nCoe 43
nCus 49
xCés 51
KCoe S3
xCoe Su
KCuo o2
xCus &)
xCee 7}
xCus 73
KCos 0
xCoe ¢
«Cos 0
xChe 84
KCen 83
«Cds 0
KCas 8y
xCoa 8o
“Cbs 0
wCos 0
xCoe 0
nCés 99
KCes 0
xCés 9}
KCoe 0
xCés ¢
xCos 0
xCés o
KCes 0
kC8a ¢
xCeés 0
KCés o
nCos 0
xCés 0
xCes 0
xCés 0
KCos 0
xCBs 85
aCos 0
KCobs 87
nCos 88
xCus ¢
kCés ¢
xCos ¢
(341 ]
xCoe 0
(3,1 ] 0
xC8s ¢
xCces 0
XCes 0
KCoe O
nCie 0
xCas 0
nCos ¢
«Ces 0
KCas 78
KCAs ‘79
«Cds 80
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]1CGe o8
1CGs
1CGe
ICGe
1CGe
1CGe
1CGe
1CGe
1CGe
1CGs
]CGs
1CGe
1CGs
1CGe
1CGe
1CGe
1CGs
i1CGs
1CGs
I1CGs
1CGe
1CG»
1CGs
1CGe
1CGs
]CGs
1CGe
1CGs
1C6s
1CGe
1C6s
I1CGe
1CGe »
1CGs
1CGe
1CGe o2
1€6n 10
1C6e 1y
1CGe 12
1C6s 12
1CGe 13
1C6s 14
1C6e 14
1CGe 1)
1€Gs 13
1C6s 14
1CGe ta
1CGs t§
1C6m 1S
1Cee 14
1CGe 14
1CGe 14y
1C6s 10
1CGee1y
1C6e 11
1€6s 1%
1CGs 10
I1CGe 10
1CGs ¢
1CGs «¢
1C6s 1§
1CGs 1p
1C6s 1?7

VWUHEE MV EE VVMEE VN Y NDO 00O IN00 00 SO

JCGe
JCGse
JCGe
JCGs
JCGe
JCGe
JCGe
JCGe
JCGe
JeGa
JCGe
JCGe
JCGs
JCGe
JCGs
JCGs
JCGe
JCGe
JCGe
JCGe
JCGe
JCGe
JCGe
JCGe
JCGs
JCGs
JCGa
JCGa»
JCGe
JCGe
JCGs
JCGe
JCGe
JCGe
JCGs
JCGs
JCGe
JCGa
JCGa
JCGs
JCGs
JCGs
JCGa
JCGe
JCGs
JCGe
JCGe
JCGe
JCGe
JCGe
JCGs
JCGx
JCGa
JCGs
JCGa
JCGe
JCGe
JCGe
JCGy
JCGs
JCGe
JCGe

JCGe
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KENe
KENy®
xFNnge
KENjm
nEnta
KENte
KEnte
nENya
wEnys
KEN)®
kEnye
KEN®
KEnys
KENy B
xENys
KEN®
nEnys
KEvy®
xEnys
KENtS
nEnts
nEnts
KEngse
RENYS
kEnys
RENyR
xENys
nENys
KEnys
nEny®
nEnye
KENng®
xENye
KENyS
KENys
KENng s

- KEnY S

KENnre
kEnys
KENy®
KENy®
SENg®
KEnys

KEN|D .

KEnygs
KENy 3
KENg®
nENyD
kEntm
KENy®
KEng®
KEnye
KEnye
“ENys
KENy®
KEng o
[{ 21T )
KENy®

‘KENy®

KENy B
KEnqo
KENyS
KEngo
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KEN2e
KEN2S
KENZE
KENZS
KENZD
KENZ®
[{LF1]
KEN2®
KENZS
KENZE
KEN2E
KEN2®
KENZD
KEN2®
KENZ2®
KEN2s
KEN2s
KENZS
KENDD
KENZE
KFN2s
KEN2E
KEN2®
KEN2®

.(EN2e

KEN2S
KEN2S
KENZB
KEN2S
KEN2S
KEN2s
KEN2e
KEN2e
KENZ®
KBN2e
KEN2D
KEN2E
KENZE
KEN2e
KEN2®
KEN2S
KEN2s
KEN2S
CEN2S
KENZS
KEN2S
KEN2S
KEN2®
KENZS
KEN2®
KEN2S
WENZS
KEN2®
KEN2S
CEN2®
KEN2®
KENZ®
KENZS
KEN2®
KEN2E
KENZS
KENZ®
KEN2E

OOOOOO'OOOOOOOOOOOOOOOOOOOOO°°°°°°°°°°°°°°°°OOOOOOOOOOOOOOOOOOOO

KRJe
KRle
KR1a
KRie
XKRle
KR]lw
KR]le
KRle
KRis
“Rle
WRie
KRle
KR is
KR]wm
KR]s
KPls
KRis

KRls °

K@ ]am
K]le
KRls
KRls
(L3¢}
KRls
KRle
KRla
KR]1e
KP1l»
KRfle
KR]le
KRls
KR]le
KRle
KRle
AR]s
KRie
RR]e
KRls
KRle
KR]ls
KRls
KRls
KRis
Ks
KR1e
KR]s
KRle
XRlse
KR]s
KR]le
XKRls
“Rle
KRl
KR]le
KR]ls
KRls
KRlse
KRle
KR
KRls
altle
KQle
KQJe
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Ks b4
K8 6%
LU YN
Ks 67
K® 8
Ks 69
Ks 70
s 7t
Ks 72
Ka 73
Ks 74

K3 7o
Xe 77
ke 78
Xe 79
Ks A0
e Ay
Ka 82
Ke 8§
Ke 84
Ks 8S
Ks 8p
Ks A7
K= 8g
Ks 89
Ks 90
Ks 93
K8 92
Ke 93
s 9y
K= 95
Ke 9y
Xe 9%
Ks 98
Ks 99
K8100
Ke101
Ks102
X3103
Ke10y
Kn10%
K810y
K3107
Ks108
Xa109
Ks110
Kzgyy
Key12
Ks113
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APPENDIX F

IDENTIFICATION OF GAGES
FOR
SABINE-CALCASIEU ASTROTIDE CALIBRATION

Gages for Sabine-Calcasieu astrotide calibration and
time sequences of accepted astrotide simulation at those
gages for 72 hours are identified. Also included are
listings of the channel output at t = 30, 60, and 90
hours. For explanation of each column see Appendix
c,7,b.
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ASTRO t10E CALIBRATION FOUR SanINEecalCASIEU aRES

"SABINE PASS TIDES USED 4§ tupur

PERTIND OF RECORDe 0000 AUG,22 TN 2400 AUG,2641973
CALCULATIONS aLLOW FOR SUReGRID SCALE CHANMELS anD BARRIERS

TIME SEOUENCES OF wWATER LEVEL AND FLC4 ARE SAVED FOR THE FOLLOWING PLACESe
GAGE 1 SABINE Pa8Se SQUTHWEST JETTY

GAGE 2 PORT 4RTHURy CE AREa OFFICE

GAGE 3 NORTH SagINE Laxg

GAGE U BEAUMONT, NECHES RIVEQ AND RARAKES BAYOy
GAGE S ORANGE VaAVAL STaTiom, Saping RIVER

GAGE & CAMENONy CALCASIEUL Pass

GAGE 7 magxBeRRYe CALCASIEY RIVER AND PASS
GAGE 8 J,w,r, AT CALCASIEY LNCK, wEST

GAGE 9 LAKE CHARLESe CALCASTIEL RIVER

FLOW 1  SABINE PaSS INFLOwW

FLO™ 2 CALCASJEU PasSS InFLNa

FLOW 3 FLOw YO NECWES RIVER FRNOM SABINE LAKE AND INTRACOMSTAL WATERw4Y
FLUW & E4STagkn FL0a v0a INTERACO4STAL CANAL JUST EAST OF SABINE RIVED
FLO® S FLOW TO SASINE Plved sROM sAeI;G LAXE ANV INTRACOASTAL WATERway

FLO~ & FLOw TC CALCASIEL LtveR FPOM CALCASTEV LAXE AND INTRACOASYAL w,
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APPENDIX G

IDENTIFICATION OF GAGES
FOR
SABINE-CALCASIEU HURRICANE CARLA VERIFICATION

Gages for Sabine-Calcasieu Hurricane Carla verification and
time sequences of water level and flow at the identified gage
for 60 hours are identified. Also included are listings of
detailed channel output at 30 and 60 hours. For explanation
of each column see Appendix C,7,b.
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