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ABSTRACT

A numerical-dynamic, tropical storm surge mod--

el, SLOSH, was developed for real-time forecast-
ing of -hurricane storm surges  on continental

shelves, across  inland water bodies, along .
coastlines, ‘and for inland routing of water——.
either  from the sea or from inland water bodies.
Overtopping 6f “barriers such as levees, dunes,
spoil banks, ete. is permitted. Also, channel

flow and flow through barrler cuts are enter-

tained. The model 1is two-dimensional, covering

water  bodies and inundated terrain. _ A curvi-
linear, polar coordinate grid scheme is used.

The model's equétions_ and its sub—grid scale
physics .are developed. These equations are.dis-—
cretized and applied to .the model's polar coordi-

nate system.  Attention must be paid to the.adap-
tation of the model to specific geographical loca- -
tions. The model's terrain and bathymetry must.
be specified, as well as a description of the’

sub-grid scale-features within the model.

The SLOSH model is run to simulate the flooding

caused by an individual hurricane. Since the mod-
el is de51gned for operatlonal forecasting. within

the National Weather ‘Service, the model' s input |
parameters which ‘describe the hurricane must be =
~ The hurri- .
cane's position, size and intensity all enter as

relatively “simple and predictable.
input for the model,
Verification ~runs of the SLOSH model are pre;

sented for past hurricanes . which have- well-
documented parameters and observed storm surges,

These runs indicate that the accuracy of .the mod-—

el is +20%Z when the huvricane is adequately. de-
scribed, In a forecast mode, the accuracy of:the

track will greatly influence the surge predic-

tion's accuracy.
1. INTRODUCTION

Storm sutrge 1is -an abnormal rise of water gene-
rated by a storm, over and above the predicted as-—
tronomical tide. For a hurricane, the surge typi-
cally has a duratlon of several hours and affects
about 100 mlles of coastline. Hurricane storm
surges of over .20 feet have _been oﬁserved;

hurricane -Camille in 1969  produced ‘a surge of
approximately 24 feet :in- the area of Gulfport,
Miss. The destruction caused by such abnormally
hlgh ‘water is truly astoundlng.

The National Weather Service's (NWS's) ‘problem,
of"bourse, is 'to forecast the surge height well
before a hurricane makes landfall. The forecast
lead time should exceed the time-required to evac-
uate people from vulnerable low-lying coastal re-
gions to areas of safety. The NWS has this re-
sponsibility for  any intensity hurricane which
may affect its coastline.

Two general approaches can be used to forecast

" hurricane storm surges—~statlstlcal modellng and

numerical modeling. In statistical modeling,
past observaticons of storm surge heights are cor-
related statistically to.observed or forecast hur—
ricane characteristics. However, . since hurri-
canes are relatively uncommon -and are small scale
in nature (compared -to  synoptic meteorological
phenomena), insufficient data exist to allow such

‘statistical correlations to be derived.

Numerical, or computer modeling offers a via—
ble alternatlve to statistical modeling for the
hurricane storm surge problem. In computer model-
ing of storm surges, a set of differential equa-
tions describing fluid motion and surge height is
represented in finite-difference form and applied
to .a grid-mesh coverlng the forecast area. These
flnlte—dlfference equatlons ‘are marched forward
in rtime in small time-steps, starting from a set
of initlal water~level ‘conditions. Since a fi-
nite domain 1is  used to .cover the forecast area,
boundary values must be imposed along the edges
of - the .domain. In the case of storm surge fore-
casting, a set. of "driving” forces must be specif-
ied . to represent the ‘surface wind stress and a
pressure .gradient body force. In modeling terms,
such -numerical models are referred to as "diagnos-
tic” models (in contrast to true "forecast” mod-
els) because they do not forecast a hurricane's
movement nor its intensity- and radlus. The storm
surge 'model dlagnoses the ‘storm surge hieights
when glven the hurrlcane s track and storm chara-
cteristics.



Surge modeling is an art, Modelers must decide

which finite-difference scheme to use, What physi-

cal processes can be dropped from the equations
of -motion, how to 1ncorporate any sub-grid scale
features into the moedel, hoWw to incorporate a
wind model for supplying the driv1ng forces, and
how to preseat & final display of. the surge fore-
cast. The modeler must keep foremost in mind the
final use of the medel and the computei system

‘that the model will run on, since a myriad of pos-

sible models can be develdped——each having sub-
stantial differences and used for different pur-
poses. o

The NWS began +dts efforts in'hﬁrricané?qtorm
surge modeling with -a relatively :simple model
referred to -as” SPLASH--the Special Program to

‘List the Amplitudes of Surges from Hurricanes.
This model like several other 51mp1e models for

chputlng . storm surge, was restr;cted'to ‘a conki~-

‘nental shelf only, with the coastline acting as

an artificial vertical wall. No :-flow through the
wall is permitted. Such ‘a niodel can not consider
inundation across terrain or surges. across inland
water bodies (Jelesnianski, 19723 Wanstrath “et.
al., 1976}.. An -earlier- shelf model by Bcdlne
(1971) was ewven more restrlcted._ H;s model re-
quired computations carried, out on only one sea-
ward line * from the coast. Also, the storm track
was restricted to being nearly perpendicular to
the coast. ‘ S

The National Weather Service embarked on an ef-
fort to develop a more comprehen51ve model to
forecast storm surges Whlch incorporated features
not possible with SPLASH.. This follow—on model,
called ' SLOSH, for Sea, L@ké and‘gyetiéhd‘§pfges
from Hurricanes, uses .a polar . grid systém to

allow greater resolution in theé. area of forecast
 interest, computes -surges ‘over bays and estuar-

ies,. retains some  non-linear Lerms- in the equa-
tions of motion, and allows sub-grid scale fea-
tures such as channels, . barriers,. and flow of
surge up Tivers., .The SLOSH model was created :to
run on NWS computers to make real- tlme, operation—
al forecasts of storm surge heights. CQutput from
the 5LOSH model was originally . intended te aid
forecasters at the NWS's National Hurr1cane Cen-—
ter in preparing their forecast bulleting. - More
recently, the mnodel has) been .used to dellneate
coastal areas susceptible to hurrlcaner Storm
surge flooding. ) -

A continuously varyiﬁg- polar grld System was
chosen for. the SLOSH model. Such a grid system

‘overcomes many ‘of the . problems associated with

specifying boundary conditioms _encountered with
earlier models.  Reid’ and Bodine {1968) " developed

a ‘surge -model for bays which was Timited to the

nearby offshore region ‘in shallow waters and a
small onshore region. Such models, limited to a
small region, force a boundary ' condition at a
region of significant . surge activity; e.g., in
shallow waters. In this case, boundary condi-~

tions are complex and wvary in -both -time and

space. i -

One way of prescribing such boundary values is
to  extract them from anopherj dynamic surge
model . A simple shelf model covering a large
basin with a coarse mesh (or even a one- dimen-

sional surge wmodel) 1s wused to - . compute input

boundary values for the limited-area, fine-mesh,
bay wmodel. If the two models are dynamlcally
uncoupled, then the approach can be troublesome,

The bay is not iancorporated in the shelf model,
and the computed input boundary values are then
suspect. !

The wuse. of coarse-mesh models with invariant
grid spacing is sometimes permissible to cover an
area extending from deep water to high inland
terrain, with a bay fully covered by the mesh.
Inland, the numerical seolution is coarse, but dy-
namic feedback effects from the bay onto the
shelf are approximated. A coarse mesh does not
give a detailed description of inland surges
across - terrain- complicated by obstructions and
small inland water bodies. However, it can give
adequate detail along opén coastlines. Only in a
gross sense can the inland surge distribution be
useful as a guide for forecasting or planning pur-—
poses. Such a model could supply boundary values
for a fine mesh, limited area surge model.

Instead - of limiting an invariant fine mesh to a
small region or small basin, the SLOSH model’s co~
ordinate system begins as a fine mesh in the
limited area-nearest the pole point and stretches
continuouslz to a coarse mesh at distant boundar-
ies of a large bagin.- The geographical area cov-
ered by the entire grid is large and there is de-
tailed .description over the fine-mesh region.
Moreover, in many cases, simple boundary condi-
tions are sufficient.  Such a procedure is not
limlted to a polar grid system, but can use any
simple, but” contimuous, grid transformation from

" real space oﬁto an image plane.

The SLOSH model dincorporates finite amplitude
effects but not advective terms in the equations
of wmotion.- " It . uses time-history bottom stress
(Platzman, 1963; Jelesnianski, 1967), corrected
for finite -amplitude effects. The grid system—
in Carteslan’ or'image space——1s a series.of two-
dimensional, -equal-area squares. Overtopping of
barrier systems; levees and roads, is incorporat-
ed. Also, inland inundation is permltted by sim—
ply turning squares on and . off as waters inundate
or recede. A few sub-grid size events, such as
flow through barrier.  gaps, adverse river flow,
and deep passes - between bodies of water, are
incorporated via simple” hydraulic procedures.
Normal river flow and railo.are not incorporated
at this tlme’ because ‘their pefiods are long and
aff?ct the transient surge in only a minor way.
River flow upstream_;cbhld be incorporated as a
boundary ‘condition, and rain as a “source", if
amenable to quantification with a forecasted
storm. Astronomical . tide is ignored except for
superposition - onto the computed surge; it is
difficult to - phdse storm landfall and astro-
nomical tide. - A small error ian time on track
positions. will  invalidate computations with
astronomical  tide. :

The ”cbmputed surge is designed to reproduce the
time-history - amplitude .of a long-period, long-

gravity wave. Short 'period phenomena~-such as
crests and troughs of wind waves, and their peri-
odic :"run-up”--are ignored. An, example of a

surge 1is a..smoothed. tide gage hydrograph or stage
record.  Any non-linear interactions on’ the surge
between ', the short-period, short-gravity, wind
waves are crudely approximated at best. The
surge does not break but does partially reflect
from the coast; the coastlines are not static and
move inland or recede seaward with the surge.
Wind waves riding atop the surge break near coastc-—
lines with severest action Jlimited to the




nearshore reglon. The superposition of a train
of short pericd waves on a high surge can be
destructive to. installations along coastlines),
especially so if offshore water depths are deep
or descend’ rapidly, and with breaking wave
activity now closer .to the original ‘coast.

In coastal regions, the action of breaking

waves -can create a quael~steady—state, long peri--

od "set-up” (if not a "set-down"”) whereby the un-

adulterated storm surge is altered. This wave ac—

tion can affect bottom stress in shallow waters.
Also, exotic effects occur such as an 1ncrease of
density from suspended sand = particles.  Along
coastal Tegions, '
storm and onset of fnundation, the totality of
wind-wave effects on the surge is not well under-
stood. or even well ' observed. Many theoretical

studies of an idealized and piecemeal nature, as

well as dideallzed wave tank experiments, have
been made. It is mnot sufficient to correct a
computed surge for one or more long term inter-
actions——based solely on guidance from theory or
experiment——if other remaining interactions tend
to  compensata. Accordingly, the SLOSH model
lumps the long term interactions into an ad hoc
generalized = calibration according to observed

surge data generated by a multitude of historicalr

storms; that is, the short term action from w1nd—
waves 1s absent but crude approx1mat10ns for the

long term effects may be present. The. SLOSH mod-
el does give an indication of inland flooding but

not the pulsating action of windwaves, such as
short term, ' '
Thus the model can not give perfect answers, but
the computed  results are useful for forecastlng
and for planning purposes.

Not ' to be lightly overlooked in surge modeling
is the almost insuyrmountable difficuliy of apply-
ing meteorologlcal dr1v1ng forces.- on a water
surface.
pressure -gradient body force. These must be des-
cribed in detail, in space and time, to compute-a
detalled descrlptlon of surges. A storm wind
model is just: as important——if not more so—-as a
surge model.

With SLOSH, .the vector field of driving forces
on a water surface, with respect to space and
time, are determined with a simplified wmodel
storm (Jelesnianski and Taylor, 1973)., To acti-
vate the storm model, simple meteorological param-
eters are wused; no wind input is required. . The

storm model balances surface forces, including

surface friction. JFriction coefficients must be
specified; these were ascertained empirically,
and thus are dot  physically justifiable.. They
were set in the model once and for all. Although
the wind speed computed by the storm model i5 sen-
sitive to the friction coefficients, the surge
generated by the surge model is not because:of
compensating effects. The storm model was not de—
- signed to accurately forecast surface winds, but
to form .4 wvector field of driving forces. The
simple, .storm input parameters {central pressure,

during  passage of a tropical.

periodic, sheet flow over barriers..

.The forces are the surface stress and a

‘operational/forecast runs,

..distance from storm center - to wmaximum winds,

storm track and speed - along track) must, of
course, be accurate. In the surge computatlons,
there are compensating effects ih surge genera-
tion when the-surface stress field;, via the com—
puted wind fleld, :is inaccurate due to erroneous
friction. Strong frictiom gives weaker winds but
more convergence .in the wind field, whereas weak
friction gives stronger winds but less conver-
gence in . the wind field. This bias desensitizes
the wind field for surge generation.

The same Surface stress formulat10n and accompa-

nying drag coefficient, as well as other undeter-

mined coefficients, -are "used in-both the shelf

model SPLASH (Jelesnianski, 1972) 'and the SLOSH
‘model. We use a constant drag coéefficieat, even

though it may well be.a function of storm, storm
track, - basin terraln, basia geometry, wind speed,

etc. We resist the temptation to treat -undeter-
mined coefficients. as  random or tuning parame-

‘ters, to be arbitrarily varied in a local region

for a historical storm event. .Such a procedure
will, of course, give an excellent comparison of
observed .and computed. surge for that one storm
event. However, there is no Buarauntee that the
same coefficidnts  will -do as well for alternate
storms and alternate regions. - Thete are large in-
herent errors, or noise; in both surge and meteo-
rological observations. Hence, determining coef-
ficient values from one-storm event is a danger-
ous . procedure. Sometimes ;he;ﬁfdeedure is called
calibration or tuning. We prefer, instead, more
generalized coefficients to . serve all storms in
ell regions, even if computed results are not

ddeal for a particular storm event.

-In the absence of suitable data to empirically
formulate a variable drag coefficient For surface
stress, -a constant was chosen by comparing ob-
served and computed surges for 43 historical
storms (Jelesnianski, 1972). The constant drag
coefficient is ‘presently used  to forecast  or
hindcast surges generated by all tropical storms
in a2ll basins, ‘

When comparing computed- results or models, the
calibration dependency: - needs to.be examined. Do
the . computed - values result -from a controlled,
local calibration for - a“ - gingle sterm event or
from a generalized calibration? If one storm is
used for calibration, it is suspect for
verification purposes..  Also, .are. the driving
forces computed directly from a storm wind model,
or derived from swoothed, ‘analyzed charts of
after-the—event observed winds?

The SLOSH model was designed for use in an
operational mode: - a forecast is  run without
recourse to a controlled,:local calibration or to
obsérved wiads. ‘The same.values; ‘or functions,
for undetermined coefficiénts in the equations of
motion, and the storm wind model, are.applied in
the same way for both hlnd51ght/ver1f1cat10n and
regardless of the
basin or storm used. '




- The SLOSH model must be adapted to a given geo-

graphical area . (the “basin™) before it can be
Tun. The basin accomnodates.some.or all of the
following: 1) idnland terrain, 2) inland water
bodies such as lakes, bays, and estuaries, and.3)
a segment of a continental shelf. .

Near the coastline, terrain is usually compli—
cated by humerous vertical obstructions such as

dunes, ridge 1lines, levees, = railroads, spoil
banks, and other barriers of long horizontal ex-
tent. Offshore, there may be barrier islaunds,
reefs, etc. These natural and man-made abutments
protect inland terrain against encroachment from
the sea. However, when an.offshore surge is high
enough to overtop barriers, then water.can pene-
trate inland until impeded by other barriers fur-

ther inland  or by naturally.rising terrain.- It
is. possible for a tropical storm to produce mas-
sive inundation across low lying-terrain for many
miles iniand.

Across 1inland terrain, there may be shallow or
deep water bodies such as lakes, bays, or estua-
ries. Deep channels may connect them te other wa-
ter bodies or the sea. An inland water body, far
.removed from the coast, can respond to storm driv-
ing forces and channel flow, even in the absence
of direct inundation from the sea.

To compute surges with a surge model and a con-
.structed input basin, complicated input boundary
values may be required as a function of time. An
exception 1is a basin for an isolated lake, uncon-
nected to and unaffected by events in any other
body of water.  Boundary inputs.can be partially
relaxed if a portiom of the basin's boundary lies
in deep waters, with the remaining portions .in
shallow waters or - on high terrain. Now, if the
core of a storm ecrosses {or éxits) the basin
through deep waters of a boundary, and-exits (or
crosses) through high terrain, then simple bound-
‘aty conditions may be adequate throughout.

Compited surge and wind were compared on Lake
Okeechobee, Florida, for .the 1949
date, this storm's time dependent surge and sur-—
face wind observations: are the most dense and
abundant in the world. For SLOSH model simuda-
tions in the Lake Okeechobee basin, & fine, in-
variant mesh of one-mile. spacing between surge
points was used. The basin area is smdll, barely
exceeding the lake area,. but does encompass all
surge activity. : : ‘

Comparisons of the computed surge for four his-
torical storms have been made with observed
surges on Lake Pontchartrain, Louisiana, the sur-
tounding inland. terrain,  the surrounding lakes,
and the nearby coasts aloag the Gulf of:Mexico.
A coarse mesh (4-mile .spacings between height
points) and a variable mesh (l-4 mile spacings)
were used, separately, for the storm events. The
basin - for -each mesh was large in area. In
_ general, the two computed surges varied little
‘with grid size, but there was more detail in the
fine grid region of the variable mesh.

Comparisons of the computed surge, for a vari-
able grid and a basin of large areal extent, were
made for Galveston Bay, Texas, and surrounding
terrain with observed surges generated by Hurri-
cane Carla, 1961, and the 1949 hurricane.

SEOrR. To.

Comparisons of computed and observed surges
have been made for several other basins not in-
cluded in this report; results are similar. Ba-
sin preparation and verification with historical
storms is an ongoing project in the National
Weather Service of NOAA. Improvements and tech-
niques in the SLOSH surge model are continually
evolving and being updated. ' Some of the material
in this report may already be out of date and
superseded. o :

2. THE EQUATTONS OF MOTION

a. The Equations of Motion on a Cartesian Frame
of Reference ' .

The transport  equations of motion on a
Cartesian frame of reference are derived in
Appendix A. These equations are:

- i(h~hg) 3(h-hg) ‘
5% - '8(D"*h)[3r Bt (a . ]+E(Arv+_AiU)+crxT'Cin
3 2(h-h_ > . 3(h~h,)
"% = -g{n+h)(}r v 2- 4 By = e }—f(AfU—AiVJ+CryT+Cixr
‘ ' (1)
A, _ 32U _ 3¥
t dx  dy
where
U,V = components of transport
g = = gravitational constant
D = depth of quiescent water relative
to a common datum
h - = height of water above datum
h0 = hydrostatic water height
f = {oriolis parameter
*r,¥¢r = components of surface stress
Ar"""ci = bottom ‘stress terms
These equations were developed by Platzman (1963)

and modified with a bottom slip coefficient by
Jelesnjanski (1967). They are presently designed
to  include a finite amplitude effect with D re-
placed by the instantaneous or total depth, D+h.
The friction terms A_r,....,Ci are functions
of the total depth: The equations are different
from those wused :in many other studies where
bottom stress ' ‘is of the Chezy or Manning type
(Chow, 1959). )

Advective
1975).

terms are ignored (Whitaker, et al.,
Depending on the Rossby number, the

Coriolis term can alsc be omitted for lakes and
inland inundation. However, this term is re-
tained in case surge amplitudes become extraordi-

narily. large in lakes or if inundation covers a
large inland area, (see Appendix B}.:

A horizontal viscosity term can also be in-

cluded. The effects of this term are small com-
pared to the effect of vertical viscosity. 1In
general, horizontal ‘viscosity has little effect

on- the surge. -However, it does partly ameliorate
computational waves of two grid lengths and can
be used for this purpose.

Much theoretical effort can be expended on the
equations of motion, computational methods, and
grid type when designing a surge model. These
are not the only—nor even main--themes for a




surge model, There are hidden demons.of omission In Egs. (1), we can also substitute the forms

and commission in the equations of motion  that A=A+ ia;, B =B + iB,, C=2¢ + ic; and
are enerall dealt with empirically. These de-
mons ghave az much to say about surge generation T= Tr+ lyT‘ The . flrSt two equations of (1) can
as any theoretical and computational aspects .of now be combined-into one equation in complex form,
the equations of motion. An example is the sur-— by u51ng Eg. (2),
face stress or meteorological driving forces.
Merely writing it down as "1 " and assuming an : -
outside arbiter will supply it is not realistic. ' , 3% = - g(D+h)2n %E; — ifAW 4+ T (&)
[¢ Z

A storm wind model must be used to generate the :

necessary: driving .. forces. It is just - as We can now consider a generai,“ conformal

difficult—if - not more .so—=to design a storm mod- - transformation as,
el as a surge model. Hidden in-"T" and the bot- ' -

tom stress  ‘are undetermined coefficients; these

are set empirically through comparisons of com=’ L = F(z) = P + iQ (5)
puted and observed meteorological and surge data

from a multitude of historical storm events, ‘dC do*

‘ where ™ ¢ " is analytic and” [,x" o, U, 1t is
The depths required by the model-~topography convenient to use the following identities,
over . land, bathymetry under seas, vertical bar-
riers and channels—=must be obtained and reduced
to a -common- datum. Compiling the depth data is 1 1
not a simple process; it requires the skill and Po=5lnic®) Q= EE{CfC%j 7
experienced artistry of a modeler familiar with ' ) ' :
the model and its requirements. 2 _ 8P g_ + ﬁg-ﬁ—
' S gz dz 3P g8z aQ
The equations of motion for a surge wave always - 14d L B Lod .
have some simplifications for computational conve-: =T g ettt g 21 dzlEte® )
nience; . they .are not complete for specialized '
nce; . _ : : -~ lar.s .3
phenomana such as weir flow, overtopping of x-5—4x@ﬁ ~ iz ) ‘
barriers, and onset or ebbing of inland inunda- 2 oF Q (6)
tion. Spec1al techniques or refurbishment of the
equations are rtequired to handle such special ™ ? = %{QEJ*(EM.+ ia_)
) . az* 2'dz 0P 30
situations. - . 7
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There - are computational benefits to traansform— . I = 5T GrE
ing the ‘equations of motion from their Cartesian
grid iato -a nonzCartesian grid system. Althdugh 3 1,9 B 35 1,3. . .3
the transformed: .equations appear more compli- g 75 - lﬁﬁo » FLFE T A 156)
cated, they have useful properties which can be :
exploited for economy in numerical computations. : ‘ N
: ; . ' : T _ Rearranging Eqs.(6) yields
It 1is convenient to vrewrite the equations of , ,
motion (1) with the hydrostatic. height; h_, oy 1 dz (3 2 ,(;)Cg_ Iy N = dc 3
absorbed in the stress terms Xg, Yp. - - with N ='§'d2[§z I TS 3;#} dz 3¢
the following identities: ‘
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where "*" denotes the complex conjugate, the and Eq. (4) becomes
third egquation din (1), the continuity equation, : .
becomes : - dC % ah - ean 4T
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Then Eq. (8) becomes "
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In componeat form, Eq. ~(10) s _expressed -

as i = U + iV, Using Eq. (6) in Eq. (11)‘yields

%%._ | (U + 1v) —L—_[u + iV}
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which :is the same format as the third equation of
(1), except for the Jacobian, \é£|2'

. . dz
Equation (9) can be rewritten as,
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since ia;i is independent of time.’ This can be
expressed . in component ferm as . '
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“ Notice that the stress terms are kept in their
original -Cartesian form for computational conve-
nience.’ ' ' -

Equations (13) and (12) are similar to Eq. (1)
" except for the Jacobian.|dg/dz{?in the’ :continuity
equation- {12), and the conjugate of the complex
magnification faector, (dc/dz)*; , in the stress
terms of momentum equations (13); the components
of Wy (U, 1), are given by Eq. (10). '

c. The:Equations of Motion on a Polar Frame of
Reference - . :

If the general transformation, Eq. (5), is
particularized by ‘

= In(z/Ry) = B + iQ = In(r/Ry) + i6  (l14)

where R is.a .- convenient scale, then we have a
stretched grid that dinecreases or magnifies with
T This is a particularly useful transformation
because the. ' Jacobian =~ of the transformation
depends on -6aly r, not 6, so that the stretching
can then .be controlled by RO.' From

de o1 opaie o dz)f
dz Z T '
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and the equations of motion, (13) and (12) become
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The transformation Eq. (l4) maps a polar grid
onto an image plane, Fig. 1. The (P,Q)-system of
Fig. 1 1is non-dimensional. It is convenient to
set 4P =AQ = -5 This.assumption gives a set
of .equally spaced, mutually orthogonal lines. . To
do S0, suppose a- ‘circular arc of distance
As = R AB is chosen - on the circle Ro.
Suppose further there are points :

N = ...,—ﬂ,"n+l,.--.-.,—_1,0,1,2,----.,ﬂ,ﬂ+l,...-

on any ray from the origin of Fig. l, with R0
positioned at N = 0. Then at N = 0,

ap = 1n(Ry/Ry) - In(Ry/Ry) = ln(leRO).(l7)

Similarly,

AP = 1n(B, /Ry 1)s (18)

hence, for AP constant, the discrete circles are
then positioned with respect to the polar origin
at :

Rn = R—n—leAP = ROEHL\.P (19)

Since © P is non-dimensional, we choose AQ
where  A8eAg/R, is to be specified.

= AP= pp




When the transformed equations of motion (16)
are used with the (P,Q) grid on the-image plane,
Fig. 1, the computations are.only slightly differ—
ent .compared to the equations of motion (1) on a
Cartesian frame.
extra multiplication by the Jacobian; r2. " The
Jacobian .depends on r but not €, and can be pro-

grammed .as_.a  table, lookup at discrete. R points

with only 4. smalli- increase in computer. memory,

In .each -of the momentum equatioms of (L6), there s

are extra multiplications by, the components of

the complex magnification and -rotation factor
( cos-8, sin B) and one extra addltlon. o The

-harmonics: cos 8 and sin@8  are at dlscrete
intervals - on the . grid and similarly for r.at
distances ‘R son. a ray. Since the Varlables r
and . &

required for table lookups is mimor. The extra
computations  involved with Egq. (16) afe’minor
compared to the .total required.
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Figure 1. Transforming. an (R,B),uunequally spac-
ed polar grid in'the Z-Plane onto.an (P,Q), eq-
ually spaced, rectanmgular grid in the. -Plane.

For practical applications, a plane with polar
coordinates is placed tangent to the earth,.usual-
ly at the eantrance of a bay or estuary, ' The
earth is represented as a Clark ellipsoid and s
projected conformally onto the polar grid for geo-
graphical orientation. A pgrid distance As and
circle o©of radius R are pre-selected at , the
tangent peint; R “and
46 = As/R .. The ray direction. from the tangent
point to the origin of the polar grid is arbi-
trary, e.g., along the major axis of an estuary.
To maintain constant grid spacing in the image
plane,
is- compressed as one moves from the tangent point
to the:' pole and stretched when one moves imn the
opposite : direction. I
and monctonic variation of geographical spacing
on the polar grid. Placement and orientation of
the polar grid on the Clark ellipsoid allow the
area of fine grid mesh to cover: a particular area

"of interest. :

3. MODEL COEFFICIiENTS

The  final product of a surge model consists of
still-water, surge heights, with the short period
wind waves filtered cut. All subsidiary fields—-
such as internal currents, surface and bottom cur-
rents, _and surface stress——serve only as means to

The continuity- equation has -an

. bur  useful,

o P
are separated, the extra. computer memory'

A s determine AB throughf

the geographical spacing on the polar grld_‘
. marks are  inherently " inaccurate,

Thus, this is a continuous

that 'end; that is, surge computations., The surge
height, 1in general, 'is wmuch more conservative
than other fields. Hence, surge computations may
be adequate even though other computed fields may

'"have considerable. error, _ If  a surge ‘model is

used  with meteoroleglcal ioput parametere, and if
high. accuracy ifor". the surge computatlons is net
required, then -lt;lS possible to compute coarse,
surge ‘valdues for coastal and inland

regions..

In any surge model there are undetermined coef-
ficients which must be specified. For the SPLASH
and SLOSH surge models,“%hese_are:

Cp, the surfdce drag coeff1c1ent -
v, vertical eddy’ viscosity coefficient
-and s, bottom slip.coefficient. .

For the  storm wind model within. SLOSH, there are
additional undetermined'coeffieienps: :

ks’ wind friction coefficient din the
tangential directionm
and k n? wind friction coefficient in- the_
rddlal dlrectlon.,g

In addition, the SLOSH model has subsidiary
coefficients for non—linear channel flow and hori-
zoutal viscosity. . Other surge models may. use dif-
ferent physical approaches; with-dlternate types
of ‘coefficients——e.g., Mdnnlng or. Chezy friction
coefficients for bottom stress.. Other storm mod-
els may use different phy51cal;appfoaches, such
as an empirical decrease of gradient winds due to

friction and empirical or arbitrarily specified

inflow angles,

Extreme caution should be exercieed in specify-
ing such undetermined coefficients. Coefficient

‘values could be chosen to bring observations and

forecast surges into agreement for. cne storm
event : in a particular area. CThis approach is es-
pecially tempting if observed data_are limited.

~Such a practice - i$ particularly dangerous if

there are more unknown coefficients-than avail-
able data permits. There i{s no guarautee that
the same coefficients’ will hold for alternate
storms, storm tracks, or basins.

Measurements, of meteorqlogit&lIStorm parameters
and surge heights freguently: exhibit large er-
rors. "The character of a.sterm——strength and

size~—and its track are mot precisely koeown, even

from post-storm analysis. The qt111~water surge
height measured by .a Btilling gage is the most ac-
curate ' .surge measurement - available. High water
Although the
bUfVEYlﬁg procedures -for . measuring high water
marks inside buildings-are accurate, the stilliug
action of the bulldlnge -is questionabile; e.g.,

the .data are not necessarily still-water surge

heights- Any wmodel. -calibratlen for a single
storm, event may hide obbervaelonal errors within
the chosen coefficiént values.

To date there are insufficient, simultaneously-
observed data of storm parameters, storm track,
and surge heights to statlstlcally assemble pre-
cise values for the  unknown ceefficients, Nor
are there sufficient datd to .vary the coeffi-

<ients for feedback : eftects from local terraln,



changing storm parameters; or tidesv The SPLASH
and SLOSH procedures preset -values for some of
the coefficients, providing the resulting com—
puted surge is -insensitive or only 'mildly sen—
sitive to ‘ these coefficients. The' remaining
coefficients are set emplrlcally from comparlsons
of " computed - and-- observed surges,= whlle taklng
1nt0 account emplrlcal Sen51t1v1ty checks.

The storm frlctlon coeff1c1ents are arbltrarllz,

preset as
) k. = 1.15 k —~19—i§— T ‘f‘(zo)

. 5 * n O 3VR+6O i
where R = radius of maximum‘ winds-in- stature

miles, V =maximum wind speed in mph for a
statibnary sterm, and @ = ] for -ocean winds, and
o= 4y22/R for lake winds. The maximui wind is
not an input parameter. Instead, it is computed

-from the storm's pressure drop, 4P, and size, R. -

Equation (20) is based on empirical studies of
many past hurricanes, but lacks a physical basis.
The resulting computed winds: frequently dlsagree
w1th observatlons.

The &torm friction coefficients were not de~
signed with any intention to . give an accurate
wind speed field; their design has’ conservative
properties ~ for ‘surge computations -with- the
 SPLASH/SLOSH equations of ‘motion, The storm wind
“model balances forces. Hene¢e, strong friction
gives weak winds with strong convergence (large
inflow across pressure Isobars), whereas weak
friction yields strong winds with weak  coo~
vergence of the wind field. These pfoperties
have - compensating effects on’ the surge. Although
large frictional :changes -give large changes for
the absolute surface stress or the computed. wind
speed, it does not mean large changes® for the com—
puted surge. The computed surge is only mildly
sensitive to Eg. (20). If storm forces are bal-

anced, it is not necessary to have an accurate.

maximum wind "valiue or wind W speed field for a
given storm.  However, it is necessary to accu-
rately ~specify storm parameters——the pressure
drop, storm size, and $torm track. =~ It is doabt-
ful that any present-day storm model can accu~
rately portray a ‘surface vector-wind field for
all -storms, for any geographical- area, w1th sim-
ple input storm parameters as input.

Classical boLtom stress formulationSA—éuch as
Manning: or Chezy-—are not used in the SPLASH and
SLOSH surge models except for sub-grid ° sized
phencmena, such as chaunnel flow. ~Instead, Ekman
formulations are used with invariant eddy.viscosi-
ty and slip -coefiicieats _for all storms and in
all geographical ~regions... With a fast moving
storm (»20 mph), empirical tests with.the-SPLASH
model generate a: storm surge (forced wave) that
is dinsensitive to large changes in bottom stress
coefficients. ‘ C :

If a fast-moving storm landfalls or fmoves. along-
shore, and if waters just offshore are deep or in-
termediate. in depth, then a surge model.néed not
include Dbottom¥ stress to couplite peak coastal
surges associated with the storm. -In some cases,
however, after passage of "an alongshore moving
storm, secondary, or free, waves are generated.
These waves are trapped between the nearshore
region and the coast, and are sensitive to bottom

‘Stress.
‘sensitive to bottom stress -and - the other part

" Such a two—part phenomena, one part in-

sensitive. to bottom stress, is used to empirical-

‘1ly  determine iapproxlmate values for the eddy and

slip coeff1c1ents.f

There were three historical, alongshore-moving
storms with adequate metedrological -and = surge
data for- such tests—Septembér 1944, Carol 1956,
and Donna 1960+ -’ Each generated a forced wave
during -its passage and free waves after its
passage. - A tide gage was opérative just offshore
at Atlantiec’ City, New Jersey' during and after
each --of these storm's-passage. All three storms
were traveling at - high ‘speed (>30 mph). The
waters just offshore are deep (>25 foot depths).
The SPLASH surge ‘model was tested with a preset

value of 3X1076J for . the _drag coefficient
Cp Paloy i» -with the coefficients of Eq. (20)

set in the storm model and with no bottom
Stress. ‘Results gave acceptable comparlsons
{within one foot) for the observed peak surges at
Atlantic City during storm passages. However,
the comparison with the free waves was

unacceptable. Tests .were then made with Cthe
addition of Thottom  stress and a no-slip

condition. A value: of 0.25 £t2/s for the eddy
viscosity, v ., gave an acceptable comparison with
the free waves, with no significant change in the
forced wave. Unfortunately, the amplitudes of
the free waves were sensitive to small changes in
V. Finally, a valué of 0.006- ft/s was set for

the slip coefficient, s, and the computed free
wave amplitudes were then insensitive to a broad

range about v = 0.25 ft2/s. 1In fact, the peak
surge of the forced wave, and the amplitude of
free waves, were insensitive to a broad range of
v and s, when both were included in the bottom
stress formulation (Jelesanianski, ~1967). This
may not always hold for shallow waters (<10 feet)
or for slow moving storms. Special.tests with
the SLOSH model for shallow depths and inland
inundation with - real observed ' data -in Lakes
Okeechobee’ and - Pontchartrain dmply the adopted
values: of v and § are acceptable in a universal
sense, at least for the level of accuracy needed
in operational storm surge forecasting.

Comparisons of surge data from a single tide

‘gage - for only three storms is barely adequate.

The comparisons may be tainted by inaceurate
storm parameterb. :  Along - the New Jersey coast,
hurricanes - are typlcally moving rapidly. Alse,

the position of- the storm relative to the coast

i difficult to determine.  Thus, the derived co-
efficients for the unigque, localized, surge  dynam-
ies generated by . the storm may not hold for alter-~

nate regions ~with different storm tracks. More

comparison ‘tests. are needed and have been partial-
ly done with the SPLASH model .

Surges - genetqted by 43 -historical, landfall
storms on the Gulf and Atlantic coasts of the

United States . were used for comparisons
(Jelesnianski, 1972): ~ The ~surge data are mea-
sured high-water marks. These marks are not

‘pogitioned wuniformly along the coast, nor is the

stilling action in buildings equal for each mea-

" sured mark., The . data .contain wave set-up, but

not -generally the crest heights of breaking short
gravity  waves} - e.g., the data is the still-water
surge relevant to the stilling action 1inside
structures, with complicated wave  set-up
according to distance from shore, and hence of




questionable accuracy. A wvalue of 3:»:10-_6 for
the - drag coefficient (multiplied by the ratio of
air/water density) gave a standard error estimate
of 1.6 feet with the observed marks
{Jelesnianski, 1972). One can, of course, find
an alternate (C according to storm character
and local geography.

By choice, the SPLASH equations of motion are
linear, When the finite amplitude effect is ‘in-
cluded in the equations of motion, the computed

surges are smaller . whenever the offshoré depths .

are very shallow and the surge amplitude is

large. Test runs show these changes to have llt"

tle effect statistically on the best fit C
cording to storm character and local geography.

When computing peak surges with the SPLASH and

SLOSH models, the most sensitive coefficient is’

C . The  computed surge is directly sensitive
to the wvalue of  C
varles llnearly w1tg C There are many formu—
lations for the drag coeff1c1ent .sOme very com-
plicated;.
agreement‘”with- natural measurements. Because of
the . great : -untertainty of its value and varia-
tions, CD .is. held. constant at this time.

4, SURFACE STRESS AND SURFACE WINDS

A surge modeler is interested in surtace stress
and wusually formulates it from surface w1nds. To
this end, a modeler may anticipate an approprlate
wind spe01f1catlon from meteorological forecasts.
However,
an end product, not in surface stress per se. A
"good” _wind to, .the. meteorologist may, in fact, be
"bad™ for modellng surface stress, and the other
way around. '

The surface stress, 71 ,is an important. term in
the ‘equations’ of motion. It is as important as
any aspect of a surge model, and the manner in
which it is. employed strongly- aftects computed
surges. - Generally, the wind stress per unit mass
on the sea surface is formulated as,

p ‘ |
T =0 Ei EiCE— | (?1):

where iCD is the drag eoefficient, pw‘-aﬂd Pa

are densities of water and air, and W is the
vector wind. Applying thls formula to
meteorological winds is 'not as simple .as it
loocks+: The stress term has coordinates o

- > - ‘

T= T{x,y,t), at z = z_,
where z, is a specified height above the sea
surface,” usually 10 meters. - On the other hand,

wind from  metesrological sources may have
coordinates ' . ‘ ’
= - ‘
W= W(R,y,t), on p = P_,

where P, “1s a constant pressure surface. Such
winds must be converted to the level z , or the
drag coefficient in Eq. {21) must be Yaried in
some eomplex fashion. Becausé surge models re—
quire massive amounts of surface stress data in
space and time, it is useful to design a storm

and for practlcal purposes’

laboratory measurements are not in gooed .

model dependent on simple meteorological para-

meters dnd to directly compute a w1nd vector at

or near the z level.

The absolute value of stress is sensitive to er-
rors 1n wind speed at a parabolic rate. Also,
stress varies with the drag coefficieat. But nei-
ther nor W are known with consistent accura-
ey, anR it would appear the art of surge computa-
tion 1s at a terrible disadvantage. However, a
storm wind model can be designed so that surge
computed with a surge -model is -only mildly
sensitive to errors in w . can then be
approximated emplrlcally from hisporlcal storm
surge data.

A water surface recognizes the converging wind
field of a storm when  the core passes by, -and
herein lies a physicals property to reduce surge
sensitivity to wind speed errors. A storm model

can -be designed with the following useful pro-

perty: If the" “forces .used -to compute a wind
field are in balance, then the computed surge

under the core of a storm-is not overly sensitive

to consistent ‘errors in the computed wind field,
providing input storm paramefiers are accurate.

a meteorologist is interested in wind as

This property exists,K if - the model winds are in
vector form such “that a computed wind field of
low wind speed 1is ‘accompanied with a larger
convergent wind . field,  whereas -a computed wind

field of large wind. speed is accompanled with a
‘smaller 'Convergent wind fleld.= In other words, a
“change of friction iorce in a storm model e0uples

‘wind speed - and dlrectlon: in a biased manner.

This property " reduces ~surge sénsitivity to wind
speed . T :

The underlying surface\ greatly affects wind
speed due to dlfferlng frictional effects. For a
storm affecting a gea, an_ inland water body, or
terrain, the w1nds are h1ghest Gver the sea, less
over. inland water bodles, and least over terrain.
The d;fferences, can be ‘ENOTMOUS o Winds over the

‘center of the 1nland body of water can be higher

than across its boundariegsw Futrthermore, at
land/water boundaries, winds directed from water
to land are stronger théh' from land to water,
with strange distortions in the wind direction.
There 1is an added compllcatlon when water inun-
dates land or’ recedes——mov1ng boundaries. "Wind
and stress are not merely functlons of storm in-
tensity, size, and motion) but Jalso of local ter-
rain, relative directicn of the wind over shore-
lines, and the h1story of the wind and its past

trajectory.

" Let us consider changes in triction by using

‘the SPLASH storm wind mogel (Jelesnianski and

TaYlor, 1973). This model is describéd in Sec—

tion 4.c. First, assign values of central pres-

sure, peripheral pressure, and storm size as in-
put’ te the model. The. computed profiles of wind
speed, inflow angle, and pressure are shown in
Fig. 2. The dlsplay is shown radlally from the
storm center. For ease of: presentation, the pro—

files are plotted © for a Statlonary, circularly-

symmetric storm. . The "Ocean' > wind profiles are
computed as functions of- pressure and storm size
by the G5PLASH storm model on seas, using - preas~
81gned trlctlon coefficients.

Suppose friction is 'arbltrarlly “iacreased to
compute lower wind - speeds. calleéed "Lake". winds.
Thew, to balance forces, the inflow ‘angle must be
significantly larger.. The ratio of the absolute
stress for the two wind fields is about 1.5, and



 wind is

expect the surge computed with ' Ocean

would be about 50% greater than w1th "Lake"

winds. However, test computations’ with the
SPLASH surge wmodel gave only a 177% increase of
‘the surge on the open coast when the three storm
profiles were dynamically ‘coupled., If only the
wind is-allowed to. change without
coupling remalning Rrotlles, then -there

one might
winds

speed ‘profile
two
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Figure 2. Comparing model profileés of wind
speed, pressure difference, and inflow angle
for a tropical storm over an ocean and across a
lake, The profiles are for  a stationary,
circularly-symmetric storm. .

is about a 50X ,change in the computed coastal

surge. For comblnatlons of coupled and uncoupled

‘profiles, the surge changes between 17%-50%. The

blased change 1in the convergence of the wind

field due to changes in the inflow angle. and pres—
sure gradlent_ reduce computed surge sen31t1v1ty
with ‘respect to wind errors. A wind model that
balances forces needs only limited accuracy for
the vector wind field. Hence, when: computing
surges with a storm model that has acdurate storm
parameters, the end product is mot how well com—
puted winds. _reproduée real winds, but rather how
well computed surges reproduce real Surges.

inland water bedy, it is mot advisable
to use "Ocean” type winds. The terrain surround-
ing the water body exerts extra friction, strong-
ly decreasing the wind-speed, The winds increase

For an

as  they cross the inland water body, but rarely
reach "Qcean” wind strength unless the water, body
is deep and has a much larger areal extent “than
the storm, In effect, wind has-a memory of its
past tra]ectory. The winds may be. greatly
lowered over an inland body of water due to its
immediate past trajectory so ~that the larger
inflow angle no longer compensates adequately in

surge generation.
is affected by
smaller a lake
able the lake
field and the
"Qcean” winds.

Unlike-a sea, an inland body
only a part of a storm. The
relative to storm size, the less
is to recognize a coanvergent wind
‘less likely it is to experience
For a very small lake, the vector
nearly constant over the lake at any
instant, For surge generation, the convergence
of the wind field is negligible and no longer
compensates  for errors in  the computed  wind

10

field. Even here, there "is a trade off: the
smaller a lake,,the Smaller a surge-~1f all other
things are the sdme .

a. A Comparison of Observed and Computed "Lake”

Winds
To get a feel and appreciation of "Lake™ type
winds, consider the 1949  storm which passed
across Lake Okeechobee, Fig. 3.  The wind speed

and direction, observed by instruments on the

lake, were extracted from Project Bulletin No. 2,
(1950). They -are subjective 10-minute averages
extracted from -‘anemometer  traces. Input
parameters. for the ‘storm model are as follows:
hourly data fer * the central pressure were
extracted from Hydrometecrological Report No. 26,
{Weather Bureau, 1951) and a peripheral pressure

of 1012 wmb was used to form pressure drops. The
input track of the storm followed the observed
lowest central pressure. An invariant radius of
maximum witds of 22 miles was used as the
hurricane's -size as- it crossed the lake. The
central pressufe; storm size, and storm positions

are accurate at the time of the storm passage
across the lake. For the remainder of the track,
a subjective analysis was made of scattered and
peripheral data during storm passage Aacross
southern Florida. '

To compute “Lake” winds - with the input storm
parameters, the friction coefficients of the

SPLASH storm model were increased until the com—
pited wind speed--for ‘a moving storm--had a use-
ful agreement with observed winds over two interi-
or gaging stations--L3 14 and 1§ -16, Fig. 3.
Since gage elevations relative to' the lake's sur-
face did not differ greatiy in time, no attempt
was made to rTeduce winds to a constant level.
The friction coefficients were four times greater
than those normally used by the SPLASH storm mod-
el for “Ocean” winds. There is no guarantee the
same friction coefficients would serve for differ-
ent storms,- different lakes, and different storm
tracks. Lake‘bathYmetry;’local terrain features,
distance from coastal: regions of the sea, and
shelf toepography all interfere with wind genera-
tion in a most complex fashiomn.

The observed and computed winds are compared in
Fig. 3. Model winds are initially computed with
eircular- iscbars and then altered with empirical
corrections for storm motion and isobar distor-
tioni The -observed iniand isobars were pear
shaped with the ~greatest .distortion away trom
storm ‘center.ﬂﬁ; There are periods when boundary

positioned _gageg are exposed to dry land, and the

winds are then "Terrain” type winds; these are
ignored and the wind model computes "Lake” type
winds. By “Lake"” winds, we mean winds over an

initand body of water, unatfected by terrain ex—
cept for memory of its overland history; by
"Ocean” ' winds  we mean winds over the continental
shelf, unaffected_by'terrain'and without any memo—
ry of an overland history. Coﬁparisons of "Lake"
winds on lake boundaries are best for winds with
an overwater trajectory, worst with an overland
trajectory. It is assumed that winds seaward
from a solid boundary have a strong wind speed
gradient, localized to a narrow strip offshore.

follewing wind compariscns, HGS means

For the
“Hurricane Gage Station” and LS means "Lake Sta-—
tion":



® GAGE LOGATION
357 1 . GRID pOmNT
aof
2200
A 28 AUG, 1949
rJ
25} ~-
rJ
r.____J
a
G 0 Sp poRT -
2 e . MAYACA
= 1
sr ] HGS#5
+14
HGS;:LW_\— LS..
0%
. r
I
sk HGS#2 o Flo
[} e
L LLHGS#4
) . HGS+3
. . ' . ‘
5 15 15 20 25 an
MILES
@ B,
o
2
=%
Q BD
x
fu}
w
3 a0
7
L
m
T 40 W S TN | I I i ! L
200D 0000 0400 0aca 1200

28 AUG. 1949(EST)

Bor

&0

60O

SPEED (MPH)

N
<

20

LS#186

aor

&0

SPEED(MPH)
&

20

HGS#4 —
-

1} ] 1 1 1 L] 1 1
1600 2000 aGoo D4GH
BOr
HGS#1
7 A
F Y
/ AN
60 7 \
/ v
7 \
Y
A / %
- DuR, / A}
é - ECT]ON / \
A 40f T S
w ,
W ~
7] i
L -
|- ‘,gﬁv
20
| OBSERVED
- = —— GOMPUTED
.. 1 .
o 1600 2000
26 AUG. 1949

80, 90’—
( L3+#14 PORT MAYACA
1
/o
a0 aol /
/
¢
L 80"
s A N
Q40 60 a0 ‘V\}{Ang 40
. - DIRECTION \
3 r o \ "
40 = ?’ -k'“'*—r—k../,,,.“ o'
5 a //
g A / 1320 8
zz20° &40 & ap 7 320 ©
z - I~
2 3 e ~ 2
, ] = FG | .~ <0 280 4
200" E 2 b oS a8
a a
1240 20 20 dpag”
\ .
- | .. 200
200° ‘\VNJmuAJ\A
, e lj\'f;r\:,/—
160 G . L L L 1 1 ! 1 120° . L i 1 ) . _li60°
0860 1600 2000 0000 0400 D80G v 1600 2000 5000 0400 08D
ar 907 200"
HGS#6
&¢ BOF 160
!
L / r
! 120" Q
! G
/ g
8¢ o 6o ! 80° &
= 4
£ anp? o - 40"
= = /
8 g M Ay
w s
F i 40 280" Z W 4oL PIRECTION / _\\/\/— o
2 [ SUMN S N o
[ 7 =3 @ /
g 5
y 3 g
= zaor L F ///
o
o 5‘,9_""’
20 200 20
180° ‘
Py ot Lo 1 | 1 1 1 | (| o! SO R 1 . 1 1. - A
0800 1600 3600 000D 0460 0800 1800 2000 000D Gapd 0800
sor sar
HGS#2 HGS#3
40"
4 40"
o
4 a®

DIRECTION (METEOROLOGICAL SENSE)

EPEED(MPH}

azo

SPEED(MPH)

[
©
O,
DIRECTION

asdo 1

GDO

.
2000

1
alefeli]

b o — e
0400

PR
0BOO0

Figure 3.
given in the insert at the upper left.

Observed and computed wiads for the 1949 hurricane over Lake Okeechobee, Florida.
The pressure as a function of time is shown In the lower left.

solidlines; computed values are shown as dashed lines.

i1

The station locations and the hurricane's track over the lake are

Observed wind speeds and directions are shown with




LS 14 and LS 16: These two gages lie on the
interior - of the lake. The trajectory of the
wind 1s overwater, for all time. The com—
puted winds agree with observations. The
surrounding terrain’ to the west of LS 16 is
marsh land with little water elevatlon above

terrain for all time.

HGS 1: Before,_du:ing, and after storm passage
there was no significant overwater trajec—
tory of the wind field, except well before

storm -passage.  The surrounding terraln-is
marshy and generally exposed, with at most

one foot of , -water above terrain. The ob~
served Terraln type winds are much smaller
than computed “Lake" winds, except well be~-

fore storm passage.

HGS 2, 3, and 4: During and after storm pas-
-sage, there was no significant overwater tra-
jectory field. Before storm passage, the
winds were mnearly parallel to the boundar=
ies, and well before storm arrival there was
an overwater trajectory except at HGS 4. ‘Af-

ter storm passage, the local terraln was ex-—
posed or under very little water. , The winds
are generadly

smaller than computed,'except
well before storm arrival. -

HGS 5 and PORT MAYAGA: These two gages are
close | to~ each other but with different lake
boundary orientations. Comparison” of these
two gages. powerfully 1llustrates the effects
of trajectory of the wind field as follows:

1. Before storm arrival,

a. HGS 5 winds have an overwater
trajectory and computed winds
agree.

b. PORT MAYACA winds have an over-
land trajectory and winds do not
agree,

2. After storm arrival,

a. HGS .5 winds have an overland tra-
jectory and computed winds do not
agree.

b. 'PORT MAYACA winds
water -trajectory
winds agree.

have an over-
and

HGS 6: This was the only operating gage north
of (i.e., to the right of) the storm track.
Before - storm passage, the winds were from
the north with an overland trajectory and
computed winds do not agree.- After storm
passage, the winds were from the south with
an overwater trajectory and the winds agree.

Observed 'wind speeds far from the storm center

are . generdlly - greater than computed speeds.
There. are two possible causes of this discrepan-—
cy.s 1) in these regions, the storm model may be

' inappropriate, or 2) the input storm- parameters
are improperly set before and after storm passage
on the  lake. Improperly computed peripheral
winds - have little affect on-maximum.surge genera-
tion mnear a storm's core. 0f course, if a
storm's core. traverses far from a basin and pe-

computed

13

NArTOw
overall

,useful property

‘winds

.8igned to C P

.surge
.events.

" desirable.

ripheral winds affect the ~basin, then computed
surges, although small, may be in error,

Real winds have strong gradients-at water bound-

aries. It 1is assumed the gradient is localized
to the mnear shore region with rapid readjustment
to “Lake” or "Ocean” winds a short distance off-
shore.  The localized wind gradient is assumed

enough' not to significantly affect the
surge. The biased inflow angle with com—
puted winds partially compensates for wind errors

that do mnot recognize a narrow, localized wind
gradient.

Empirical tests with the SLOSH model show the.
‘computed surge is ‘insensitive to exact demarca-

tion between "Ocean” and "Lake” winds. This is a
gince the positioning of "Gcean”

and "Lake” winds is subjective.

isobars of the 1949 storm were dis-
non—-circular. The computed “"Lake”
are crudely corrected for distorted isobars
by assuming the distortion axis lies along storm
path. The real axis of distortion, however, was
significantly removed from storm path.

The = inland
torted and

b.  Surface Drag Coefficient\l

empirical  value of'3x10—6 is as-
{ P, in Eq. (21). This number
comparing observed high-water
marks along the coast. to computed surge for 43
historical storms. The SPLASH surge model with
"Ocean"” winds (Jelesnianski, 1972), was used to
compute the coastal surges. The number is a
gross approximation 1in a best fit sense. “Good"
comparisons did not occur for all 43 storm

One could align data according to storm
parameters, storm track, basin geometry, etec.,
and then vary the drag coefficient statistieally
as a function of data parameters. However, this
was not attempted because of the limited sample
of storm and surge data. The empirical value of
C has~ proven useful in field trials to
forecast coastal surges in real time, with actual
storm situations. The SPLASH surge model uses
linearized equations of motion, and the derived
drag coefficient does not necessarlly apply to
non-linear models. However, if the finite
amplitude effect is included in the SPLASH model,
there 1ig 1little overall change in surges on the
continental shelf except in very shallow waters
or for extreme surge heights. The SLOSH model of
this report considers finite amplitude effects,
and an alternate drag coefficient may be
However, results with real data for
the basins of this study are acceptably accurate
for operational forecasting.

A constaﬁt,

a
was derived by

Qur procedure for SLOSH uses a drag coefficient
identical to that of SPLASH. Results indicate no
major readjustment of the drag coefficient is re-
quired. '

c. The SPLASH and SLOSH Storm Models

Let us begin by éxamining the wind model used
in "SLOSH, which is among the most important fea-
tures .of the model. This wind model.evolved from
the SPLASH storm model (Jelesnianski and Taylor,
1973) which computes pressure and wind direction
for a stationary, circularly-symmetric storm.




‘east.

T =0 and
for a

The computatlons are based on a balance of forces
given by . T

5 .
1 dp _ ksV | aqv- £
Py dr = sind T‘VH; ?22)
1 d o s L
- 2B cosd = fV + — cost - V. == sind + k.V
Pg dx - r - o dr - __n
' - ) (23)
.These equations are;adapted'from Myers andxMalkip
(1961). . Here, r is the distance from the storm
center, p(r) is the pressure, ¢ (r) the inflow
arngle across.” clrcular isobars toward the storm

center, and V{(r) is .the wind Speed. The terms.

k. and kh are empirically deiérminedfcoeff1c1ents,

parameter.

and £ is the Corlolls The two
equations » ~ be solved for p and ¢ on a ray
from - the storm center, if the Form of the wind
gspeed . profile V(r) . is supplied. One~bénefi; of
this  procedure is that ' thé maximum wind falls
exactly at r = R. The SPLASH storm model uses

the followlng wind 5peed proflle for a stationdry
storm: :

2Rr
V(r) = Vg ==
, ( R R4 2 (24)
'The parameter R is - the radius of maximum wind
(the distance from storm center to the . maximum

is the maximum wind speed. K

wi?d), and VR

shows an exgmplé of profiles computed

Figure 2
by Egs. (22-24). For teal applications, the
maximum wind, V., for a stationaty storm is not
readily available on a sea's surface. For a
moving storm, the ‘central ~and peripheral. pres-
sure, and storm size, R, are likely to be avail-
able. To solve ‘these equations, an Iteration

procedure is wused. V_ is approximated (using a
table look-up procedure from ‘pre~computatlions)
and FEqs. (22=24) are then
(). The discrepancy between -computed and
required  pressure 1is then -obviated by changing
¥ until the pressure discrepancy is less than
a preassligned value, : '
“In- polar coordinates (r,8), the vector wind for
the stationary storm is

+ JRr  iln/ptere(r)] *
V = VR —S—5 &~ ’ 25
R RZ4 52 (25)
Consider storm motion such that the track of

the storm is relative north and G = 0 is relative
Then a vector correctioa for storm motion
is emplrlcally formulated as

eim/2 (26)

Rr
|ﬁSI R2 '2

where the -- The

|1s the speed of Storm.

-max1mum value of the storm correctlon is % USI

at r = R. Correctlon values taper off to "zera at
r =« This

weak storm moving rapldly, but such storms

" create -little surge: Empirical tests with the
SPLASH surge model show coastal surges are ot
overly“ sensitive to the_ correction vector, Vl,

for mﬁderate to extreme 1nten31ty storms.

The'

wind for a moving: storm superposes
Egs. (25) and (26) as 2 - :
> - F el
Wy = Ve, (27)

‘solved for ‘p{r) and

correction’ could be faulty .

14

- gients ks

V is
"rects’

For a given r, winds are maximum at. g = - ®(r),
Hence, maximum winds ocecur in.the.right rear quad -
£ant if V is used ﬁpr storm- motlon_corrgctlon
W, is used for "Ocean" winds; the friction coeffi-
and- k must- be. supplled .and they are

chosen as functlons of storm - parameters,
Eq. (20), (Jelesnianski, 1967). Since position
of a storm is known as a function of time, with V

+

computed ~with respect to r", and with i
given, - i&' is "then easy (albeit laborious) to
compute ‘and”-hence wind- stress at each grid

point locaged at "r" from storm center.

terrain or over

" distorted due, in
The additional fric-
The axis of distor-

A storm - moving across open
lakes has pressure isobars
part, to’ increased friction,
tion, of course, modifies V.
tion follows no precise orientation, but can lay
in the wvicinity of  storm track. Such pressure
distortion’ ‘increases winds before storm arrival
and lowers - them after ‘storm ' passage. One can
partially: correct the winds for pressure distor-
tion by appending a linear pressute gradient per-
pendicular to the  distortion axis and computing
an - ddditional geostrophic wind from the added

pressure - gradient., -However, geostrophic wind is
sensitive  to ’'the distorted pressure gradient. A
gradlent of -1 mb/100 miles, at latitude 30°,
gives a 15 mph wind. There is no precise way to

forecast = the pressure distortion for individual
storms. The pressure field is further compli-
cated if ~the storm is imbedded in a synoptic

scale pressure field.

The SLOSH model
For inland water
used, and an
distortlon is

uses. the SPLASH storm model.

- bodies, stronger friction is
additional correction for pressure
includeéd. The higher friction and
additional - correction are applied only to inland
water ,surfaces and not to continental shelves.
The' addltlonal correction is

lﬁ | RIxD RIYF 17T/

(28)
RZ+v2
where Y is the normal component of r along the

track direction. The additional correction is a
directed . wind, perpendicular to the track, plus a
30° bpacking for friction effects. We control the

correction by means of storm speed instead of
actual pressurée distortion. Distortion is di-
rectly - pelated to storm speed. For a stationary

storm, we agsume no pressure distortion and the
wind is then-V. =
The "Lake"” wind then is a superposition of two
correctlons to the stationary storm as
Wy, = VT, (29)
7 . >
_additional correctiom V., 1is qgglitative in
The maximum "~value 1is U along two
lines perpendicular to storm- track™ at +R from
storm  center. - Values taper off to zero at Y = 0
and - Y =+ o + The maxiﬁdﬁ-winds now occur in
the right-front quadrant. - Empirical tests show
only minor-chinges In overland and lake surges if
omitted.” - The dature .of the change cor-
wind and surge qualitatively and therefore
is used for its cosmetic effect.

The
nature.

"Lake" winds are
even though

operationdl - convenlence,
across inundated terrain

For
used




végetative material over terrain is considerably
different from the beds of bays and lakes. An
extinction coefficient {(based on vegetation
height) is used on the stress terms across dense
foliage such as mangroves and forests. In real-
ity, the friction terms k and k should be
higher over inundated terra?n and vary accordlng
to type of terrain; e.g., the heavily concen-—
trated mangroves over part of the Florida
Everglades. = There are not enough observed data
during storm surge flooding of densely foliated
terrain to empirically ascertain friction values
for the wind profile. Accordingly,. computed
surge values may be suspect over densely follated
terrain. :

5. THE GRID SCHEME AND EXPLICIT, FINITE
DIFFERENCE SCHEME

The fields, surge and transport of Eq. (i), or
surge and trarnsformed transport of Eq. (13), are
separately computed at discrete, equally~-spaced
points on a horizontal grid mesh. The grid
scheme treats a surface of surges in a two-
dimensional, stair-step fashion. A template of
the grid 'scheme is shown in Fig. 4. The grid is
used with Cartesian or transformed coordinates.
For illustration, ‘the Cartesian form .for equa-
tions of motion . (1) is discussed. (The trans-
formed form is. equivalent .but uses a different
notation. ) A '+' point is the center
square; a ',' point lies on  each corner of a
square. Surge is computed on the '+' points and
transport on the ',' points. Both components
of transport are computed at each ',' point.
Predetermined fields,” such as depths relative. to
a horizontal datum, metecrological driving
forces, etc., are appropriately positioned on
grid points as needed.

scheme: “bf

The grid ‘Fig. 4 is labeled 'B' by
Mesinger and Arakawa. (1976), who also discuss an
alternate scheme, 'C'. For some purposes, scheme
'C'  is preferred. However, we. chose 'to use-
scheme 'B' 1nstead to  better . accommodate the
Coriolis terms to treat cases of shallow water
depths, and to allow computations of both

' points. o

components of surge gradient at ',

- AS ——a]
m=1,n+1 m,n+1 lm+1,n+1
d Y
m-1,n m,n ' as
4m-t.n . _4m.n _Am+1in
lm—mj—! im,nﬂ
4m-1.n-1 Jm,n-1 dm*in-1
R B . \x
Figure 4. A grid template for the finite differ-
ence scheme . ysed -in the SLOSH model, The '+’
points are surge “or height points on the grid,
located at the -center of squares. The ','
points are momentum ‘points on the grld located

at the corner p01nts of squares.

of a .

L5

tive

- points. A

Relative to a transport point, a surge point is
offset by a distance 1/2As in the x- and y— direc~

tions A template with two separate labheling
schemes, for'surge and transport ‘points, could be
represented as shown on Fig. 4. There are other,
more-compact, labeling  schemes (Mesinger and
Arakawa, 1976), that - are .more elegant for
theoretical work. The separate labeling for
height and transport fields in this report is

convenilent for computer use.

- Any field value, F(x,y,t), can be labeled at a
grid point as Fp = F(m AS, n As,k At), where
m -and n are 1nteger ‘grid positions and k is an
integer Fto represent the number of discrete time
intervals At. For finite difference computations,
a given field value is labeled elther On a surge
or transport point, as required. .-

For continuous changes in“-time, the time deriva-—
can be approximated for three* levels in
time——past, present and future--as,

)

aF K+l k 1y o .
At (F - Fg ) . (30)

T 25t

In numerical computations, the spatial surge de-
rivative is computed at transport points, and spa-
tial transport derlvatlves are computed at surge
spatial surge derivative at an (m,n)

'.' point is approximated as

transport ',

’ k k
%%'= Ths [h hg—l,n+ hg,n-1 = bn<1,n-11,
(31)
gh 1 s
BY T 2hs [hﬁ,n + hﬁ—l n~ h% n—l‘T hg4l,n—l]!
m,n subscripfs‘at '+' points
A spatial transport derlvatlve at an (m,n) burge

'+' point can be approx1mated as

U 1 Lk Kk
Sx i ULt Ut Uil oo Vn,al,
V | (32)
gV 1 : k- - vk — yk
3y = 78 D, et Vi, mes” Vel Vi,nl
m,n subscfipté;at ' peint
* -
Two levels in time can be used, with savings

in computational time and computer memory.
Empirical tests show minor changes in computed
peak  surges _and small ~ changes AAn  dimland
inundation. o



The spétial derivatives .- (31)-. and (32), when

acting on a surge or transport field, are.now de-
ﬁined_kgs kp ()2 as; the_symbolAGn)k»stands for
Ukj,-V , b or h™y, In fidite difference form, we

then réwrite Eq. (1) as

k1 S T - T B k
Um,_n-{HaAi)Um,u biim,ni:...Ber EiDy]h "“"‘r?m,‘n
‘e x T:k.
m,n
vt R T S T T
Vm,n (1+aAi)vm,n 2 me;nLBny ,Piﬁx]h -aﬂrum,n
v o Tk
“m,n

(33)

where a.= 2f At, b = g At/ As, ¢ = 2 At and compo-
nents of  'T" are given. by (13 a). Tk

m,n
transport ',' point dis the arithmetic mean of

Total depth values on four surrounding sutge '+'

points, e.g.,

™

m,1n

Ak k K K
= —E_{(D+h)m,n + (D+h}m—!,n + {D+h)m,n-1 + (D*h} 1].

m-1,n~

(34)

Deptﬁs, Dm'n’ not to be codfused-with‘defivétiyes

‘with respedt to a datum, are fixed at surge '+’

. ple of stair steps that are dry or wetted.

barrier i$ not overtopped by ‘all
squares at a  momentum point,
are used which are described
The friction coefficients
are functions of H at a
transport ';'. " These coefficients show
only very variations for depth changes in
shallow or deep water. However, the friction
term, A, varies strongly In very shallow waters
with small  ¢hanges  in- depth. - Hence, the
arithmetic mean of A; on the four s udres Is
used. The surface stress XTkm,n, YT®y,n are
computed at transport ',

points. 1If a
four surrounding
special techniques
in a latér section.
Ar’Ai’BrJB"C"C
point
small

's' points.

The water surface of the SLOSH model, and bed
of the model basin,. are approXimated as two-
dimensional’ stair steps. Figure 5 -shows an exam—
If wa-

ter initially enters a dry square, or exhausts a
wet square, specialized computational techniques
are implemented. A wetted square has a volume of
water with plane . surface- 'abcd' = .{ As)}? and

total depth 'H'. The space gradient on the water
surface 1is the height difference between squares
measured from a common datum. . A corner of a

wetted square caunot have two—dimensional flow if
a stair-step-rise or barrier is not overtopped.
Two-dimensional flow exists at points 'a' and

'h', but
tiguous
tops the barrier height.

not at points 'c' and 'd' unless a con—
square(s) surrounding these points over-—
In the absence of a bar-

rier, two-dimensional flow exists at a momentum
point only 1if at least one of the four surround-
ing squares is wetted and higher than the highest

bed depth of the four surrounding squares.

‘Barriers specified within the 'modél"cénrrﬁn
only along the sides of a 'squave),.can turn 90° at

a corner . point, and must terminate at a corner
point.. . Separate barriers can cross at a corner
point. The height of a barrier at a corner point

"is the mean height along its length As; that is,

at a
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The

Figure 5. Dry . and wetted grid squares.
squares form two-dimensional stair steps.

1/2 As oun both gidés of a corner peint, except at
the termination of "a barrier at a corner' point.
For a barrier to exist, it must be higher than
the highest squarc at 'a coroer point. Gaps
through  barriers, - are separately as

treated
special cases. :

When . barriers or stair-step rises are not over-—
topped, . horizontal (as opposed to bottom) slip or
ao—slip: conditions must be chosen along barriers
for finite difference. computations. The SLOSH
model, at this. time, uses ne—-slip along unover-—
topped barriers. For the differential equatious
(1), no-slip is an overspecification unless hori-
zontal wiscosity dis. included. The SLOSH equa-
tions, of course, can accommodate horizontal vis-—
cosity, but empirical computations with and with-
out horizontal viscosity give only minor changes
in the surge computations. The no-slip condition
along barriers is not decessarily an overspecifi-
cation “with (33) because of the additional compu-=
tatrional solutions . compared to ‘solutions of the
differential equations- (1),  Other grid schemes
implicitly assume a slip condition along a bar-
rier, although transport itself may not be com-
puted along barriers.

In
square
across
levels

the «case of the initial flooding of a surge
{continuity equation), or the initial flow
a transport point (momentum equdtion), two
in time are used-—present and future—--as,

hk+‘£' - hk
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where special teéhniques are used to form H and
the friction term A, The momentum equations
are driven by gravity forces, and surface driving
forces are ignored. a




are de-
are not

The equations of motion (33) or (33)

signed for two—-dimensional flow; they
designed to handle one-dimensional or channel
flow. Equations (33) were designed for flow 1in
the interfﬁr of a region where total depth,
H = '(D+h)'m 0 is positive; i.e., with wetted
squares. ! -
Equations (35) were degsigned for flow inundating
onto dry squares. Considerable difficulty arises
with iInland  inundation and the resulting moving
fluid boundaries. It is not always possible to
satisfy the three equations of motion, Eqs.{(33)
or °{(35). The momentum equations do not have ade-
quate sophistication to reconstruct flow in thin
sheets of water over corrugated terrain with vege-
tative and other surface features. In such
cases, rhe continuity equation and simple storage
prineiples take precedence over the transport mo-—
mentum equations.

a. Computations with
'+! Point

Continuity Equation at a

When wusing the continuity equation of (33) or
(35), the following are some of the techniques
used ro compute surge values at future time at a
'+' point, Fig. 4. :

time, if all four surrcound-
ing corners  af a grid square (four trans-
port . points) have no flow,
computations are ignored at the '+' point,
and no water enters or exists the square.
This holds:even if the square is wet; e.g.,
it the‘squére is a local low point in natur-
al terrain and surrounding squares are dry,
or 1if water from surrounding wet squares is
held back by barriers.

1. At present 'k’

2., At the present time, if at least one of the
four -surrounding corners has flow and the
square is wet, thea the continuity equation
of (33) is used. But if the square is dry,
then the continuity equation of (35) is
used. Here, we discriminate between cases
of unimpeded flow into a wet square, ini-

tial inundation inte a dry square, and flow
into a wétted square partially bordeved
with barriers or stalr-step rises -not
overtopped. We do not discriminate for the
very special case of an isolated wet square
at. a local low peint in natural terrain
initiatly - suffering dinland inundation;
that 1is, Eq. (33) is used even though
Eq. (35) may be preferable for. this case.
Empirical tests show this special case is

not significant in surge generation.

3. 1f computation at a '+' point results in
water ‘below the square, then the square is
set dry at future time. Water is not per-
mitted to fall beneath a dry square. 1In
order to- conserve mass, the transport at
present time on- the four corners are de-
creased by a fixed ratic so as to exhaust
all water in the square and no mere. Surge
values at contiguous squares surrounding
the four corners are computed {or recomput-
ed} with the decreased transport values at
the . -four c¢orner points. Here, we rely on
the continuity equation and storagéuprinci—
ples. .Usually, in this special case involv-—
ing a thin sheet of water, the surface and
bottom stresses the

are inadequate - in

then
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equations of motion, or At is too large
between  computational time steps. The
momentum .equations- are no longer com—

pletely relied on.

Note that when 'two levels in time (rather than
three leve;s). are used, appropriate techniques
differing slightly from -these are used.

b. Computations with Momentum Equatious at a

lo! Point -

In the
applied

SLOSH model, the momentum equations are
after the continuity equation computes
surges at future time for the entire basin. In
some special flow cases, the momentul equations
are partially modified. Computing with momentum
equations is not as clear cut-as with the con-
tinuity : equation. Much ‘testing. is required
before wusing the momentum equation. to determine
if flow  is impeded by a barrier or stair—-step-
rise, Fig. 6. Also, flow initially inundating a
square—that is, water on a.square at future time
but net present time——is- considered.

For reference purposes, a transport polint in
the interior of -a basin, Fig. 6, is always
surrounded - by four squares. These sgquares may
all be wet, all dry, or may be a combination of
wet - and dry squares. As a definition, water will
'overtop' a transport point when the surface of
at least one wetted square lies :above the highest
of the four dry squares, Fig. 6b, or if a barrier
is present, above the barrier, Fig. 6d. The
following are some of the techniques used to com-
pute transport with the momentum eguations of

(33) or {35).

1. If all four squares are dry at future time,

Fig. 6a, transport is .set to zero at future
time. This. is dome even if some or ail
squares 4dre - wet and overtopped at present
time.

2. If all four squares are wet at both future

and -present time, and all overtop, Fig. 6b,

them Eq. (33) is used. If the bed of the
highest square {or barrier) 1is above
—40 feet—i.e., approaching - shallow
depths——then the friction -term, A., is
set as the arithmetic mean of A, q% four
squares, -where'.Ai is a functiofi of the
total depth 'H' - above bed level of a
square., If the ‘depth. is below —40 feet,
then - A is a .function of the depth 'H'
Eq. (34). In shallow waters, the A, term
is’® the most sensitive of the bottom dtress
terms. : -

3. If all four squares are wet at future time

' but dry at present time, and if all squares

overtop at future time, Fig. then

Eq. (35) is used.

6b,

4. 1f some or all squares are wet at future
time but  none - overtop, then transport is
set to zero at future time. This is done
‘even if squares are  wet and overtop at

present time.

two or three. (but not all four)
squares overtop at future time but
all four sgquares overtop at present time,
then Eq. (33) is used with driving forces
set to zero.

5. If one,
wetted




Figure
wetl

b

-used with modifications.

linearly

» not

6.  Idealized combinations. of dry and

ed ‘squares, with and without barriers.

If all four squares are: wet and overtop at
future time but fewer squares are wel and
overtop at present time,'fhen Eg. (33) is
The, A. term,
and Egq. (31), are altered as follows%

a. The height of a dry square (or wet
square . that 'does "not overtop): is set to
barrier height, -or in . the " absence of a
barrier, set to the height of ‘the highest
square, in gradient. equation  (31). In
this way, tlow depends on -the head of
water. above  the = barrier or.-highest
square. That 'is, -the surge gradient is
measured by ‘the -head of Water above the
barrier or highest .square, Fig. b6d. -

the- A, friction term at the
time,. a - special - empirical value
dry square 1is used.. Since the A
is stored at incremental -foot levels,
value - for a dry square is given by
extrapolating - to Zerdé depth with
givén values at 1 and 2 feet.

b. To derive
present
for a
term

its

If. one, two, or three wetted squares over-—
top at. future time, and if one, two, or
three squares overtop at present time,
then Egq. (33) is still used with the above
modifications -at present times. Testing is
performed if the samé squares overtop
at  both the present and future tinme.
(There 1is much room here and in item 5 for
improvement with complicated applications
for separate squares in present’ and future
time.) : -

if only one, two, or-three wetted
overtop at future time, .but 0o
overtop at present time, then Eq.
used but with the modifications of
appiled at future time.

squares
squares

item 6,

(35) is
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mangroves, a

Again, when two, vrather - than three, levels in
time are  used, then appropriate techniques
differing slightly from those above are used.

The action..of wind through surface stress on a
thin sheec of waterzis a complicated process and
cannot adequately bé ‘described by the present mo-—

mentum equations. To partially ameliorate the in-—
adequacy on thin sheets  of water, an arbitrary ex-—
tinction . coefficient " is applied to the surface
wind stress.. The wind stress at a transport
point 1s reduced whenever the total water depth
in a square, H-= D+h, is less than | foot. For
general wet terrain with no trees or mangroves
and with no barriers, Fig. bb, the following rule
is applicable:

extinction coefficient = H
extinction «oefficient = 1

,  O<H<I
, H>1,

(36)

and the final extinction coefficient is sct as
the  arithmetic mean on four squares. This linear
choice for . the extinction coefficient with a
small range- of 1 foot is arbitrary. It has heen
tested with- only a limited amount of observed
inland surge. data. Tests with the SLOSH model
show the peak surge at interior squares of an
inundated region 1s inscnsitive to Eg. (36) if
the range of 1 foot is changed. The position of
a moving boiundary .with time-—say on a large and
neariy horizontal plateau-—can be sensitive to
the range. However, with stair-step-rises and/or
barriers, the. boundary position and peak surges
are not - sensitive to the range. The extinection
coefficient can delay the onset of inundation.
in general, the total. inundatien is not sensi-
tive. -

Io  the - SLOSH model, Eg. (36) is modified ro

account for- barviers and stair-step-rises. In
such situwations the water depth, H, in each
square is measured from -the Dbarrier height or
highest rise. Thus, the extinction coefficient
on each square is unity  only when water 1is
greater than gné.‘foot above a bharrier or the
highest . of  the four squares surrcounding a

momentum  point. -Each square is given a weight of
0.25. Thus, if only one. square overtops by
0.5 feet, the.coefficient is 0.l25, etc.

There are localized,.low—lying, terrain regiouns
with dense vegetation. such as the mangroves along
the - southern coasts of Florida, dense forests in-
side swamps, ete. . In these regions, the strees
across thin shects of inundating or receding wa-—
ter is significantly reduccd compared to open ter—
rain. In these heavily vegetated regions, the
available observational surge data are too sparse
or non-existent to adequately formulate empirical
standards to extinguish wind stress. For. a conve—
nient working c¢riteria, the §SLOSH model alters
the extinction . coefficient of Eq. (36) from a
height of 1 foot to half the average height of
vegetative material. The computed surges in
these  areas are not sensitive to the exact
height, wup to ra factor of about 2. For dense
height of 10 feet 1s presently
used . The effect of -this stronger extinction
coefficient 1is to . trediuce the peak surge locally
by about - 10% compared to Hq. (36). A compen-
sating effect is 'to increase slightly the surge

-along the coast where .mangroves begin.




Land contours on most topographic charts are at
5-foot intervals above NGVD (National Geodetic
Vertical Datum). Marine charts give spot depth
readings to the nearest foot below MLW (Mean Low

Water ). Both charts give only limited informa-—
tion on vegetation. 1If it i assumed vegetation
impedes flow over terrain more than over water,
then some account of vegetation . is -desirable.
Instead. of altering friction coefficients over
terrain, ‘the SLOSH model merely adjusts the
effective water depth, H=D+h, over terrain as
follows: ‘ '
total depth = H-1+(1 ~ H/5)> , for OCHCS (36a)
total depth = : for H>5.

H-1 ,

The depth reduction -is applied only if all four
squares surrdunding a momentum point are over ter-—
rain, wet and overtopped.
arbitrary¥*.. The revised H's
Eq. (34);
tered. The
friction values. only slightly, except at very
small depths and then only for the A,
Whenever terrain slopes or barrier impeéiments
abound, the total inundation is net sensitive to
Eq. (36a), nor to its range.’ However, the inunda-
tion process dis slowed across flat terrain witch-
out barriers.  In general,  Eq. (36a) is most
significant for small storms moving fast, least
significant for large storms moving slow.
implies that the total inundation depends on the
residence time of the storm across terrain.

are

The procedures for flow over terrain is empiri-
cal, coarse and open to objections. Model tests,
with and wi@hqut,depth adjustments over terrain,
show small changes for the total inundation in
- the basins studied so far. TIts use. qualitatively
impedes initial flow  over terrain, but is more
cosmetic than substantial. '

The present . SLOSH model does produce two-grid-—

wave noise due to boundary effects, turning on
and off mature . driving forces during inundation
and recession, -under- and overtopping barriers,
and an imprecise démarcation between “Lake" and
"Ocean"” winds. The  two-grid wave has not been

investigated satisfactorily under conditions of &
bathymetry, and-

variable sea . surface, wvariable
moving boundaries.., - To partially eliminate this
noise, a smoothing = procedure. is used at hourly
intervals*#, ‘All output is smoothed in. space to
partially  eliminate  the two—grid-wave ~noise,
Appendix C. S

6. - ONE-DIMENSTONAL FLOW

1f terrain 1is irregular,
flow equations are sometimes
initial flooding or abatement. - Figure 7 is one
example., We note the bed of square “abed” has
the following special property: each of the four
corners of the square has a maximum stair height,
but the bed is”lower than the lowest of the four

the two-dimensional

* ) o
Tests . are wunderway- for different formula-

tions over forests and mangroves with a larger
slip coefficient.

%%

Tests are underway for more selective smooth-
ing about unovertopped corner points and bar-
riers.

The break of 5 feet is
. used in
the surface gradients (31) are not al-
empirical depth adjustment .changes

term.

This-

inadequate during

© - gcheme of

i9

ed, a
- through.
~. unobstructed

stair - heights. Such a 'square is an "iso-

maximuin

lated square.” 1f neither of two adjacent cor-
ners of a side are overtopped, then the horizon-
tal no-slip condition prevents water from enter-
ing or exiting, that is;, the water cannot flow
through side ™“ab"™ according to the present grid

the
is. unnatural.
figurations of
lative vpositions

SLOSH model. -Such an obstruction

There are many alternative con-
isolated squares according to re-

of barriers and stair steps.
I'solated squares occur along terrain irregulari-
ties such as depressions, barriers and corruga-
tions on natural. terrain. Fortunately, these may
be few in number since most squares have at least
one unobstructed coraner.

Figure 7. A wetted, isolated square, 'abed',
with only one unobstructed side for water
passage. A 'sill' ‘can’ be present along a side

-0f a square.

Another example of sﬁppresseq,two—dimensional
flow is a “gap” or cut.in a barrier, Fig. 8. The
gap length can’ -be ‘smaller than: the side of a
square. An "unobstructed” side of a square is a
special kind of gap. For a sidée to be unobstruct-
pathway .must exist for water to pass
An isolated square can have up to four

sides. A connection of several iso-
lated squares, with an unobstructed side between
two -adjacent squares, can form a channel* such as:
a river basin. ' '

A special situation is a "sill" rising from the
bottom of an unobstructed side, Fig. 7. Water in
4 square must overtop a "sill” before a head can

form to pass water through the unobstructed side.

The special case of flow through a narrow (sub-
grid size), deep chaanel connecting. two water bod-
ies will be discussed later. :

and character ' of all ' isolated
squares, unohstructed sides, sills, and - gaps
along barriers are predetermined as input basin
data': into the SLOSH prpgram;"Also, gap lengths
and sill. ‘heights must be specified. ' If two-
dimensional flow 1is suppressed, = theh an unob-
structed side or gap is ‘tested for -activation of
one-dimensional  flow. Empirical tests with the

The location

% o
can exist in the channel, that is,
expansions or contractions.. They‘arefﬁreated sepa-
rately. Also, bank heights along rivers are under
development. S

Transitions




Figure 8.-

A 'gap' of length 'l' along a barrier.
The head of water 'Y  drives water across the
gap. o ’
SLOSH model point out that peak surges are not
“sensitive to localized, one dimensional flow of
short duration. However, low surges and the posi-

tion of a moving boundary. durlng inundation or ex-
- haustion do. have sensitivity; one example is the
astronomical tide. However, ‘a note of caution is
needed here. Good results with astronomical tide
computations do not necessarily imply good re-
sults for storm computations. Astronomical ctide
is driven by gravity alone; storm surges result
mainly from meteorological driwving forces. '

When

simulating terrain ‘with K  stair-step
squares, the abrupt rises on sides of squares are
generally fictitious. Exceptions are shoreline
bluffs; sills, . ridge 1lines, and . man made bar-
riers. - One—-dimensional flow through unobstructed
sides of a square 1ls a useful mechanism to ini-
tially store or exhaust water over irregular ter-—
rain.
The one-dimensional flow equations used by the

SLOSH  model are a revision of the Cartesian two-—
dimensional flow equation, Eq. (l). TIf V =0 for
one~dimensional flow, then

Elif N Bid n
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If U0 = 0', the

v "By B{ x

—=- (D+h)(B+ )—~+ F(A{— ALV + ¥
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3T ay
with similar forms for the transformed equations
(16). The Coriolis term is retained and bottom
stress is not of the Chezy or Manning type. The
above equations are mnot concerned with surface

gradient perpendicular to the flow dlrectlon. Ad-

vective terms

pressure gradient force are included. This

are ignored but surface stress and
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contrasts significantly with classical hydraulics
where storm driving  forces are 1ignored but
advective terms. are included.

Two separate grid schemes are illustrated on a
template in Fig. 9. The corner points ',' have
both- U and V components of transport wheteas the
'X' -points have either U or V but not both. Both
grids use the same 'h' or surge points. The
first grid is labeled 'B', and the second, 'C' by
Mesinger - and Arakawa {1976). The C-grid makes no
distinction between one~ and two-dimensiounal
flow. This property is one reason for its wide
use in many wmodels. Although the B-grid is not
superior in ' several Tespects, it is the choice
for the SLOSH model. It has the advantage of han-
dling the Coriolis terms directly, of computing
both components of space derivatives at a momen-—
tum point, and. of computing symmetrically all spa-
tial -gradients, as well as the mean value for the
total depth - '"H'. One difference between the two
grids . is the ability to recognize slip/no-slip at
boundaries and corner points. '

(u,\/)@ OIURY)

_ (U,V)CB OIURY
v
Figure 9. Two possible orientations of momentum
points indicated: by ' points and ‘X'
points. When one-dimensional flow is activated
across unobstructed sides of a square, the 'X'
momentum points are wused in the equations of
motien. ‘
In the - SLOSH model, stair—step rises and bar-
riers terminate only at ',' corner points. If

a corner point is not overtopped but water exists
on some or all squares surrounding the point,
then flow -in the wvicinity is complicated. VFor
simplicity with the B-grid, the no-slip condition
is applied at all ',' points not overtopped.

With
do mnot
ners 1is
slip
component of

the C-grid, stair—step rises and barriers
terminate at 'X' points, and flow at cor-
not - referenced or addressed. However,
along ~boundaries i35 dimplicit. The normal
transport is set to zero at an 'X'
point on a boundary, whereas, the parallel com-
ponent. is neither specified or computed. Bounda-
ries or barriers are placed on the C-grid so that
normal components of transport are at 'X' points.

Midway on line ab, Fig. 7, a transport compo-
nent can be computed at an 'X' point. The C-grid
does not concern itself with slip/no-slip at cor-—
ner points 'a' and 'b'. Henceforth, when computa-
tions break down with the B grid at an unob-
structed side and a head of water exists, the
C-grid- is then used to pass water through the
side with the specialized ome—dimensional flow
equations, Egs. (37) and (38).




Finite difference schemes for the C-grid are
discussed by many authors (Mesinger and Arakawa,
{(1976); Reid and Bodine, (1968). We do not
detail methods of computation except to note that
three levels in time are wused to conform with
Eq. (33). (Two levels in time can be used for a
savings in computer time and compuler memory. )

It 1is usually .assumed that transport is. invari-
ant across a side of a
This assumption need not he a strict requirement.
For example: '

[f transports for both grids are combined
in the continuity equation to compute the
surge “h," then weights of say 1/2 are set
for each grid. 1f the 'B' grid ig inactive
at corners, then the 'C' grid has an extra
weight factor din the continuity equation;

the weight factor of 1/2 means transport
varies parabolically across an unobstructed
side. :

In the SLOSH model, the weight. factor is ignored
since the flow is too complicated te assume a
specialized variation of -“transport across the
side of a square. :

We take many liberties with flow through unob-
structed sides of a square. For. example, if cor-
ners of unobstructed sides are oveftopped during
storm passage, there is little effect on the bha-
sin high waters if one-dimensional flow is ig-
nored. The one-dimensional flow procedure is ba-
sically a cosmeti¢ approximation for a compli-
cated flow system of limited duration.

Again, consider line ab, Fig. 7, where the wa-
ter height difference between two adjacent
squares is called the "head."
one-dimensional flow, there is much testing for
the head of water across an unobstructed side.
There ' are redundancies in determining the head
according to combinations of dry and wet sqdares,
overtopping the highest bed, overtopping a bar-
rier, "~ overtopping a sill if it exists, and over-—
topping level 'i', where 'i' is the lower height
of the two corners 'a' and 'b’'.
late the head are as follows:

1. 1f both squares are dry, or none ef the-two

wetted squares overtop the highest bed or

i1}, then the  head does not exist. One-

dimensional flow is not activated.

ts

overtop 'i', then head is
one—dimensional flow-is not

2. If both
irrelevant
activated.

squares
and

3. If rthe lowest wetted square is lower than

the highest bed or sill, it is set
. virtually to the highest bed or sill
height. o
4., If the highest wetted square lies above
'i', it is set yvirtually to level 'i',
where 'i' can be a barrier elevation.

If . one=dimensicnal flow is activated according to
these
ed for the space gradient in the one—-dimensional
flow equations.

Several additional rules avre followed for one-
dimensional flow. 1f one, and only one, square
overtops 'i', then both oune- and two—dimensional

square with the 'C' grid.’

Before activating

Tests to -formu—-

tests, then the head of water is substitut-
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factor

flow
weight
nored

are both active. There really should be a

factor for the two flows, but this is ig-
since both .flows are active only for a
small transitional period and water height above
'i' dis small. For this special case, the storm's
driving forces are not activated in the one-
dimensional flow equations. (They are activated
for the two-dimensional flow .equations after ini-
tial rise above 'i'.)

A sheltering effect is applied.to storm driving
forces, similar in scope to two-dimensional flow.
When actual (oot wvirtual) water depth is less
than 1 foaot above the two beds, and in addition
when mean water depth of the two squares lies be-
tween 'i' and 1 foot below "i', sheltering is im—
posed. This method attempts to bring one-dimen-—
sional flow into agreement with two—dimensional

flow at corner point 'i'. -

For one-dimensional -flow _cases,  the winds are
weaker than over & large water expanse. For con—
venience, an arbitrary -25% - reduction of stress
(not wind) from "Lake" winds is used.- Empirical
tests show the surge insensitive to the 75%
unless the stress  direction is perpen—
dicular to the -"unobsttueted” side,  and only
until = two- dimensioual flow is' activated. A
channel——formed  frow . connecting squares with
"unobstructed” sides——meanders, and the stress
direction rarely parallels- the meandering axis.
If the meandering axis is .not ‘perpendicular to an

unobstructed side, then the tomponent of. driving
forces on the axis is rotated until perpendicular

to the unobstructed side.

If the computed water level drops below the
height of a square, the square is-réset to be dry
and the momentum in the continuity equation is
altered to reflect this condition. Before ini-
tial inundation through an: "unobstructed side,”
the momentum at an "X" point is initialized to
zero. After exhaustion, it is set to zero.

As time marches on, and a storm inundates or ex-—
hausts dinland terrain, the computational process

switches between one- and two—dimensional flow.

Flow.Thru'Narrdw, Deep Channels

Anstead,

An  inland water ~body -may be connected to an-
other water body via a channel. If the channel
is mnarrow, deep audmldng, then the most signifi-
cant driving. -force «can be the-head of water he-
tween channel ends. If it is assumed the water
level never touches bottom -in a deep channel,
then vast quantities of water can. flow through
the channel, even wilh only a small head.

Wide channels (several grid ' lengths in width)
have gignificant cross;cufrenté relative to their
major axis. In reality, these are inland water
bodies, and the ,two-dimensional -flow equations
(1) are appropriate. _If the channel width is
small (grid size or less). with Insignificant
cross currents, then the one-dimensional flow
equations, Egs. (37) and (38), apply. The equa-
tions, however, arekd%érsimplifiédAand restrict-
ed, and 1if the chaunel axis is stfongly meander-
ing or at an .angle to . the grid network, then
there are 90° changes in the flow direction at
discrete intervals. These attributes may be too
drastic to "properly represent- a deep channel.
classical hydraulic techniques are used
with simplifying assumptions. Several different
techniques were empirically tested with the SLOSH
model. ' '




Comparigons show there were only small differ—
ences in the oveérall effects on surges across an
inland water body. ‘Accordingly, a simple tech-
nique is' presently employed in the SLOSH model
for narrow, deep channels.

‘A - standard form for the momentum equation of
channel’ flow (Chow, 1959), is

du 7 du , -8 '
5t u§§'+ g§§1= g(8,-S¢) (39)

~where y° 1s the total water depth, u is the mean
current, 5 is the bed slepe "and Sf is the
energy slopé translatable into current.

Consider a natural channel, Fig. 104, on a curv-
ing or meandering course. The Yength along the
course 1is straightened as an x-axis. A cross-
sectional area on the course is ' ‘

as= [ B0 (409
.0 .

where .g is' measured upward from the lowest level
and £ 'is.- the width at. level I.. The atfed varies
along the course as the tetal depth, y.-

The continuity equation is

3A 3 (Au) .‘

fa8 S . 41

ot 34 (41)
To set the contlnulty equatlon with total depth

as a dependent variable, we have

oA 3 [ e '3"=\.§z
: EE-= 5{% ;(X’g)dc,— g(stJg%' ?at'

where B is the width of the channel at the water
surface, and, :

. :y . . C
-2-‘3; %;g g£(x,gdg = g%ﬁdc +:§{x,y3%
_ s9A : 3y.
- C§§Jy constant+ 35%

Hence, the continuity equation has..the form

éx + 4 o (42)

3y L Adu
*t3 * (3x y—constant_

ot Bx

"It dis a laborious
channels, Fig. 10,
areal configuratious.
tional areas
face width,
cdse,

task to deal with natural
because of - the . eomplicated
Instead, the-:cross sec—
are- simulated as rectangles ot sur-
B, as obtained from chdrts ‘In this

L Ya. . _ _dB
Bx)y“constant g dg

dx _ de
and the continuity equation becomes

—3~’-+y,5—+ugli+uy dB _ o, (43)
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Cross-sectious for a natural and an
A horizontal chan-
have a wvariable bed slope, SO, and a
variable water surface slope. The dalum used
in the SLOSH model is NGVD (National Geodetlic
Vertical Datum). '

10.
idealized prismatic channel.

Figure

nel can-

Multiplying Eq. (43) by vg/yv , adding and sub-
tracting Eq. ¢39) gives =

2u = )Yy /88y =) 2Y
2 _(uffg*y)axr/;[at + (us /G

(44)
= g -
g( Sf)‘I'B‘/TgY a=
Since
__u /B 8y
rlvt ?‘F) at 'y ot »
Eq. (44) can be written as
E_ (u + 2vVgy ) = g(8 —Sf)+ /gy-—— (45)
along the characteriétic‘lines detined by
Cdx ut /57 - | (46)
dt - o
The last two equations are.amenable to solulion

characteristics.
for

by the method of
solved, numerically,
head between channel

They were
channel flow, with the
ends as the driving force.




Storm driving forces were not used since the mean-—

dering course of. a channel negates its presence
and most of the: effect is to produce a slope
across the channel. The bed slope S was per-

mitted to vary with %, including adverse slopes;

the width, B, was permitted to vary with x.

nels  were deep enough so that the Froude number,
u?/(gy), was always less than one.

The equations may represent physical processes
within a channel, but this in itself is insuffi-
cient. What matters strongly are the end bound-
ary conditions and. the entrance and exit,dynam—
icg. These are not well known or observed under
storm condltlonq. Because of the many 1mponder~
ables, including detailed surveys of channels, a
much simpler set of equations is used . in the
SLOSH model for channel flow, under: the assump:z
tion that overall effects on a water body are not

significantly  different than when

more elaborate egquations.

compared to.

The channél is now represented as. a rectangular
prism of ceanstant width and a hed lepe of. zero,
Fig. 10, The flow is considered steady state.
(Actually, a sderies of steady states for small
time  intervals is assumed, with the head changing:
slawly with time.) In this case, the momentum
equation (39) becomes o

Uy LAy L g (47)
dx & Ux E°f .
The continuity.equation is
du g_}_r’_ - .
Y dx +u d=z 0. (48)
Combining Ehe last two equations give
1 - u*/{gy)
The- friction  slope S., is adopted from
Manning's formulation (Chow, 1959) as
ufu
sz
c2yts3 |
where the width of the channel is much larger
than the depth; ¢ is & constant depending on - the
nature . of the channel's bed. (c = 0.03 is used).
In terms of transport g, where g = uy, is con-—

stant for steady flow, then,

dx c2{q? .
- ?(% VR ylo/a) (50)
Quadraturé gives
: ¥
c? (3 ﬂf L/ _ 13/3 (51)
x - XD = —‘—"Zl-"'g Y -ry
q : vy -
integrating for x from =xgto xLand for y from y,
to yq . Lf we choose y; >'y,, since < 0, for
subcritical flow (u? < gy),” XL <x, - Now, let
XL, ¥ %p - L, where L is the channel length, ‘then
the transport is
3c2) 1343 1313)
@ =2 v, (52)
3 cé
%3 (YLHIS- Yol*la) + L
and the direction of transport 1is from x. to
X . All that is required is the channel course
length, and- water heights at the channel ends.
The heights ‘at channel ends are derived from the
two-dimensional flow equations in terms of the
total - depth, vy, with bed depth of the channel

related to a datum.

Cﬁan—_ &

" mode,
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overall

“eial in

exist

‘ble

“and -

size,
‘(given

 between Eqs. (45) and (52)
cases, little difference in the
effects inside an inland' water body.
There is a lag in events. between the end points
with Eq. (45), bur this is not significant in an

Comparison tests

show, in  most

overall sense.

Overtopping the éhannel sides is not addressed;
channel sides are assumed untoppable and the head

between channel ends. acts. as the only driving
force. Overland “flooding is  mot coupled with
channel flow; thé,Qhannel itself‘is not incorpo-

rated ir the terrain ‘for two-dimensional.flow.
7. BOUNDARY CONDITIONS-

The placement of model boundaries and the appli-
cation ‘of approprlate  boundary conditions is cru-
storm’ surge. modellng, as it is in most
efforts. Model basins cover finite geo-

areas; artificlal "boundaries must be

across- segments’ of & shelf and inland ter-
"{The -only exception is .a grid covering a
lake. which 1s not connected to the sea. There,
basih boundaries can be placed along the lake or
at  high terrain surroundlng the lake.) Boundary
conditions must- bew spec1f1ed whenever water can
along a boundatry, but are not required
along high terrain where surge never inundates,
In storm surge modeling, the coastline acts as a
moving boundary rwitﬁin'a basin.during inundation
or recessioun of water.

modeling
graphical
placed
rain.

Some
with a

surge models . are  run in a hindcast mode

basin of small areal extent. 1In this
time~dependent, observed —surge data along
coasts and entrances to inland water bodies give
a. precise rendition to :input @ boundary values.
Such. a procedure, unfortunately, is not applica-
to forecasting. Boundary dara are not avail-

able before the storm traverses the basin. How-
ever, one modeling alternative is to generate
boundary conditions: with a ‘coarse shelf model,
then to apply these boundary values to a fine-
mesh limited area bay model. .This procedure has
some wmerit but there are objections -with such

ancoupled models.
encompasses a

Sometimes, a coarse-mesh which
large area 1nclud1ng the fine-mesgh

limited area, is used. to generate boundary
values. Agaln, there are objections, however, if
the coarse mesh 1s toe crude to properly re-

present events along the fine mesh boundaries.

The SLOSH model is-designed for real-time fore-
casting. The rationale™ behind the model is to
keep the forecaster's input to a minimum, with in-
put  variables amendable -to forecast. It is mot
reasgnable to ask a user to.predict such input as
surge boundary heights as_a function.of time.
The model bypasses the need for input boundary
values by placing:artificial boundaries far from
areas. -of interest. Computer storage constraints
‘ecoriomics, howevei, . cannét place boundaries
sdfficiently distant  for large, slow moving
storms, passing .at large dlstances from inland wa-
ter, bodles.

1f . boundaries are placed in deep water
(> 150 feet) and far from shore compared to storm
then superposition of hydrostatic heights
by the storm itself) atop the quiescent or
initial water levels is. genérally suificient for
a boundary condition.. Static heights are deter-
mined by the.storm as it traverses a basin. The
hydrostatic condition is sufficient for small
storms moving fast, but not always sufficient for




large  storms woving slowly. The regidence time
of a- -large, -slow moving storm (sueh as “Carla 1in
1961) is sufficiently -long to treat the Gulf of
Mexico as a storage area; much.water can accimu-
late ' inside the Gulf to raise deep-water bounda=

ries to levels -significantly above hydrostatic:

heights. Such rare storms require a special ini-
tialization treatment, discussed in section 10.

Artifieial boundaries in shallow water or low
terrain pose enigmatic boundary conditions. How-
ever, empirical tests show it is sufficient to
place vertical wall boundaries on low-lying ter-
rain and to use hydrostatic heights on shallow wa-
ter boundaries if the following "holds:

1. The core of the storm passes through a deep
water boundary, and ' :

2. the storm then traverses the interior of
the basin, and ' : '

3. the storm thew exits the basin through a
boundary with hlgh terrain.

This set of circumstances occurs for many storms
passing through a-given basin. '

1f a storm traverses a boundary in shallow wa-
ters, or fails "to penetrate a basin's interior,
the : above simple ‘boundary conditions are inade—
quate. Although the false boundary surges can af-
fect much of the basin's interior, a bay or estu-
ary may not be corrupted if the boundaries are

sufficiently distant. For small storms moving
fast, the residence time of surges is of’short
duration. The model spins up quickly from the

initial s&tate.- . Hence, in rhe basin's.interior,
the placement of:a vertical wall along a low ter-—
rain boundary and the hydrostatic height boundary
condition in shallow water 1is §till effective.
On the other hand, if the storm is large and trav-

-elin slow, then the falsc boundary surges have

sufficient time to pehctrate into the interior of
the basin and can corrupt the computations in-the
area of interest.. In this special case, it is-de-
sirable to alter the boundary conditions in 5ha1—
low water with a dynamic boundary CODdlthn. -

The -interior of a basin is eventually affected
by exterior events which pass through a bouhdary.

TIf little or no surge activity takes place at a

boundary, then boundary conditions  are simple.
In deep water removed trom coastal effects, the
surfdce - stress creates’ momenium but-rérely any
surges. The pressure drop creates hydrostétic
heights; hence, the applicable boundary condition
is the h¥drostatic boundary conditiom, or the in-
verted barometer effect as it is called. ' This is
a Dirichlet boundary condition of: prescribed wval-
ues. The hydrostatic heights are placed at surge
points. (At this time, the astronomical ‘tide 1is

ignored on a boundary. Tides are generally small

compared- to surges 1in the -Gulf of Mexico, al-~
though: they may be comparable along the Atlantic
coastlines.) . e

In shallow water, it is wuseful to place the
boundary nearly perpendicular to- the c¢oastline

with one end located in deep wdtér and the other,

end ...at  high terrain. “Observations ' show much

surgé activity can exist in-shallow waters, and

simple, ‘prescribed boundary values are no longer
adequate for many storm situaticrs. Many types
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150 - feet,

of boundary conditions can be employved such as ra—
diation, absorption, etc Some work well for
special cases; -none work satisfactorily for all
cases. Compromises must be made. After empiri-
cal trials’ with several boundary conditions, a
convenient method was adopted for the shallow wa-
ter portions- of a boundary. Unlike the deep wa-
ter boundary, an artificial boundary is placed
along momentum points of a grid, Fig. Il. The
product of the sutge gradient and the total depth
is set equal . in valte ' to the nearest momentum
peint insidefthéjbasln;' This is applied in shal-
low waters less “"than /5 feet in depth, within
about - 20 mlles of the. coast.  The almost-Neumann,
almost- fixed ' curvature boundary condition is not
used directly teo compute surges. Instead, the
momentum ecuation (33), with the almost—Neumamn
boundary condition substituted, is used to com—
pute transports ovn  theé shallow water boundary.
When a storm passes through shallow water, the
mixed boundary condition permits large surge vari-
ations along the shallow water boundary. It the
almost-Neumann boundary ~ condition 1is applied
throughout the boundary into deep water, the
boundary wvibrates  slowly with time. By limiting
the shallow water boundary condition to about
20 'miles from the coastL (e.g., storm size), the
other boundary ¢orditions contral these vibra-
tions. ’

In intermcediate depth waters. between /5 and
SLOSH's boundary condition equates the
surface gradient to the hydrostatic gradient
{given by the storm iLself), Fig. 11. The
aimost—Neumann boundary condition is not solved
directly. Instead, the momentum equation (33),
with the boundary conditiou substituted, is used
to compute  transports on the intermediate depth
portion of the water boundary.

A mo-slip (vertical wall) boundary condition is
used over terrain. The Dirichlet or physical
boundary condition could be abandoned for an
almost-Neumann condition after sufiicient inunda-
tion. ® However, the inundation depth is usually
small. Empirical tests give 1little change in
surges inside the basin with either boundary con-
diticn. For convehience, the no-flow condition
is retained at this 'time.

The mixed boundary conditions work reasomably
well** for almost all storms, providing the storm
traverses a basin's interior and the basin size
is much larger thao storm size. The size of a
basin 1is determined from empirical test runs with
the model for a wvariety of hypothetical storms
and alrernate basin sizes.”  No hard and fast
rules can be given for basin size, but usually
about 200 miles of coastline is sufficient with
the offshore grid stretched out past the con-
tinental shelf. :

For Lhe rare case of a large storm moving slow—
ly, and the track exterior to a basin, the bound-
ary conditions have deficiencies regardiess of

%
Tests are underway for a "leaky”™ boundary af-
ter sufficient lnundatlon. ’
*%
Not as well for resurgences forming exterior
to the basin region.




DEEP INTERMEDIATE - SHALLOW WATER |- TERRAIN
! WATER DEPTH | |
>150 160>D>78 | <75 o
- | | , R 10
Boundary_ﬂtjll+'I%a,{_l4—14'lfbi_%17f5_+1_+i_+I_%Il%1;%IT+4 fl,%—tlm
' (R} : 4.4 : S LJ) -

dh 3h Ahg 9“0) g3k at ah ah o - -
br,g=(holy, g (5;-3;}1,J= Tr 3y S 1 “E?*h’(ii-sﬁﬂl.J E5+h’(a£ ayﬂ 1-1,0 V1,9 = Ve,0m 0
Figure ll. There are four boundary conditions presently in use with the . SLOSH surge model:

1) Over terrain, the transport at mﬂmentum p01nts is set to zero.

2) In  shallow waters, the surface gradient in the equations of motion 1s replaced by the
computed value at:a contiguous, interioT momentum. point.. ,

3) In '1ntermedlate depth waters the surface .gradient in the equatlons of motion is
replaced by ‘the .storm's hydrostatlc gradient. 0

4) In deep. waters, the storm's hydrostatic hElght (inverted barometer - effect) 1s set at
helght points of boundary squares. :

the basin's size. From the initial state,:the
surge generates slowly,; . requiring a long
computation ‘im real time. Empirical tests with
the mixed boundary conditions show inadequacies

- The MSL and - MLW vary through the years with re-
spect to non-subsiding terrain; they are not used
-in . the SLOSH model. . For example, tide levels
“along the .East Coast have shown -a slow, but

during the rtsiegd.Sq;gefﬁjbtgeweyer, the peaghs ‘: Steady,' rise overgthE:laSt,céntury- NGVD ‘is used
surges blonu 12-3? TE?thil.o 1?5 are cempute‘ as “the- datum for the SLOSH. fiodel because of its
reasonably ‘well. & = Zhe-implication 1s.not 'to run temperal - invarilance. Alse, land- contours on

the * model -~ with ' such storms if an accurate
histogram of sdrges is desired. An alternative
is to re~design‘ basins-‘to cover a sufficiently
large area to.contain all conceivable storm paths
affecting a bay's fhiteriocr.

U.  S. Geological Survey' topographic charts are
referénced to NGVD. ‘Hénéé, if inland inundation

- océirs, computed surges ~ relate directly to
published land contours. o

_ Tp determine MSL or MLW along coastal regions,
tide gages are anchored - at a water depth lower
‘than - the anticipated lowest water.‘ Whatever the
depth, it 1is set as- gage: level:. Yzero," Fig. 12.
A -long term average of: hourly gage readings above
gage~level-zero is -called .local-MSL, relative to

. gage-level-zero. - Similarly, local MIW is the av-

~erage of all low water-readings taken over a long
period. Although it is'ﬁbssible to. reference sur-

“rounding = terrainm helghts to MSL or MLW datum (via
gage—level-zero " and its elévation to MSL or MiW},

‘8., . DATUMS

Imposed on the quiescent, initial Sea level are
pericdic astronomical. tidesf and storm surges, .
Fig. 12. For commonality, all elevations of ter-'
rain, bathymetry, barriers, and surface -water
heights must refer. to the same datum:. Much confu-—"
sion exlsts about ‘datums, due perhaps to a sim-—
plistie view 0f@yean Sea L@vel (MSL). MSL is not
the in=-situ sea- level at any specific time, nor;

is iF time Invariant with- regpect flxed ~‘this -is not done on topographlc charts.: Instead,
terraln. In-the United States, three datums* are 5-'geodet1c surveys ~and optical levelings for the
i1 common\qse._r L o B U.S: terrain are aq60mmodated in abest fit man-
' g S ‘ : L ner, to the datUmrNGVD."The"NGVD"datumlwas fixed
1. MSL - A long "term average of hourly tide. in 1929, once and - for all, by tying together

gage;ieadiugs. geodetic ‘level lines to-agree with * local - MSL at
2. MLW - yeae'jépw Water; a long term average -
of'low~a5tr0nomical tide readings. , _
% ' . . S
There - are, of course, other types of datums for
different ~‘purposes; e.g., MHW (Mean High Water)
under bridges. o o

3. NGVD - Watlonal Gecdetlc Vertical Datum; es-
‘ " tablished by geodetlc surveys: and op-
tleal levelings or transits..
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Figure 12. The initial sea level (without storm
surge or - astronomical tide) relative to various
datums. NGVD is the basis for inland térrain
contours and elevations on topographic maps.
All vertical data, relative to another datum,

must be translated to conform to NGVD.

26 gages along the U.S5. and Canadian coasts.
Since 1929, howéver, local MSL has drifted from
NGVD. -The .difference is small in most cases.

1f local subsidence -occurs .in. a region, the
land contours change with respect to:fixed NGVD.
- To adjust subsided 1land contours to NGVD,.a re-
leveling or survey of the .area is tied=im to near-
by, non-subsided .. regions. Similar . bathymetric
changes are made. . The most significant example
of subsidence 1is 1in ' the Galvesten, Texas area.
In some parts of the area, land.has siibsided more
than 5 feet since the 1929 leveling. ‘

"~ Since MSL and NGVD do not necessarily coincide,
a tie-in .of gage-level-zero and its elevation to
MSL with resp€ct to NGVD serves to determine any
difference between datums.. A table of differ=-
ences for particular epochs can be obtained from
the
maintains. - :

For navigational purposes, NOS . bathymetric
chatts are- referenced to MLW; Fig. 12. Hence,
the_Ldifference between NGVD and MLW must . be added
‘to  NOS bathymetric values., Differences vary
chart but - corréspond roughly to local
MLW differences at coastal gages. -

The recorder of a tide gage can be set to any
datum, be It gage-level-zero, MLW, MSL, or NGVD.
To. correspond with inland inundation and the
SLOSH. output, it is imperative to translate gage
readings -to NGVD. Gages are owned and maintained
by government ' agencies and private industry; da-
tums are not consistent. There is no single re-
pository
observations. Instead, a case by case study is
usually required to assure_commonality'in.datums.

Tide gage repeaters in coastal NWS offices fre-
quently give readings with respect to MSL.
ever, a few are refereanced to MLW.

National Ocean Service (NOS) for the gages it

to query for datum clarification of gage.

How-
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9, INITIALLZATION IN TIME AND SPACE

A computational SLOSH model run for surges be-
gins well before the nearest approach time of a
storm to a basin's origin. (We sclect a refer-—
ence point within the basin, such as the entrance
to a bay, as the basin's origin.) In principle,
initialization could begin at Lhe birth of a
storm. For ‘economic reasons, however, the period
from initialization to nearest approach should be
as short as possible. Too long is wasteful of
computey resources; -too short a period is insuffi-
cient for the sea to react to storm driving
forces. What is desired is an optimal initializa-

tion time for computations to spin-up quickly to
significant surge = values, reproducing surges
recorded on ‘a real-time hydrograph. Also, the

computéd envelope of highest surges in an area of
interest should mnot be sensitive to initializa-—
tion time. In general, initialization time de-
pends on the storm's size, the distance from the

basin's origin to. .the storm's nearest approach,

-and the storm's: forward speed along its track.

Some prelimivdary. testing was done to optimize

the - initialization time. Based on these limited
tests, the SLOSH model adopts the following
scheme with a given storm, storm track, and basin
origin:’

1.  From the time of nearest approach, the
storm is moved. backwards a distance six
times the. radius of  maximum winds or six

- rimes- the . distance from basin origin to
nearést approach whichever is larger. The

preliminary dinitialized track position then
- gives the time. of initialization.

2., 1f the storm:is moving fast, the initializa-
tion time from (l) wmay be short. A minimum
time aof 1% hours before nearest approach of
the storm is imposed by SLOSH.

3. If the storm is slow moving, the initializa-
tion time may be touc long. Sixty hours be-
fore nearest approach of the storm is the
maximum.allowed by SLOSH.

After storm arrival at nearest .approach, the
storm., centinues -along its track for another
12 hours. ‘Although the peak surge. generally will
be cemputed,. the additional 12 hours is inade-
quate for. some - storm situations if the receding
stage for water inside a bay is required. Thus,
the shortest;f real~time. run is 30 hours, the
longest.-is 72 hours. The time duration is for a
particular segment of a storm's track, before and
after storm arrival at nearest approach. The
user must ascertain or forecast this particular
72-h track segment, but need not be concerned
with the remainder of the track.

This - method - of initialization is a useful ap-
proximation;of sufficient generality to handle al-
moét all conceivable cases. However, it may not
be optimal for all storms and can be wasteful of
computer resources. The SLOSH model requires
longer real-time runs than simple shelf models
because SLOSH treats water {low, fleoding and
receding water well inland from the coastline.




The SLOSH model 1initializes the water level
within a basin in . space with observed, quiescent,
coastal sea levels before a storm reaches nearest
approach. For most storm situations, initializa-—
tion takes place 18 hours before nearest ap-

proach, with the storm well out to sea and exteri--

or to the basin. The still waters along coasts

do mnot have significant elevation changes until -a'-

few hours before storm arrival. Hence, the aver—

age page readings approximately two days befpre
storm arrival, can be used for the initial water
height. ' .

An  exception to the above initializaticn occurs
in -the Gulf of Mexico
slowly. . The dnitialization

tion of the stérm can add significant amounts of
water to ~the "Gulf and to the basin's interior.
In effect, the Gulf acts like a large storage ‘ba-
sin. After. the storm's passage, the stored water
remains in' the Gulf for some period of time.
Tide gage readings. at initialization may be sever-—
al feet above normal, even in the absence of any
storm winds along the coast. Initial water
height throughout’the basin is treated as the ob-
served elevation along the coast the inside bays
at the time of storm initialization.
gram' is sent
fore nearestc
water height

to the computer, say, 24 hours be-
approach, then the initial, still-
of the basin is obtained from pre-
vious tide gage readings. The user supplies the
observed sea level 48 hours before nearest ap-
proach to ' conform "with most storm situations.
There may be a problem if initialization 1is
60 hours before nearest appreach. However, in
most cases, the rising stage between 60 to
48 hours hefore nearest approach is small._

In addition to the initial, quiescent water lev-.

el, static height elevations due to the storm's
pressure drop at the initial time are added to
the dinitial water height for oceaniec areas, but
not for inland water bodies. The Initial static
height elevations are almost non-existent for
small storms and only a very small fraction of a
foot ‘about the coast for large storms moving
slowly. ‘In almost all cases, the static heights
can be ‘ignored 1if the storm is initialized
outside a basin's interior.

10. VERIFICATION

Verification ‘experiments“with the SLOSH program
were performed in theé ‘'same manner as real—time
operational runs. The model is applied the same
way for all storms and. in all basins. Initializa—
tion time - is a  function of stérm size, speed
along .storm track, and distance of bay to’nearest
approach of the storm. These. storm parameters
are ‘input for a storm wind model to generate
driving - forces. No “input boundary walues with
time . are. required. Initial, gquiescent. water
heights are determined from tide gages 48 hours
before the storm affects the basin. Calibrated
coefiicients for the model are set universally;

they are invariant for any storm, -basin or local
conditions.  -Although the method appears objec—
tive, this dis not completely .true sihce storm

character  .and . basin configuration
determined by an.unbiased arbiter. Some juggling
or refinement of input and . basin - data almost
always occurs before finalizing "a verification
run. . : ' '

are not pre-

for large storms moving: .
‘ time may -‘thea be’
60 hours before nearest approach. -The long dura-

1f the pro-.
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‘patterns can

‘tion,

"Ad-hoc¢”  Thistorical storm parameters were first
assembled from various. sources, Such data is
almost always too coarse, usually with parameters
prescribed invariant with time and with a heavily
smoothed - storm track. In many cases, a
"best—fit"  smoothed track can differ ‘substan-
tially from: a ‘"best-fit" dlandfail point. When

deemed = necessary, further analysis and subjective
decisions amended - the storm's . /. track and

' parameters, especially surrounding storm landfall
time. : :

During the basin development stages of SLOSH,
preliminary ‘experimental- runs with past hurri-
canes -are -compared to -all' ‘available observed
surge data. The basin- data are checked in -areas
of disagreement and amended - if{ necessary. The
amended data were not desigmed to force agreement
with computed and observed surges but rather to
affect fuller cognizance of basin geometry. As
an example, if within a basin the computed surges
appeared  reasonable 'in - one -region but -not an-—

other, then -vertiecal barriers and basin geometry
between the. ‘regions are closely scrutinized. In
gome cases, thére are irregularities and missing

values- in bathymetric/topographic charts,.inaccu-—

-rate or ‘misintevrpreted- barrier heights, or even
improperly entered input data. Sometimes visual
surveys suggested revision of barrier heights on
charts; e.g., a solid, vertical, concrete barrier
between lanes on - a* highway, well above crown
height. In some cases, man-made barriers may . not
even be presént ‘on the. latest available charts.

Sometimes, subgrid sized = configurations such as
cuts between barrier . islands are introduced to
better describe flow-in certain areas. '

The numerous jumps. 1in terrain elevations de-—
stroy bottom continuity. 'As-a result, many sub-
jective decisions such’aSuthe'amoﬁnt of smoothing
imposed are made while composing.input basin data
in completed form. ‘In most cases, these deci-

- 8icns - have only a cosmetip effect on the computed

However, major changes in the flooding
occur wheneéver water levels are at
or néar the top of barriers.

surge.

The following verification experiments were run
with basin data that approximates the basin condi-
tions at the time of the hurricane. Basin data
are continually’ .updated whenever new information
becomes awvailable. " An example is subsidence in
the Galveston Bay area where bottom configuration
continuously changes with time. Hence, present ba-
sin data for operational .runs may differ from
that wused for verification runs, especially for
historical storms far back .in time.

Detailed basin data (bathymetry/topography, bar-
riers and their positions on a grid, etc.) are
not illustrated-in this report. They can be made
available to interested users on request.

a. Surges Over Lake Okeechobee, Florida, Using a
Cartesian Grid S . .

it is 1informative to initially test the SLOSH
model with a simple basin, unaffected by events
in surrounding water bpdies. If the model output
does not compare favorably . with surge observa-
then performance is questionable with more
complicated basins. An enclosed, inland lake
would be ideal. . In this special case, boundary
conditions with ‘respect to time along termini of
the model's grid system need not be supplied.




There arer no datum inconsistencies from tie—ins
to neighboring reglons and. there are no astronom-
ical tldes.

Lake - 0keech0bee in Elorlda is an excellent can-
didate basin,. it is- shallow with maximum water
depchs “about 14 feet,. and an average depth less
than 10 feet. The surf ace height ‘varies season—
-~ ably, but is between 14-17 feet above NGVD during

the hurrlcane season, The surf ace: area ig simi-

“lar in size to the core area of most tropical
storms. There is no connection .to the Atlantic
Ocean or Gulf of Mexico, except for shallow ca-
nals. and waterways ‘which have small flow rates,
insuff icient - to dpprec1ably change the lake level
during sterm passage. These_spec1a1 conditions
relax ~the necessity for a large areabasin. ~In
this case.a $imple, Cartesian, fine-mésh grid can
be used for computatlons. -

Figure l3 1llustrates the levee bystem bounding
the lake as it existed in 1974,  The operational
SLOSH - program for Lake Okeechobee uses the Ilatest
available information on the-. levee system,
(National Weather Service, 1978).
test case for the SLOSH model is the 1949 storm
when - a different levee systeim, of lesser extent,
existed . . )
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Figure -13. The present levee system (1974) -sur--

rounding. Lake Okeechobee, Florida. <Courtesy,
U.5. Army Corps eof Engineers, - Jacksomville,
District, Florida. :

. The levee system in - 1949 excluded the north-
western boundary of the © lake where a low road

However', a -

(highway 78) crested a few feet above terrain.
The northern end of . the levee turmed. to the north-
west and the other end to the west. . The low road
running along the northwestern beundary was. set
18~22 feet above NGVD, or 2-4 feet higher than lo-
cal terrain. .Portions of the levee~eystem on the
east side  of the lake were . a high road. The
levee crests. were ‘set (arbitrarily) to 32 feet
above NGVD, even though the crests at the South-
ern  boundary of the Lake were higher. The levees
were not : overtopped durlng the 1949 storm, al-
though the 1low road on the nor thwestern boundary
of the Lake was overtopped.

A stair-step depiction of the levee system on
the Cartesian grid and straight line boundaries
for the : basin .are illustrated by Fig. 1l4. The
instrumented positicns  on the Lake are shown as
LS and HGS Stations.. . Figure 14 is drawn on
transparent. material and wused as an overlay to
fit over numerical output from a Line printer.
Thé._ basin is covered by a 32x38 grid with
one-mile squares.
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Figure 14, A simple overlay for Lake (keechobee,
Florida, - outlining the lake in stair-step fash-
ion. When laid . atop a printed:surge outpur,
surge contours can be drawn for visual effect,
such as Figs. 15 and 16. Lake Station (LS) aud
Hurricane - Gage. Statiom (HGS) are instrumented
iocations on.the lake. -

The grid lines bounding the model basin are mod-
eled as vertical walls of infinite height; over-
topping of the walls is ‘not permitted. If fluid
slrikes a synthetie wall, it will stagnate or re-
flect back into the -basin's interior. For a
fully operational model, it would be desirable to
place the walls sufficiently distant for any con-
ceivable inland-inundation. The modél basin, how-
ever, 18 severely restricted in design with only




a limited area enclosing the Lake 1t i a spe-
cial case, sufficiently complete to test-for over-
topping of levee =systems in particular for the
1949 stoyrm. Fiooding across the low road of the
incomplete 1949 levee can be computéd for only a
limited distance inland.
veesg
boundaries

enclosing the basin. This restriction

can be removed by expanding the model'srcqverégé{}

The (Cartesian grid lines intersect. to fqrm‘oﬁeﬁﬁ

- Depth valués of the lake,at the .

- squares, -were visually extfécteé”?rom,fu'
on grid

mile squares,
center of

NOS char;,.SSBFSc. - Terrain heights,

If overtopping of .le~ .
occurs, then the model may no longer perform
properly - because of reflectioms from mearby false ' -

squares were extracted from available tqpﬁgraPhié%E"

charts. :
different orientdtions of the grid system, result
in some differences of -the computed surge near
boundaries, provided the boundaries are not over-
topped . . If boundaries are overtopped, with mas~
sive inundation intand, then the original bound-
ary is submerged and the local area becomes an in-—
terior region of a basin. Despite the presence
of stair-steps boundaries, there still may exist
a useful comparison with observed surges along
real, unovertopped boundaries.,

A time
explicit finite difference scheme of the SLOSH
model: this was determined by empirical tests
with extreme storms overtopping levees. (With a
two—level in time <finite difference
150 second time step is required.)

The islands at the southern end of the lake are
about 16 feet above NGVD and surrounded by low
levees or barriers two to four feet higher., It

is doubtiul that the barriers will hold during
storm conditions, but so assumed in the model .
The simulation ot such islands on mile squares is

a crude approximation.

Hurricane of August 26-27, 1549

Lake Okeechobee was fully instrumented for_ﬁéter
orological and surge observations during 1948.
Iin August 1949, 'a storm passed the northeast
portion of the Lake. No major storm, up. to 1989,
has since " passed over the Lake. To date, no
other water body has such a dense array of
observed meteoroiogical and surge data during a
hurricane's passage. : .

Before storm arrival, the surface height of the

Lake wds just below 14 feet NGVD. After storm
passage, the level -rose to just ahaove 14 feet.
The small différeﬁce'may be ascribed to rain and:
runoff . A convenient value of 14 feet was used
to, represent ‘the initial, quiescent surface.in -
the model, No account was made of mass changes

due to rain, runoff, or admittance through gates,

# 24-h wverification run was made with model
"Lake" .winds for the 1949 storm. Tests with
shorter, 18-h runs did not alter the computed

surges during storm traverse across the lake when
surges ~were highest. However, for slow-moving
stotms, longer runs may be necessary. A 24-hour
run proved adequate for the 1949 storm over Lake
Okeechobee .,

A 'compﬁtéd, hand-contoured, surface envelope of
minimum -surges without regard to  time is dis-
played 1n Fig. 15. A sizable portion of the iake

Alternate portrayvals of stair s;eps,_on"'

step of 75 seconds was required for the

scheme, a

:;_southern end of
flooded.
~surges Lo

‘model,

-~— LEVEE
--~ ROAD
N3 WATER<1 FOOT
‘\\\\\ ABOVE TERAAR
Yo EXPOSED 1o
EUTERRANG | .-

¥igure 15. A surface envelope of lowest waters,
independent of time of occurrence, computed by
the SLOSH model  for. the ‘1949 storm. The con-
tours were hand-drawn on the-overlay of Fig. 14

__ which was placed atop line printer output.

18 exposed, but not sifiultdneously in time. The

model has the ability _to 'simulate a receding
boundary. There are no observations to compate
with the minimum envelope, except for noting

which gages touched bottom. Notice how water
stagnates in localized depressions.

A similar surface envelope .of maximum water
heights without regdard to time is displayed in
Fig. 16. Only.a small region:'to the morthwest of
the lake 1is inundated after . overtopping a Llow
road. Nene of ‘the levees surrounding the lake
are overtopped but all of "the isiands on the
the - lake - are overtopped and
There arée no observations of inland
compare with wmodel' - computations for
intand inundation.. : s

There are eight gages.with‘obéerved-daté on the

lake. Six of the . gages are along lake bound-
aries.  The character of the computed surges
agrees with observations, .Fig. 16. There are
some amplitude differences, ‘especially on some

tail ends of
an incomplete

the. surgé profilés. This suggests
portraval - of - winds by the storm
before . and .-after storm: passage, which

-f_could be due to:’
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1. A complicated distortion: of pressure iso-
bars during storm diotién over land., The
storm model uses & simple, crude correction
for pressure distortion "overland. This
correction may not be' adequate.

2. Large changes -or jump® discontinuities of
the storm’s central pressure at landfall on
the east coast of Florida, before and after
storm passage across. the lake, and later
‘dynamic changes. u.$he input pressure para-
meter used “had a smooth wmonotonic: char-
acter, Fig. 3; it may not be representative
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Figure 17. A plane, polar coordinate system (projected on a Mercator chart), tangent to the
earth at New Orleans, Louisiana. The grid encompasses Lake Pontchartrain, Louisiana.

of the storm when It was positiouned away
from the lake,

of storm size.as it
The storm pariameters-were

Complicated, variations
.-traversed _land..
. varied

plistic variatiom is quescionable.

. These subtie, onshore hurricane dynamics are
less important to a shelf wodel when, storms land-
fall om a long, unbroken. coastline.. To a shallow
inland lake, they can be'significant. A lake has
‘limited area, does not "see” the entire storm. at
any instant of time, and reacts gquickly Lo sud-
denly changing force fields.. _ T -

A storm surge model cannot  be judged on- the re-
sults from: one storm in one simple basin. -How-
ever, the SLOSH model is a major extension of the
SPLASH model which was tested-for coastal surges

.for many storm situatious.in many différent shelf
basins. The surface . drag coefficient and the bot-
tom stress coetficients wused in. SLOSH are the
same as those used in SPLASH. No local calibra-
tion  or tuning  was, performed to force agreement
‘with observed. surges on the lake. :

The SLDSH'~storﬁ and surge models appear to be

useful for forecasting surges if ‘the storm's core

passes a Dbasin. However, surges generated on a
small body of. water by.the tail ends or- periphery
of  a_storm may not be adequately .described by the
model . : A

continuously with time, " Such a sim— -
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b. Surges Over Lake Pontchartrain, Louisiana,
Using a Polar Grid

The geographical placement of a polar grid, re-
presenting the  surface of a basin region and
transformed onto a map projection, is illustrated
by Fig. 17. The grid expands/contracls continu-
ously along rays emanating from the origin of the
grid. The areal extent of the grid, positioning
of its origin  or pole on the earth, grid expan-
sion rate, etc., are decided subjectively by the
wodeler with 'due attention to regions of inter-—
est, geographical constraints and population cen-
ters.  The map is a Mercator projection with
straight latitude and longitude lines. The grid
layout 1is eminently suited to modeling storm
surges, but is’ inadeqﬁate to display computed
surge values with an ordinary’ line printer. Spe-
cialized transformations of the earth's surface
onto a plane aré adapted to simplify numerical
computations, to position the grid on a particu-
lar map projection, and to simplify output for a
line printer. o -

The ellipsoidal earth is first transformed con-
formally  onto a sphere and then projected confor-

mally onto a plane. Spherical coordinates are
not used in surge computations. The plane, con-
taining a polar coordinate system, is tangent to
the sphere at a selected point--New Orleans on
Fig. 17. The tangent point is not the origin of
the polar grid, but is arbitrarily chosen to give
least basin distortion at the region of greatest
interest.
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Figure 16. Observed and computed surge hydrographs at eight locations on Lake Okeechobee, Florida, for the 1949 hurriecane.
regardless of the time of occurrence, is shown in the left center insert.
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A surface envelope of highest waters,
The contours were hand drawn with the overlay of Fig. 14 placed over printer output.
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Figure 18. 'A transformation of the polar gird, Fig: 17, onto an
image plane. The transformed grid lines intersect as squares
hence, equally spaced surge values can be printed with. a.line
printer. 'The projected.latitude and longltude lines are dlstorted
accordingly on the image plane :

To process inﬁut' data from surface map fea- '*'  symbol and are alphabetlcally spelled out.
tures, the plane must be transformed back onto Latitude and 1ong1tude lines are indicated by 'T’
any given map projection, with latitude and longi- and 'G', respectively.. All the symbols and their
tude . lines c¢oinciding, say, on the Mercator map discrete placement on printed outputs are. preset
of Fig. L17. The grid lines, of course, are dis- as basin data. Their print positions are deter-
torted accordingly. The grid intersections .al- mined by transfbrming Fig. 17 to Fig. 18. The
ways fall on the same geographical points, no mat- storm | track across . a basin is designated by '§'
ter the map projection or scale size. After symbols, with () symbols at hourly positions.
transformations are defined, an X-Y plotter is
used to accurately place the transf ormed grid It is dlfflcult for the eye to appreciate map
lines onto particular bathymetric and topographic features with,disctet;zed symbots. To aid orien—
charts. Literally, the grid is positioned actross tation, a special transparent overlay, similar to
hundreds of maps, differing in projection and Fig. 20, is prepared for each basin. The overlay
scale, to discretize surface map features for displays -map features, hand drawn in various col-
input basin data. ors; e.g., coastlines, -topographic contours, bar-—

rier impediments, channels, latitude and longi-

To .output computed surges on a line printer, it tude 1iines, etc.. Elevatlon contours over land
is useful to transform the initial polar grid on- and barriers are also. displayed. The overlay,
to 4an image plane with equal grid spacing. The placed , atop the}prlnteduoutput, is aligned along
image grid has equally spaced lines, straight and latitude and longitude lines, and other discre-
parallel, forming a square grid. Naturally, the tized symbols. The - overlay not omly serves to
latitude and longitude lines and all surface fea- orientate the user, but . also ascertains iniand
tures projected on the image plane become dis- flooding on the computed surge output. The dif -
torted, Fig. 18. The surface map features can be ference between printed surge heights.and contour
drawn with an X-Y plotter from a database, or elevations on the overlay is the total depth of

else hand-drawn from published charts.

Figure 19 is an example of a printed surge out-—
put on the image plane. . Such cutput can be an en-
velope of maximum computed surges or a snapshot
display of ‘surges at a ‘given time. Computed
surge values are printed at the center of grid
squares, ‘The * special symbols, '.' and 'WET',
mean dry land and water depth less than one foot
above terrain, respectively. For later geocgraphi-
cal aligonment, discretized symbols are printed to
isolate: geographical features. .Coastlines appear
as "+'  symbols. Cities are located with

water above terrain.
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L

followed for all
a polar grid with

The above procedures -were
verlflcatlon runs when using
the SLOSH model,

The ba51n for Lake Pontchartraln was originally
encompassed with a Cartesian  grid of 4-mile
spacing (Crawford,  1979). Even with such a
coarse grid,  the . computed surge wvalues verified

reasonably well over the lake.with four histori-
cal . storms. The grid, . however, is much too
coarse for many features of the basin and also




water bodles such as’St,

across small Louis Bay,
Missigsippi. The coarse—grid model did’ compute
an overall, usefui,” surge prediction for a. weak
storm, - Hurricane - Bob, 1979, with the “model
running in a real-time, operationil :ﬁdtecaét
mode, : a "

The model. for Lake Pontchartraln has now been

updated with a polar grid Fig. 17. The .grid
".spacing 1is one to two miles across the Lake and |
. about one wmile across St. Louis ‘Bay. . lt expands

to sllghtly over 4 miles in the Gulf waters.

Three deep—water connecting 1akeb'in
the model,

cal spec1f1cat10ns

passes,

Meaﬂ Depth ‘. R

Beiow NGVD  Mean Width Length
‘Rigolets 30 £t 3000 £t 8.5 i
Chef Menteur 30 ft 1000 £t ;7.5 mi
Pass Manchac 20 ft 500 ft "6.0 mi.
Levee systems and their elevations ‘surrounding
New .Orleans, ‘the MlSSlSSlppl River ;7and- the Bon-.
net Carre Eloodway, were aggembled from data sup-

plled by. the Corps of hnglneers, New Orleams Dis—
trict.

extracted from NOS bathymetric. and storm= evacua-—

. tion charts and USGS topographlc maps.

Relative to NGVD, the gages ‘inside Lake Pont—
chartrain consistently read higher than NOS.gages
along coastlines. This presents-a dilemma for
initialization since a difference would pour wa-

ter out of the Lake at the beglnnlng of a computa-

tional rum. A55um1ng inadequate: leveling along
the: Lake, 'the following fix-up procedire is
adopted for wuse during computations ahd'to re-

correct computed surge values for output:-

First, the entire lake is virtualiy'depressed
. by 1.0 feet, and tapered to a zerc depression
- just past the three channels. The Lake's bed
and surface elevation is depressed--relative to

NGVD - but the - total depth of water above the
~Lake's bed 1is wnot aitered. Second, the com-

puted stored surge values for output are re-
conditioned by temoving -the  virtual: depres-
sion., This procedure has 1o slgnlflcant effect
on  surge  computatioms; - it  only - ‘translates
heights ‘to ref lect-the discrepancy in tide gage
. readings, The reverse correctionn is applied
when . computations are completed.. in this way,
the initial, quiescent water surfaces are near-—
Ly .levél throughout the basin and the finalized
form .of the -.computed surge output- corresponds
with present . leveling of - tide gages and ob-
served High water marks. '

Some low terrain within New Orleans is below
zero datum-and 1s surrounded by levees. The mod—
el dimitially- sets the low terrain dry, even
though the surfaces of surrounding wdter bodies
are higher than terrain hejight . The surroundlng
lévees™ prevent fldooding into the . low terraln ST
less overtopped by a surge., :

'The grld ‘is 'tooscoarse touresoivejBiioxi Bay,
Missisgippin:’ When: applicable, however, ‘one-
dimensional ' flow equations are activared to simu-
late surges through this bay.

are simulated with the iollow1ng phy51—

:0ther basin features and elevatlons, were
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The
the

Mississippi River is ignored,
levees .along each of its sides

except for
- These levees

act as barriers to overland tlow. .1t is possible
for a surge -wave to travel up the River between
the two-sided. leveée system, from the” MlsSlSSlppl
Delta to Baton Rouge,: Louisiana. Such flow is

presently ignored in surge computations.

The Mississippi Rivér_Gulf Outlet Canal and the
Intracoastal’ Waterway are ignored. These chan-
nels are important for long term effects, but em-
pirical experiments wilh the SLOSH model show on-—
1y minor .effécts during the transient surge gene-
rated By a Lropical storm.

‘Betsy,

“passed ..
“Orleans. : AS

Hurricane Betéy, 1965

The
ern

most devastating' storm affecting southeast-
Louigiana in . recent times was Hurricane
1965.. . The storm ctrack paralleled the
Mississippi' Delta on the west side, Fig. Z1.
Betsy's track and storm parameters were supplied
by the Office of' Hydrology of the Nalional
Weather Service. Max1mum winds of the storm
through the  vicinity of the city of New
" the ;s;otm' made landfall, the
were  modified " with time according Lo
land station’ observations. These modifications
are necessarily  coarse, even subjective, because
of  the skimpy datd base. Because of the storm's
large size, the track, landfall poeint, and storm
size need not -be precise. Tests with small
changes in landfall peint, storm size, and track,
all within meteorological accuracy, gave only
small changes in the computed surge. The
meteorology was not changed to give an optimal
comparisen of observed and computed surges.

parameters

The Parishes of Citrus and New Orieans East
were flooded in teal life, as well as the north-
eastern part of New Orleans.

Figure 21.
Hurricane Betsy;

Meteorologica1 input parameters Lor
1965,
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Figure 19. An example of printed surge output from a computer line printer. The surge values are located at the center of the image squares. shown in Fig. 17.
The hurricane's track is represented by the series of ‘$’~signs in the figure.
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Figure 20. -An overlay to l?cate geographical features on an image plane, transformed from the polar grid as im Fig. 18. The coast, terrain contours, levees,
roads, r.allroads, and spoil banks are positioned appropriately on this image plane. Barrier heights are also specified. The overlay is designed to be placed
over printer output such as Fig. 19. The user can then ascertain the limits and degree of inland inundation.
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Flg?re 22. Fontoured surface envelope of highest computed surges for Hurricane Betsy, 1965 and the extent of inundation. The contours are hand drawn from
Fig. 19 with the overlay, Fig. 20, placed over it. The contours begin and terminate when the surge height reaches the local terrain height. The Shaded area

i?dicates inundation over land. Observed surge heights are also shown for comparision to computed values. Tide and river gage maximum surges are shown within
circles; high water mark heights are shown within diamonds.
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Figure 22 displays computed surge contours for
the envelope of highest surges, The contours
were -‘hand-drawn on- an overlay, based on printed
output from . the. .SLOSH model,  Figs. 19 and 20.
The  inundated terrain  is outlined. Measured
high-water marks.
shown - on the ‘envelope for verification. Alchough
results are far from perfect, they do, in gener-
al, correspond to obsérvations for the few .surge
observations over terrdin. Landward from the sea
the surge drops in some cases and rises in otlier
cases. o

levee elevations for New Orleans in 1965
supplied by the Corps of Engineers, New Or-
District. . For real-time forecasting, pre-
sent day elevation dre used. For such hindcast-
ing runs,  Thistorical elevations were used.
- Empirical computations with present levee eleva—
tions imply the Parishes of New Orleans, Citrus
and New - Orleans East would not be overtopped by
Hurricane Betsy assuming, of course, the lévees
do not break.

The
were
leans

Figure 23
time-history
Engineers,
and near’

compares computed and observed®
surges from gage readings (Corps of

i1965). Notice the initial values in
Lake Pontchartrain .are higher than the
Biloxi, Mississippi gage. The computed curves
agree dualitatively with the observed, but with
amplitude differences. Introduction of rain as a
source 1in the continuity equation and river [low
into Lakes Pontchartrain and Borgne does not
change the curves significantly, Astronoémical
tide does have a small effect, especially for
fiow through .passes, but was not included in the
model at thls tlme.

Cage observations show a surge wave traveling up
the Mississippi River between the two-sided levee
system. - These are not displayed since this river
flow is not within the present province of the
surge model.

Hurricane Camille, 1969

Camille
landfalling on
measured, record

was one of the most powerful hurricanes
the United States. Lt produced a
surge of over 24 ft on the Mis-
sissippi coast. During and after landfall, the
storm parameters are not known with sufficient
precision to fully Verlfy any surge model . The
storm parameters, used as- input into the SLOSH
model, are illustrated on Fig. 24+ The choice of
parametric values after. landfall is subjective
but guided by limited, available data. The track
of the storm during landfall was erratic. There
was a double eye structure before landfall which
coalesced after. landfall. The storm was excep-
tionally small just before, during and immediate-
"1y after landfall. During the SLOSH model runs,
the central pressure held more or less constant
over the Gulf of Mexico, but drastically filled
1mmedlately after landfall. A track for lowest
pressute may have been to the west of St, Louis
Bay, Mississippi, but observed radar observations
place the hurricane's landfall to the east of the
bay.

*

The published West
were corrected by the Corps of Engineers,
leans Dbistrict; personal-correspondence.’

End gage observations
New QOr-

and maximum. gage readings -are
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Figure Meteorological

1969. The

input for lurricane
pressure drops and storm

We do not know precisely the rate of £illing
Lor .central pressure- after landfall. -Nor do we
know the storm's size or track at landfall. Such
imprecision presents a major handicap with small
sized storms, since small errors in track, sLorm
size and central pressute lead to significant
errors in surge generation, especially inside
bays. Our choice of storm parameters for Camille
was not predicated on a good comparison between
computed and observed surges. listead, we ran
the SLOSH program, as wusers would do, with
imprecise meteorglogical data. Such runs heip to
alert wusers of surge wodels not to expeci precise
surge comparisons - with oversimpiified, imprecise
meteorological input data. We could, of course,
have c¢hosén an alternate set of parameters——well
within meteorological accuracy-—to give a better
comparison of computéd - and - observed surges for
Camille. '

We chose storm size as ‘a function of time, laying
between the- double wind maxima of Camille that are
shown in Ho et al. (1975). We have experimented
with "double.eyed" storm parameters yielding two
wind maxima. From these formulations we obtained
better results, However, it is doubtful that such
storm parameters could be forecast with realism.

For Camille, we changed 'the central pressure
drastically -with time after landfall following
~Schwerdt, et. al, 1979. .lLandfall was assumed to

the east of St. Louis Bay, Mlsslsslppl based on
radar fixes, The computed surge inside the.. hay is
highly sensitive to both landfall point and storm
size.

Figure 25 compares the computed surge envelope
of highest waters Lo surge observations for
Camille (Corps of Engineers, 1970). Compared to

observations, the computed surges to the right of
Landfall are generally high; to the left, general-
ly low. A shift in storm track to the west would
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Figure 25. Computed and observed surge heights for Hurricane Camille, 1969, in the Lake Pontchartrain SLOSH basin, similar to Fig. 22.
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Figure 26. Comparison of observed and computed surge values at six gages for Hurricane Camille, 1969. Gage

locations are shown in the center right insert of the figure. Observed surges are shown as solid lines;
dashed lines are used for the computed surge hydrographs.
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Figure 27. A plane, polar coordinate system (shown in a Mercator projection),
tangent to the earth at the eastern tip of Sanibel 1sland, Florida. The grid

encompasses Charlotte Harbor, Florida.

give a Dbetter comparison. Similarly, changes in
storm size and pressure, and the imposition of a
storm model with a double-eye structure or two
maxima winds would improve these comparisons,
Over and across St., Louis Bay, Mississippi, the
computed surges appear overly large, This may
result from a fault of the inundation procedures
in the SLOSH model or the storm model with small
sized storms, from imprecise meteorological input
parameters or even from inadequate surge measure-
ments, Throughout the basin, the surge compares
well qualitatively with observations. Also, the

Harbor, Fiorida basin. The plane of the grid is
tangent to the earth at the eastern tip of
Sanibel Island. The grid spacing is 1.5 miles at
the tangent poinc, decreasing to (.7 miles in the

direction of the polar
4,2 miles in the Gulf,.

origin and expanding to

For
to an

convenience, the polar grid is transformed
image plane with equal grid spacing for
printer output. A colored, transparent overlay,
Fig. 28, displays variocus map features for this
basin, ineluding inland terraln contours. The

gradient of observed surges across the basin is overlay 1is used to orient the user and ascertain
qualitatively correct. Only acress St. Louis Bay the extent of inland flooding.
are the amplitudes exceptionally inaccurate, 1t
is worth noting how neighboring surge cobserva- A definitive comparisom of inland imundation
tions can differ. BSuch vagaries are a guide for along the southwest Florida coast with SLOSH
the confidence to be placed on isolated cbserva- forecast values is difficult. Southwestern
tions. Florida's terrain is chaotic and difficult to
represent by SLOSH basin data. Much of the
Figure 26 compares hydrographs of computed coastal area 1is covered by dense mangroves. The
surges with gape cbservations. There is good effects of wmangroves are incorporated into the
agreement in a qualitative sense but the ampli- SLOSH modei by decreasing the stress linearly
tudes are off. The amplitudes could be forced from the base to the top of mangroves. In
intc better agreement by altering storm parame-— addition to having problems with the physical
ters and storm track--well within metecrological description  of the area, documented surge
accuracy. We make no such adjudication, observations are sparse,
Surges over C(harlotte Harbor, Florida, Using a Hurricane Donna, 1960
Polar Grid
Hurricane Donna, 1960, was a powerful, vacillat-
Figure 27 1illustrates the geographical place- ing storm affecting the southwest Florida coast.
ment of the SLOSH polar grid for the Charlotte 1t affected the coast and inland terrain south of
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An overlay for the Charlotte Harbor, Florida, SLOSH basin, similar to Fig. 20.
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Charlotte the harbor

itself .

Harbor, but not much of

Figure 29
along with
( personal
"best-firL"
parameters
continuous
observations,
arbitrarily. estimated to
the optical eye radius. There may well have been
significant oscillations.  of storm
superimposed on this ‘“best-fit" track..
more rapid changes in storm
those illustrated in Fig.
due to land effects.

shows Donna's track (Conover,
storm - parameters
communication).
from revised
were f leshed
form from
The radius

1961),

The storm track is a
radar fixes.
out in idealized,

of maximum winds was

BB

Radhus of Max. Wind

Meteorological input parameters for

Figure 29,
Hurricane Donna, 1960,
The track was <close to, and paralleled, the

coast. OStorm size varied -from

Such a situation is. demandlng
of any surge model since small changes in track
and storm size give significant changes in surge:
computations . as well as the position of surges.
However, such a situation enables a‘modeler.to

Florida
to moderate.

southwest .
small

bias track and storm parameters for an . ideal veri- .

fication. ‘We ran the SLOSH  program with the
"best-fit" track and storm parameters, in the
blind, as wusers would do with imprecise meteoro-
logy, rather than trying to optlmlze the verifica-

tion agreement,

Fig. 30 is the surge envelope of highest comput-
ed surges for the storm of Fig., 29. The surge
contours were drawn on an overlay, laid atop
SLOSH surge output, Some high-water marks and
one gage teading are. shown on the envelope for
verification. The verification corresponds.in
general to observations. Landward from the Gulf,
the surge drops in some areas and rises in
others. Notice how some neighboring water marks
differ, This again is an indication of confi-
dence for isolated cbservations.

determined by’ Ho

isolated meteorolqgiqql,'
be 5 . miles larger- than

motionl'
qﬁlsoa_,
parameters than
29 may have occurred.

" ‘drastically

‘The storm'. '

marks

"~ d. Surges for

49

. water-

6.2 ft

surge contour of 15 feet*, east
near 26°N, is sensitive to track
A small track oscillation about
change in storm size, or both can
change’ and reposition the computed
surge: .. .East of the Cape, the few inland high-
; marks - are about 2-3 feet lower than the
computed valugs. We can not say definitively
whether the computations are too high because of
inadequate mangrove treatment, imprecise track
and- storm . parameters, inadequate inundatiom
procedures or . the quality of observations. The
measurenent -east of Cape Eomano is about
inch above a concrete apron. Such high water
are of questlondble accuracy and probably
do not represent the surge'as would a tide gage.

The maximum
of Cape Romano
and. storm '‘size.
the Cape, a

one

. From 0‘:26°20’N,

Cape Romano  tg the computed

- surges are slightly loWwer than observations.

Again, the cause  for +this disagreement is not
known , '

“The .isolated 3.6 foot high-water mark, near the

entrance. to the Peace Rlver 15 unexplalned by the

'SLOSH computations.

Galveston - Bay, Texas, Using a

Polar Grid

shows the placement of the SLOSH po-
lar grid for Galveston Bay, Texas. The plane of
the grid is tangent to the earth at the entrance
to the bay, The grid spacing is 1.5 miles at the
tangent point and decreases to 0.7 miles at the
the grid squares nearest the pole point. The
grid expands to 3.4 miles-in the Gulf of Mexico.

Figure 31

output purposes, the polar grid is

onto an ..image plane with equal grid
A colored transparent overlay, Fig. 32,
various map ‘featurés  including inland
terrain contours. ‘Th& . overiay orientates the
user and -aids him in deliniating inland flooding
when used with SLOSH computer output.

for printer
transf ormed
spacing.
displays

Two deep waler passes cohnecfing water bodies
are simulated with the follow1ng phy81cal speci-
fications:

mean depth :
lengrh

below NGVD mean width

Galveston Channel 30ft 1250 £t 4.5 mi
Sabine Pass 25 ft 2400 £t 7.0 mi.

Levee  systems and their elevations shown in
Fig. 32, surrounding Texas City, Texas and Free-
port, Texas were assembled from data suppliad by
the Corps of Engineers, Galveston District.
Other basin features and elevations were ex—
tracted from ‘NOS marine and @ storm evacuation

charts and from USGS topographic. charts.

The terrain northwest of Galveston Bay has been
subsiding through- the yéars, and = tépographic

*
The

ered

National Hurricane Center later consid-
inland -meteorclogical data dnd revised the

track of Fig. 27 ‘to- lie 3 miles east of Cape
Romanoe with a smalier radius of maximum winds.
Computing with the revised track, the maximum
surge contour was |2 feet with corresponding
changes nearby, Elsewhere, the computed surges

were not affected.



- ' -

CTEX AS

BALVESTON BAY-

Hier
. THAITET
i WEsEeetliigests
3tpaasalin 5 GULF
T T
T L
‘{*‘-':' B
AT MEXTICO
- S c+ -
l.
|
2 o 1 L =g - | ]
Figure 31. -A plane, polar coordinate system for Galveston Bay, Texas dep;cted
on a Mercator ,chart.. The grid is rangent to the.earth at the entrance of

Galvestpn; Bay, Texas.

i
maps,. if- not corrected.by
geriously in error, . For
SLOSH' terrain elevationsw,and.surge observations
correspond. . -to the survey nearest to the time -of
the hurricane. For future operational forécast-
ing, the latest terrain elevations, adjusted for
the 1973 survey,  are used. Elevations bétwéen
1959-1973 ‘have subsided as much as 6 -feet north-
west of the bay. Topographic maps, ad}usted for
the 1973 survey, exist for only . portions of
terrain surrounding the bay. . Bathymetry for the
bay: has  not  been. sounded.. to correspond to the
1973 survey. - Ad-hoc adjustments were made-
the = operational® basin, relative to
measured land . subsidence.

verification runs, thé

nearby;

Although Freeport and Sabine Lake, .Tekas are in-

cluded - in the Galiveston Bay basin,- they are posi-
tioned too close. ta computatlonal boundarles,
Fig. 31. ~Commputed results are suspect in such
areas, I the storm landfalls #n-the. v1c1n1ty 50f
either basin boundary, nearby computed Surges are

suspect.

Theﬂlg49,Hnrricane

The 1949 storm made landfall to the west of Gal-
veston Bay near Freeport, Texas. The input ‘track
and metéorclogical, parameters are based on Graham
and Hudson (1960) surrounding landfall. * The re-
mainder of the input track was fleshed out. to
72 hours of total track from a gross track analysls
(Neumann et al., 1978},

The storm parameters were held ¢onstant up to

recent Surveys, may be .

for -

50

landfall time. After landfall, the storm was sub-
jectively allowed co weaken slightly and decrease

in storm size. Small changes in landfall point,
storm size, or both cliange the computed ampli-
tude and rep081tlon the highest surges inside the

bay.

contours of the bhighest computed
surge for the 1949 storm are displayed in
Fig. 33. The inundated terrain is outlined.  For
verification, --measured high-water marks and maxi-
mum gage' readlngs* are ‘located on this display.
Veriﬁicatlon ‘for 'the"“computed envelope - corre-
sponds ‘qualitatively. . .observations. Landward
from the:- sea,"ﬁhe computed surge drops in some
areas, rises ‘in other areas. Better results, of
course, - could": .be obtained by altering- the track,
storm -gize, .and. central pressure of the storm,
all within ‘analysis error or accwracy with the
available ﬂmeteorologicab data. No attempt was
made to optimize the storm ¢haracter ‘within meteo-
rological accuracy for better results. lnstead,
the program was run in the the same mode as users
would do, using imprecise meteorological data.

Hand-drawn

1961

Hurricane Carla,

.'was an exceptional storm. It was power-
«large, slow moving' -and- meandering. For sev-

" Carla
ful,

‘eral days before and up to landfall, it generated
-surges along the entire Texas

codst and as far

N , :
Personal - correspondence,

of Engineers,
Galveston District. '

Corps
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Figure 30. Computed and observed surge heights for Hurricane Donna, 1960, in the Charlotte Harbor SLOSH basin, similar to Fig. 22.
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An overlay for the Galveston Bay, Texas, SLOSH basin, similar to Fig. 22.
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Figure 34 ..
Hurricane, Carla, 1961,

east as the Flofida panhandle. No other landfall- -

ing storm bas affected such a long coastline for
such -a long period of time.

Carla's track and storm parameters have been
analyzed (Ho .and . Miller, 1982). This work is a
gpecial analysis to ascéertain an input track, for-
ward storm. speed, and input meteorological data
varying with time, Fig. 34. The storm moved er-
ratically. over the Gulf with an average speed of
iess than 10 mph. At times, Carla rémained near-
ly statiomary. . - ‘The : pressure drop of the storm
changed -substantially after Landfall. The storm
size changed substantially: before, during, and af -
ter landfall. The ipput track and storm parame—
ters are subjectively smoothed versions of-noisy
and spatially distributed data. An attempt was
made to fit.the data for a best landfall position
as well as a best—fit track.

The storm did not traverse the interior-of the

model basin, Instead, it made :landfall about
120. miles southwest of the entrance to .Galveston
Bay. Such a track will not normally generate
large surges inside most bays. However, the

strength, size, and character of Carla, as well

as surge response inside the western:Gulf, are un-
usual exceptions.

The driving forces across the bay ate at the
periphery of . the storm, -well away from . the
storm's ' core. The storm model was not designed
for -‘use. in such conditions and may.be inadequate
there. No- storm model 1is. likely to generate
adequate. driving forces :..at .the periphety of a
tropical storm. Background synoptic, driving
forces ‘from. other metéorcological systems overr
whelm -the wind model results in these areas. At
the basin's open boundary - nearest  to the stotrm
track, the driving forces are stronger than in

Mfteorologlcal input’ parameLers for

other regions of the model basin.,  This is
precisely where boundary computations may be
inadequate. For verificdtion we did not use
'af ter—the-event’ analyzed cowind fields.

Hurricane (arla- presents -an extreme test for any

surge. model .

Inside the bay, the observed, moderate strength
winds, varied onlyﬂsiightIYTin space exciuding the
near shore regions,. Temporal changes were slow
preceeding landfall.  For such changes, the
surges inside the bay are sensitive not only to

-coastal surges generated. .at the bay's entrauce

but .also to cthe gradudlly varying storm driving
forces across the.bay, . Almost the entire bay was

-gradually and continuously, elevated until land-

fall, then receded gradually after landfall. -For
Carla, a long real- time run. before landfall is
required to generate Cthis significant volume of
water inside the bay.

The observed water elevations along the north-
west Gulf Coast remained-significantly above the
monthly mean water level even though the observed
winds were ~weak for several days prior to land-
fall. Gage readings during other. historieal
storms show the same surge phenomena at Galveston
Bay and along the,5urround1ng coast.

Several days before and atter .the hurricane, wa-

‘ter levels were approximately equal to the month-

ly mean water level. For several days before

‘landfall,  water = levels slowly. rose to levels

significantly abové the wmonthly.mean. 'After the
storm's - passage, water levels slowly receeded to
approximately the monthly mean level. Within
this tapering period,. the water levels were
quasi-steady state for long durations. This was
especiélly true along the northwest coast of the
Gulf and the corresponding inland water bodies.
Generally, the differences above Lhe monthly mean
during the tapering - periods are not large, but
for a large, Carla—type storm, they can exceed
2 feet.

This phenomena can be ascribed to the semi-
circular shape' of the western Gulf; e.g., the
buildup of a. quasi-steady, standing wave and
water storage when a storm lies in the middle of
the Gulf, With 'a limited area basin having no
input boundary values and the Surge program run
for only a limited time duratiom, the model
cannot vreadily spin-up to a proper initial state
if the monthly nean water level is used as . input
data.

The SLOSH program automalically initialized the
Carla storm 60 hours before landfali. However, a
user of the SLOSH model does not know the imitial-—
ization time when he submits the program. He al-
ways inputs observed tide gage values (less astro-
nomical tide)} 48 hours before iandfall. - Usually,
the forecaster submits the ‘program 24 hours or

" less before landfall,” and. knows the actual track
- and storm parameters up, Lo-ssubmission time. f#rom
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48=60 hours . before landfall, all tide gages in
Galveston Bay and surrounding coasls were reading
over 3 feet above NGVD. -with astronomical tide
removed . The change in gage’ readings during this
12 hour pericd was small. The monthly mean water
elevation about -Galveston Bay was 1 to 1.5 feet,
To cofrespond to user's methodology, we chose a
3 foot initial water height above NGVD for input
across the - entire model basin., The entire basin
was  assumed to be 3 feet above NGVD at

A




.is true also for - waterways.

initialization time; no data -are available to

_verify this assumption.

Despite the many possible objections to Carla's
SLOSH  simulation within‘th¢ Galveston Bay -basiny
the SLOSH model computes some useful -siirge
values, Fig, 35 and 36. The computed surges are
all low Lor September -12. This may be due in

part " to an. inadequacy ‘of ‘the storm wind model.:

‘The wind mbdel treats the storm-as a series of
steady . -state conditions with time. Just before
and after landfall

and size with time. The -model storm assumes
changes occur simultaneeusly - throughout . the
entire storm. It is doubtful if changes at the
storm's ‘core are reflected Iimmediately at the
storm's ' periphery. The storm's landfall pointjis
outside the model basin; Galveston Bay is located
on the periphery of the storm. -.© -~ " !

The observed surge records (72 hours) have re-
sidual oscillations due to astromomical tide.
However, the dual peaks during September 11 may
be due to the storm's stalling motibns fin the
Gulf of Mexico. Astronomical tide is not set in

(1400 €sT, 11 'Sept), the
storm's core continually decreased’in intensity

the' model. For -NOS gages, the predicted astro-—
nomical tide, with a range of about ome foot, was
subtracted from the gage readings. For other
gages, the astronomical *“tide remains in the
record. ‘ ’ : '

Gage records on rivers or along intracoastal’ wa-
terways offer speeial opportunities for verifica-

tion. Rivers are portrayed coarsely in the SLOSH
model at this time, without details about the
width of the river's channel or its -depth.  This

In particular, at
Hi-Island, the waterway is treated -as dry terrain
until the arrival of inland.inundation®from the
sea. Here, the computed surge results from in-
land inundation; not waterway flow.-

The Brazoria and Texas City gages are located
on a river and canal, both extending inside an

area- bounded on both sides by a levee system.

The gages are located at the head of the river
and canal, Since inundation did not overtop the
two-sided levees of-the river and canal; the. com-
puted = surges at the entrance to the river and ca-
nal - are compared with the observed surge -at the
head: of the river and canal. Surge levels may be
higher at the heads than at the entrances. The
entrance to Brazoria is located on the river ba-
sin on dry terrain, just in front of the encompas-
sing levee system of Freeport, Texas,

inside the  Houston ship charnel, the computed
surge * at Baytown is too low*., The peak surge oc-—
curred after storm landfail, when the periphery
of the storm model may be inadequate., Also, the
gage may reflect an imprecise datum due to the
strongly subsiding terrain in the region. The
high water marks, Fig. 35, in this region may be
contaminated by ‘this same lack of a reference
datum, '

€. Uverall SLOSH Accuracy

Observed storm surge heights were compared in
Fig. 37 to SLOSH computed values for historical
storms in nine different basins., A total of 570
surge observations were included in.this figure.
These observations -were taken throughout areas
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: event.,

affected by the surge-—-around inland water bodies
and over flooded inland terrain. Weak storms
with insignificant  surge potential were mnot
considered so as mnot to compromise verification
of the significant surges.

Before a SLOSH simulation with a historical
storm is performed, the storm's track is deter-
mined as precisely as possible. Published "best
fit” tracks are frequently insufficiently accu-
rate to pinpoint a hurricane's track and landfail
positien. Even though a meticuious .study of
available meteorological data will of ten leave am—
biguities imn the actual storm position, this best
analvzed track 4is ‘used. . In addition ~to the
storm's track, an estimate is made, as precisely
as the . data allow, for the hurricane's radius of
maximum wind and central pressure as functions of
time.

Only hurricanes with adequate observational da-
ta describing’ the storm's meteorological parame-
ters and .the resulting storm surges are used tor
verification purposes,  Tide gage observations
are inherently more accurate than are high water
marks . High water marks are best when they are
taken within a, building which acts as a tide
gage's 8tilling well. The building then damps
out wave 4dction. Unfortunately, most structures
will over ' or underdamp ‘the water level. . Of ten a
dense cluster of high water marks within a few
residential .blocks. vary.. by more than -+/-207%.
Note also that the tide gage data 4in Fig. 36 is
limited to lower observed values. Tide gages fre-
quently top out or fail during ‘a major surge
Only high water marks remain to describe
the upper values. Verif ication using tide gage
data only will generally not capture the signifi-
cant, higher surges.

Verification with high water marks along the At-
lantic seaboard is complicated due to the large
tidal -amplitude. Generally, the time of highest
surge is unknown, resulting.in the tides being un-
known at-. that time. Since astronomical tides
have a  small range along the Gulf of Mexico and
inside Pamlico Sound, storms there were chosen to
avoid severe tidal contamination of verifying
high water marks or surge heights. Astronomical
tide was removed from the tide gage observations
whenever tidal predictions were avallable. The
Lleveli of error for computed storm Surge heights

* _ : .
A special run, allowing crests of monochroma-

tic wind waves to overtop barriers was attempted.
The - height of the wind waves (surf) along bar-
riers was .assumed' 50% of the coastal surges.

That 1is, surge and ecrest. height 1.5 the surge
height' with surge and trough 0.5 the surge
height. Only those . portions of the wind waves
between barrier "and crest height were allowed to
overtop barriers, The conditions for wave

overtopping are surge below barrier, or else
surge plus trough -above barrier. The periodic,
pulSating) sheet: flow across coastal barriers
from - wind. wave, -‘computed .- by. elementary means,
increased  the surge envelope dn the bay about
1/2 foot on the average and about 3/4 foot in the

ship channel. " For :ordinary storms with much
shorter residence time in the basin, the envelope
changes were much smaller. At this stage of

model development, overtopping of
wind waves is not considered.

barriers by
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heights versus surge heights forecast by the SLOSH
in nine basins.
observations

A total of 570 tide gage, staff gage,
shown with the corresponding SLOSH

forecast., Generally, the model is within 4+ 20% for significant surge heights.

depicted by ¥ig. 37 is genmerally within i.ZOZ'for
the significant surges. A few observations fall

outside that range, For ‘“real-time" surge
forecasting, these errors can increase signifi-
cantly due to imprecise storm tracks and storm

parameters.

-All  verifications in this report are for inde-
pendent data, without “twning” for particular
storms in. particular .basins. Since "universal"
specifications are wused for model coefficients
such as drag .and bottom stress, - SLOSH may be
adapted to any geographical location for useful
surge computations, provided adequate bathymetric
and terrain data are available.

Figure 38 depicts geographically the 27 current-
ly operational SLOSH basins, including the nine
basins used 4in Fig. 37. The remaining 13 basins
were each verified with at least one storm event
against tide gage observations, with astronomical
tide removed; high water wmarks were also used for
verification if they were minimally affected by
astronomiecal tide, The accuracy of these addi-
tional verifications were comparable to Fig. 37.
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Equation (Al) is not in transport form.

APPENDLIX A
~ Equations of Motion

The SPLASH equations of motion in linear form
Platzman  (1963) and Jelesnianski (1967) are re-

.vised for the finite-amplitude effect when depths

are small. -This occurs for inland inundation, es-—
pecially as it begins and ends. Figure Al
illustrates the total depth (D+h), where h is the
height of the surface above the-reference datum,

D is the depth measured from the bottom surface

to datum, and  z' is a vertical height variable,
positive above the datum. This wvariable is

.primed in anticipation of later re-scaling. The

left side of the figure is for an ocean or sea;
the right side shows the variables oveéer land.

The complex form of the momentum equation with
the hydrostatic .approximation, " bBut” with no
advective terms and no horizontal viscosity, can
be written following Welander (1961) as

W 3w
S = 1 - ifw + Vo2 . (A1)
where _
. _ a(h—hg) a(h—hg)
W _u +1iv , g = g[ e 3y J

u,v = horizontal components of current
hO = hydrostatic height from surface
pressure field

V = eddy viscosity coefficient (assumed
to be constant)

f = Coriolis parameter

g = gravity 7

t' = time (primed in anticipation of
later re—-scaling) '

z' = vertical coordinate

To elimi-
nate the presence of h when integrating from a
basin’s bottom to the surface, the following

- transformation is used

D+Zl _ . _ ] ',
=5t T tf : zk— z{z',¢t ,x,y)
d __ ‘dz' - D+ Z' _a_}:_’.' £ dt' = dt (AZ)
R O (D + h)2 3t ’
or
dz' = (D + h)dz - z%%dt , dt' = dt - (A3)
also,
__B_T‘,__raz 3 43t 2 ___z sh 3 3
3t at’ . 9z gt o9t h at' 3z at
9 8z 3 3t ¥ _ 1 3
. 1 1 = T Ao
dz dz' 3z dz' dt Hh 9z (44)
but
gh _ 8z 3h . 9t b _ &1
ErA A TR TR TR T (a5)

" because h is independent of z and z',
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Figure Al. Water levels above terrain and sea
bottom relative to a datum.
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Applying (A4) and (A5) on (Al) gives

(AB)

The second term.on the left hand side is assumed
to be of the same order as the advective terms and
hence is ignored, Equation (A6) can then be written
as

) .
%’E,— 0 w = - Ny, ~1q.
Z
(A7)
- 3 -
02 = n,2lE 4 =gl ™ T fBIEYZ
2

for O<z<l. The operator O° operates om w, and
specifically does mnot opetrate on z and Ty . The
separate term in ¢°, in general, do not commute.
Since the hydrostatic assumption is used, vertical
velocity can be neglected and the terms then do
commute. Henceforth, it will be understood that o®
will not operate on z or Ty . Following (Platzman,
1963), (A7) is formally solved as

(siﬁh zq)A.+ (cosh 2zo)B +(nv62)_1q (A8)

To solve for ?AL and B , the following bolindary
conditions from Jelesnianski (1967) are assumed

g:' = gw
Z'=—D zl____D »

L (A9)

W - =

U'BZ'a . __R-
or

A _3Wl _ sw| V _aﬂ = R

D+ 3z -0 2=0 ’ D+h oz -1
where

s = glip coefficient,

R =X + {¥7 KT,YT surface stress components

“Taking the derivative of (A8) w/r to z, and noting

an,/8z =0, then




ol aw

= (cosh zg)A + (51nh zo)B (A1D)
at z = 0, using”(A9)
= ( -1 All
oA s[nv(D+h)] w{z=0 C(ALL) .
at z = 1, uéing (A%)
—“Tﬁ;ﬁ—{(csrh U)R - s(coth U)w, ](AlZ);

then from (AS)

{D+h)02w = ;—-{sd(sinh-zd)w[ + ¢ (cosh zg)

n'\) - z=0

{(csch o)R - s{coth o)wj

,=0) *+ Q]

where (@ =- (D+h)q. It
operate on (D+h).

is assumed o does not

Let
h - 1
M = [wdz' = (D+h) [ w dz (Al4)
=D .0
" From (A7)
1 - 1
(D+h)f Bzw - sz w d%]z—nv"l(D+h}q£ dz
G .
{AI5)
or
ny <D+h)%‘i - n,oM = -0 (A16)
0 .
and from (A9)
T]v02M= Q+R-—.Sw.z (A17)

Solving
(Al7),
gives

{Al13) for w | - substituting into
- and separating the g operator from Q,

nyle? + G(o)IM = @ + [1 + H(a)]R (A18)
where
2
(o) - 2
{va¢/s(D+h}] + o coth o - 1 (A19)
1 - o csch o
Hig) =
{vo?/s(D+h)] + g coth o - 1
This is the same form given by Jelesnianski
(1967) except that the total depth (D+h) replaces

D. If the operator (Al9\ is expanded formally as
a Taylor's series about 00= i £(D+H) 2 /v, Lhen

1t

)y +

) 2
6(a) = Gy(op) + 76 (g )2

(A20)

1

¢ 2
H(o) = Hylog) + LBy (o )2

(A13)

o¥i

"ficient

is a simple approximation for (Al9). . Plugging
(A20) into (AlB8) gives :
am J 3 - :
Sp = -LIAM + BQ + (C + 57 5p)R (521)
where
1 4052 ‘
A= _____Jliég E = __};__ ‘ .
1+ G, » 1+c
. {A22)
C=-2 5= 01
1+ 6, T+ ¢ -
By'-dfopping the J term, {Jelesnianski, 1967}, the
real and imaginary parts of (A22) yield the

momentum equations

v 3{h-hy)

T - 48(D+h)[sr 2 - p, 2{ho)

o P -
3y ]+E(Arv+5iu)+crxr-ciyq

3 om0 g 20O vy ey
| | (AZ23)
where
M=1U+ iV = complex fo;m of‘transport
-These are the same momentum eguations developed

by Platzman (1963)
{(Jelesnianski,
total depth (D+h)

ficients A Leeea,C,

total depth {D+h).

and modified by a slip coef -
1967), except that the
replaces D, and the six coef-

5 arg functions  of the

linearized .
the

If (A23). were
replaced by D,
hyperbolic. However,
always positive and
hyperbolic.

over land and (D+h)
.equations are no longer
‘over the ocean areas, D is

the . equations remain

APPENDLX B~

Advective and Coriolis Terms
Stofm  surge is not sensitive to advective terms
in the equations of motion, except in localized
areas with strong flow gradients. Usually, such
localized areas are fixed in space because of
geographical constraints. At localized points of
a basin, specialized computations c¢an then be
used, such as classical hydraulic techniques, for
hlghly non-linear fIow, Accordingly, the
advective terms in the storm surge equations of
motion are génerally . ignored. A question then is
the importance of the Corinlis terms.

advective and
This involves

From dimensional analysis, the-
Coriolis terms <can be compared.
the: Rossby number, R = U/(L % ), where U is a
typical 'speed such as flow  current, L is a
typical length, and 2 is the angular velocity of

the - earth's ' rotation. = Sometimes the length is
taken as the depth ‘of -the sea. Then, if R is
small (deep water) the Coriolis terms dominate.
Because shelf models are generally deep, this is
one basis for keeping the -Coriolis terms and
discarding the advective. terms. For bay models
where depths may be shallow, the Coriolis terms
are sometimes discarded and the advective terms

may or may not be discarded.




Sometimes, 1t i5 ‘more approprlate to cornsider
horizontal length scales in the  Rossby nuimber
because the advective. terms involve horizZontal
interaction. These would be wave length.in the
open .sea, bay dlameter,; caustic distance *’of
trapped waves, etc. . For deep water in the open
sea the wave .;ength is L. gh T -, where D is
depth and T period. ﬁ.typical velocity for a
shallow water ‘wave of amplitude A is:U = CgAT/L.
The Rossby number is then .

- BAT _ _A
R DTa (1)

If mnon-linearities are weak,.thén the period "T"
of the wave will be relatively unchanged from ‘one
region to another. -Comparing R in deep and
shallow water is wnot a .simple- procedure because
the amplitude, A, increases, ~or shoals, in
shallow water. Advective terms may then have
some importance in shallow coastal waters where A
increases and D decreases.

Suppose the diameter of a ‘circular bej,_LB,
is smaller than the wavelength. Then
gAT A DpT? "
R = 55~ = pre 2y (B2)
S Iy | N :
where D/L < _LB!(gT&). Thus, Rossby num-

bers may Ee high™ in bays not merely hecause of
shailow depths and shoaling, but also: because it
may not be wide encugh to contdin a natural wave
terigth for the period:deait with. For odd shaped
basins the Rossby number varies from one part of

the  basin . to another. The amplltude in a bay is

with- respect to. 'a datum that is chinging with
‘time due to storage of water from the sea. .If -
inland inundation takes place, then "LB can be

large and. the Coriolis terms will dominate.

give a broad overvlew of the
advective and Coriolis terms.

Rossby numbers
importance of the

‘They are mnot a substitute for empirical testing

of . models, with -and without the advective and

Coriolis  terms. BECause of largé transient

‘variations 'of A and L, and ‘spatial changes in
D, the ‘Coriolis tefms are retained” in the ‘SLOSH

model , throughout deep

1nput ba51n.
APPENDIX C
. Smocthing

The SLOSH model deals with moving, irregular
land boundaries. and sub-grid features such.as
" 'barriers, narrow -passes, and channels. Two—
grid-interval  noise frequently. results and
appears in' the computed
~complications. Buch. - noise is. non—physrcal. A1t
is desirable to remove or SUppress it whenever. 1t
grows 51gn1f1cantly in magnitude.

‘_Conventional smoothlng procedures are useful at
interior grid 'cells of a domain (1. e., at least -
one grid point away from a boundary) with some

and shallow waters of an

surge f£ield near such .
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form of cyelical boundary condition for comple-
tion. The domain in our appllcatlon has compirex,
non-cyciicai , time- dependent " boundary condi-
tions, Hence, smoothing must be extended up to
the boundary te conserve -mass, ‘an  essential
property near coastal hboundaries where high
SUrges occur, ’

‘basins, simple and constant geometry
relating =~ the- domain- for smoothing does not
exist. Each pgrid cell must be examined against
surrounding grid cell conditions. Af ter
Smdothing,.__the‘ watér should not move across
barriers which have not yet been submerged by
flooding.. We also want tof avold smoothing over
thin sheets of water -across corrugated terrain.
The smoothlng dlScussed here applles only to two
dimensional f£low.

In our

For the Smoothlng procedure, we introduce the
following . notatiou. Let h, be the water
level of a cell before smoothlng, h, af ter
smoothing, and. (i,j) . the center cell suftounded

by neighbor cells, Fig. Cl.
it +
IR
-1 i
-1 A D L |
Figure (1. Center. cell and neighbor cells for

Catesian and polar grid systems.

A smoothing formula .in mass flux form for a
Cartesian grid of constant cell area is,

L
Bi,j =By, + 2 Tk (L
' k=1
where
.ka= T-ﬁkak(hi’j - hk)

by is one of the neighboring cells, hitlsitlo

flux across side

Here F . represents the mass

k. * "If no flux is allowed (such as through a
barrier), then Fo is switched off by setting
6y = 0, otherwise g = 1, @, is an assigned
weight, If we comsider the case of interior grid
cells, unimpeded by any barriers, then(gk 1
for all four . sides. By choosing ag = 1/8,

then (Cl) is reduced to

- L
h 3 ??IJJK+

.1 gy ; _ c2
;efhi+1,j+ by-1,3% hi, 341t By, j-0) (cz)

or in operator form,




1, EACEY

=x¥ |
i
|
[ R )
I
O RO
o

a conventional five point smoother for Cartesian

grids., = Sometimes, however, we wish 'to set
Fy= 0 in (Cl). This occurs when '

l. a barrier exists between. contiguous
cells. _That is, a barrier is higher than
either h, , or -

1,3 hk’

Z. when cell 1 has water less than
1 foot cover terrain,

or 3, one dimensional flow is active between
h, . and . :
i,y 20 by

In ‘these gituations no mass is allowed to pass in

to the center cell or out Erom adjacent cells,

For Cartesian. . .grids, (Cl) can be re-written in a

more direct form for computer use as, '

o 4
= 1 1 _ .

The result is to increase the center cell weight
by 1/8 whenever é, = 0, 1in equivalence with
(C1. In such cases, smoothing at (i,j) does not
depend on the ignored hk-cell.

For the polar .grid, Fig. Cl, smoothinz is not
as clear. . cut. and some analysis is required.
Empirical tests show that the following simpli-
fied approach, while incomplete, serves our
purposes for the SLOSH model., ‘

Consider. the polar (P,(Q)*cell through a-sidefof
the cell according to the height difference.
between adjoining cells. The following two
properties are to be satisfied:

l. a constant field must be smoothed to the
same constant,

2, mass moved into a cell by a height differ-
ence moves out of an adjoining cell so as

to conserve mass.

From the first property, (Cl) can be written
hp,q = br,Q

) ) |
+ o,q(Pp, r170p, Q)4op, o (Bp, g-170p, ) (5

+ (

gt (h ~h +g= (h -h
BP:Q P"'l)Q P:Q) BP:Q( P-l,Q PsQ)
where o', o, gt, 87 are assigned weights.

The mass in a cell ({relative to datum) is

AreaP + hp Q but area is proportional to
the »Q squére of the - radius, or
ATE&P’O = p2a2Faf | see Eq, (i9) of the

main ‘text. CTo satisfy the second property,
consider the mass change in cell (P,Q) relative
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to adjoining cell (P+1,Q) with height difference

+ ' |
= gp qR2e?P4%(hpyy, o~ Dp,Q)

Now advance P to P41, for the center cell lécated
at "(P+1,Q), and the adjoining cell at (P,Q), for -
mass transfer - .
2(P+1)A8

(P+1) Sthp -

- 2
AM = Bpy1,q Roe Bp+1,0)

- Accordingly the mass transfers, across a circular

side which joins Lwo adjacent rays, cancel when
+ - o= A
85,0 ¢ = Bpr1,0 @

Simiiarly, across a ray sidé between two adjacent
circles, yields the mass transfer as

. e
ap,q = ®p+1,0Q

If the abovej_forms are to be independent of
position (P,Q), then

-+ = _ + _ .n.AB - _ -AB
%p,Q =OP,0 = % . Bpyg = Be™, Bp g = Be
for some @ and B . 7
We can rearrange (C5) in operator form as
0 Be'AB 0
hP,Q = o | l—ZaI—Z:BCVOShAB 24 hP,Q . (C6)
0 SE+AB 0
This form conserves .méés and mass flux from
height-difference ‘and retains the  zero-
gradient/zero-flux property.  If a=8= 1/8, and
48 = Ofor RO + oo ), then form (C3) results. The

choice of o and B , however, is restricted
because it is possible - to_ .end wup with an
“unsmoothing” operator which conserves mass. The
operator {C6) :1s a necessary and sufficient
condition for mass conservation and the zero-
gradient/zero—£1lux property, but it is not
sufficient to damp short wave oscillations. For
insight, further analysis according to behavior
of particular conditions is appealed to.

4 'worst case' field requiring smoothing could
be,

esvses =~ 4]l -1 +1 =] 41 ......
cvesae 1 =1 +1 -1 +1 -1 ...,
ceenas mL 4l -1 +1 =1 +1 ......

-and  one requires the smoothed .field toc be zZero.,

When this field is plugged into (€5}, then,

EP,Q = 1~ 4a~4B coshAS:f a,

or _ :
g = L= fa_
4 coshA®
& t B
(P,Q) is the non-dimensional coordinate

system in an image plane after transformed of the
(R,9) polar system. )




giving B din terms of &  and reducing the degrees
of freedom. A symmetric ‘choice, giving equal
effect to o and B (e.g 45 + 0), 1is
a= 1 B= ___;L__'-
8 » 4 ¢coshAd  »

then (C6) becomes

_e-QB .
0 coshAD 0

— -1 ' r .
Rpg=% |1 4 1itp,q . HCET)
A8
0 == 0

coshd&®

which becomes (C3) when A6-+ 0,

Suppose one or more of the four neighboring
cells  surrounding a center cell is to be
ignored. Writing (C7) in a form similar to (C4),
a "more direct form for computer application, can
be, '

4 .
- 1 1 :
hp g = Fhp,qt =¥ [Syhet (1-8)bp g

8k—l
- (C8)
+oldhye + (-8 )hp g}
where hy = hPil,Qtl .
0 , for cells (P,Qtl), where a side
between  center ‘and adjoining
Gy= LAG cells is on a ray, _
e -1, for cells (P+1,Q), where a side
coshAB oy

between center and adjoining
cells is on a circle. B

For {(Cl) and its complementary forms (C4) and
(C8), with ’'some F, = 0 inside a field's domain
(e.g., boundary cells), it can be shown the total

mass is conserved.  That is 1 (area)p QEP‘Q=
. L 3

= i{areal)p qhp,G» for the entire field

(note: . for Cartesian  grids, areap g =

constant); this follows since during summation,
F, 1is encountered’ twice with opposite signs, or
else no mass flux between cells when: 6k =0,

~ APPENDIX D

Stability of the Polar Grid's Difference Scheme

There are a wealth- of stability setudies on
explicit finite difference schemes for Cartesian

‘grids, Mesinger and Arakawa, (1976) for example,

We did not attempt a deep analysis for stability
on curvilinear grids, such as the polar grid
schene. Instead, we take liberties for a
simplified wversion guided by emplirical results
with computer runs. ‘ :

Conforming to standard approaches, consider the
equations of motion in polar
{Eq. (16) of the main text), without driving
forces and without bottom stress. The finite
difference notation of (33), then becomes

coordinates
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k+1 k-1 o
Umqsn. = Umq,n| - bHE,, T Dphk + aVk. t
3
1 o ogkel gk pok |k (1)
Um',n' ij’n, mel,nt h aum|,n|
k+1  _ . k-1 b '
b = Bpp - — (pUF + Dok
er
where
ST I O ok k k
o ﬁrunmmn+wh%4m+(mmmm1+wm%4m4L
(D2)
a=2Atf; b=gAt/As, P=1n(r/R,)=mA®, Q=8=nan,

t=kAt

and (m,n) refers to a height point while {(m',n')
refers to a4 momentum point, see Fig. 4 of the
main text. The'(m';n') notation varies from the
main text but is ‘convenient for analysis by
setting m' = m-1/2, n' = n-1/2.

We - cannot directly use the conventional Fourier
method for "a, stability analysis because of tLhe
Jacobian, 1/r”, and the non-linearity of the
(D2) term. However, assuming (DZ) known (the
depths Dp,nare preassigned and the height or
surge hp,n takes oOn some upper max value)
and - r fixed lecally at a grid point, then a local
stability criteria can Dbe ascertained when (D2)
and r are fixed. Thus, the Fourier method can be
used + for = an approximate localized stability
criteria. In our scheme, r grows monotonically
with increasing subscript m. It (D2) is con-
stant, the stability criteria does not change
along a circie, Because (D2) varies radicaily in
space, then each grid point must be explored,
Af ter determining At, through the localized
SLtability eriteria at each grid point, one
chooses the smallesi At as the time step for the
entire "~ grid. The particular grid point with
smallest At will not necessarily occur in deep
water and can occur anywhere in the grid system
depending .on depth, D, the maximum surge height

h and r.
m,n .

Using a standard approach, consider wave forms
in two-dimensional space with wave numbers (a,R),
then, Co '

h%,nfhei(um+BQ)Aa: (ujy)gu,n.=(glz)ei(am'+8n')AGS

{D3)

where h,u,v are mnot space dependent. Now let

be dependent only on t and

RRAE= RO, (U, kAt ke, vy (D4)
so that
v, 5y LA, gy mykAta) 2oy gy (k-1)At
(m5)

To avold exponential growth, i.e., stability,
Ix] <1 ¢ fi means the modulus if ) is complex).

The wvarious derivatives in (Dl) can now be
written as ;




uk 3+ Uk uk,

k _ ik -
Dl = U m',n'+1 m'+1,n' “m',n

n'+1,n'+1"
el (amHBn)A0 45 cintans coskBAD
{D&)

el(omr8n)As 44 caskaAf sinkBAO

| k
Dphk = nfk - hK g o+ nK g - g g

= h ot (om' B4 45 ginnane coskBae

thk = h eifum'+Bn')A0 43 coskand sinkeAs

Substituting (D5), (D6) into (Dl) gives the
following matrix form,
( -1 1. T3 : k )
A=A -a ibHv Um,,n.
a1 gpme| |k - |
a A=A ibHw er,nr 0 (D7)
. b . b =1 k .
i~V j—v A=) h
grz gr? Wy 1
\ - P
where v' = 4 sinkaAd cOS’/zBi\e,Q" = 4 cos’ahb sinBA
and ‘ H is shorthand for ﬁKmrnn . To
allow a non-zero solutiom, the determindnt of the

matrix must be zero, or,
e .
=1y2, b“H, +2 n2 2 a1y o
- + vty + a“](A-x"") = 0
L3712 25 ) )= 0 sy

or, A2

= 1 (trivial case), and
A-(2-8)2+1 =0, |
23 ) (D9)
where 5 = E;%(v'24_uﬂ2)4_a2 :
24

The stability requirement, |A] £ t, is satisfied
when (D9)- has complex  roots, that is, when
(2—5)2 -4 < 0, or 8§ < 4. Hence,
+3 25 v 2 na
glat) ZI (v _+ )+ a2 < 4
r4 (a8)
or,
At € — 2rAB '
V@H (w'240"2) + 4£2r2(ap)2 (D10)
The smallest upper bound for ( &,B ) varying is
given by the wupper 1limit of ;12 ,#2 After some -
algebra, :

WLEFRRNLLE S S[Sinz%(a+B)A8 + sin?%(0-B)AB] < 16

- the

At, the
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‘water

the

since upper limits aie reached .with
(2AB,B) = (£1,0) or when (ct,BAB) = (0,21 ).
‘Consequently, we obtain the upper bound of t
A& '
At < =% = D11
2 Vol + £2r2(86)% /4 (DIL)
Ignoring Corjolis effects, then
TAD
Ry~ (D12)

Initially, with no surge present, the upper
bound wvaries according as r//  depending on the
polar grid of a particular basin., 1In general
(but not always), the grid expands from iniand
bodies toward the deep sea. ln most
basins, the critical. At lies initially at sea,
but not necessarily'at'the‘deepestﬂgrid,depth in
basin. However, when surge increases across
inland water bodies as a storm approaches, the
critical At can mnow occur across inland water
bodies. To avoid instability during a run with a
particular  storm, one needs Lo assess the
smallest . possible At required for stability
across the entire basin during the residence time
of a storm. By itself, (D12) is useful when
designing grids and analyzing depths in a basin
during the data processing stage. Later empir-—
ical test runs with a cadre of storms will give a
working estimate of the smallest aot in each basin
for a given storm. These estimates are preset by
the wodeler for each basin and the user need not
be concerned with time steps.

For
step
run,

economy, it <dis useful to change the time

at discrete time intervals during a computer
"This tactic-is easily accomplished with a
tinite difference scheme using two—steps in time
(Eq. (35) of the main text is an example), The
computations are forward in’ the continuity equa-
tion then backward in the momentum equations.
After imitialization with the largest possible
time step 1is altered to smaller value
whenever H in a localized region approaches a
maximum value for stability for a given At. If
a two-step in time scheme is used, a stability
study. similar to the one above gives a stability
criteria of

rAd

At < =
—]EET (D13)
That 1is, the critical At is twice as great com-—

pared to (D12).
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