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SLOSH 

Sea, Lake, and Overland Surges from Hurr icanes  

Ches te r  P. J e l e s n i a n s k i ,  Jye  Chen, and 
Wilson A. S h a f f e r  

Techniques Development Laboratory 
Of f i ce  of Systems Development 

Nat iona l  Weather Se rv ice ,  NOAA 
S i l v e r  Spr ing ,  Maryland 20910 

ABSTRACT 

A numerical-dynamic, t r o p i c a l  s torm surge  mod- 
e l ,  SLOSH, was developed f o r  real-time f o r e c a s t -  
ing of hu r r i cane  storm su rges  on c o n t i n e n t a l  
s h e l v e s ,  a c r o s s  in l and  water bodies ,  a long  
c o a s t l i n e s ,  and f o r  i n l and  rou t ing  of water-- 
e i t h e r  from t h e  sea o r  from in l and  water bodies .  
Overtopping of b a r r i e r s  such as l e v e e s ,  dunes,  
s p o i l  banks,  e tc .  is  permi t ted .  Also, channel  
f low and f low through b a r r i e r  c u t s  a r e  e n t e r -  
t a ined .  The model i s  two-dimensional, cover ing  
water bodies  and inundated t e r r a i n .  A curv i -  
l i n e a r ,  p o l a r  coord ina te  g r i d  scheme i s  used. 

The model 's  equa t ions  and i t s  sub-grid scale 
physics  are developed. These equa t ions  are  d i s -  
c r e t i z e d  and app l i ed  t o  the model 's  p o l a r  coordi-  
n a t e  system. A t t e n t i o n  must be pa id  t o  the  adap- 
t a t i o n  of t h e  model t o  s p e c i f i c  geographica l  loca-  
t i o n s .  The model 's  t e r r a i n  and bathymetry must 
be s p e c i f i e d ,  as w e l l  as a d e s c r i p t i o n  of t h e  
sub-grid scale f e a t u r e s  w i t h i n  t h e  model. 

The SLOSH model is  run  t o  s i m u l a t e  t h e  f lood ing  
caused by an i n d i v i d u a l  hu r r i cane .  S ince  t h e  mod- 
e l  i s  designed f o r  o p e r a t i o n a l  f o r e c a s t i n g  w i t h i n  
the  Nat iona l  Weather S e r v i c e ,  t h e  model 's  i n p u t  
parameters which d e s c r i b e  t h e  hu r r i cane  must be 
r e l a t i v e l y  s imple and p r e d i c t a b l e .  The h u r r i -  
c a n e ' s  p o s i t i o n ,  s i z e  and i n t e n s i t y  a l l  e n t e r  as 
input  f o r  t h e  model. 

V e r i f i c a t i o n  runs  of t h e  SLOSH model are pre- 
sen ted  f o r  p a s t  h u r r i c a n e s  which have w e l l -  
documented parameters  and observed s torm surges .  
These runs  i n d i c a t e  t h a t  t h e  accuracy  of t h e  mod- 
e l  i s  +20% when t h e  h u r r i c a n e  i s  adequate ly  de- 
s c r ibed .  I n  a f o r e c a s t  mode, t h e  accuracy  Of t h e  
t r a c k  w i l l  g r e a t l y  i n f l u e n c e  t h e  surge  predic-  
t i o n ' s  accuracy. 

- 

1. INTRODUCTION 

Storm surge  i s  an abnormal r ise of water gene- 
r a t e d  by a s torm,  over  and above t h e  p red ic t ed  as- 
t ronomical  t i d e .  For a h u r r i c a n e ,  t h e  su rge  typ i -  
c a l l y  has  a d u r a t i o n  of several hours  and a f f e c t s  
about 100 miles of c o a s t l i n e .  Hurr icane s torm 
su rges  of over  20 f e e t  have been observed;  

hu r r i cane  Camille i n  1969 produced a su rge  of 
approximately 24 f e e t  i n  t h e  area of Gu l fpo r t ,  
Miss. The d e s t r u c t i o n  caused by such abnormally 
h igh  water i s  t r u l y  astounding.  

The Nat iona l  Weather S e r v i c e ' s  (NWS's) problem, 
of course ,  i s  t o  f o r e c a s t  t h e  surge he igh t  w e l l  
before  a h u r r i c a n e  makes l a n d f a l l .  The f o r e c a s t  
l ead  t i m e  should exceed t h e  time requ i r ed  t o  evac- 
uate  people  from v u l n e r a b l e  low-lying c o a s t a l  re- 
g ions  t o  areas of s a f e t y .  The NWS has t h i s  re- 
s p o n s i b i l i t y  f o r  any i n t e n s i t y  h u r r i c a n e  which 
may a f f e c t  i t s  c o a s t l i n e .  

Two g e n e r a l  approaches can be used t o  f o r e c a s t  
hu r r i cane  s torm s u r g e s - - s t a t i s t i c a l  modeling and 
numerical  modeling. I n  s t a t i s t i ca l  modeling, 
pas t  obse rva t ions  of s torm surge  h e i g h t s  are cor- 
r e l a t e d  s t a t i s t i c a l l y  t o  observed o r  f o r e c a s t  hur- 
r i c a n e  c h a r a c t e r i s t i c s .  However, s i n c e  h u r r i -  
canes are r e l a t i v e l y  uncommon and are small scale 
i n  n a t u r e  (compared t o  synop t i c  me teo ro log ica l  
phenomena), i n s u f f i c i e n t  d a t a  e x i s t  t o  a l low such  
s t a t i s t i ca l  c o r r e l a t i o n s  t o  be de r ived .  

Numerical, o r  computer, modeling o f f e r s  a v ia -  
b l e  a l t e r n a t i v e  t o  s t a t i s t i ca l  modeling f o r  t h e  
hu r r i cane  s torm surge  problem. I n  computer m d e l -  
ing  of s torm s u r g e s ,  a set of d i f f e r e n t i a l  equa- 
t i o n s  d e s c r i b i n g  f l u i d  motion and surge  he igh t  i s  
represented  i n  f i n i t e - d i f f e r e n c e  form and a p p l i e d  
t o  a g r i d  mesh covering t h e  f o r e c a s t  area. These 
f i n i t e - d i f f e r e n c e  equa t ions  are marched forward 
i n  time i n  small t ime-steps,  s tar t ing from a s e t  
of i n i t i a l  water-level c o n d i t i o n s .  S ince  a f i -  
n i t e  domain i s  used t o  cover  t h e  f o r e c a s t  area, 
boundary va lues  must be imposed a long  t h e  edges 
of t h e  domain. I n  t h e  case of s torm surge  fore-  
casting, a s e t  of "dr iv ing"  f o r c e s  must be s p e c i f -  
i ed  t o  r e p r e s e n t  t h e  s u r f a c e  wind stress and a 
p res su re  g r a d i e n t  body f o r c e .  I n  modeling terms, 
such numerical  models are  r e f e r r e d  t o  as "diagnos- 
t i c"  models ( i n  c o n t r a s t  t o  t r u e  " f o r e c a s t "  mod- 
els) because they  do n o t  f o r e c a s t  a h u r r i c a n e ' s  
movement nor  i t s  i n t e n s i t y  and r ad ius .  The s torm 
surge model d iagnoses  t h e  s torm surge  h e i g h t s  
when g iven  t h e  h u r r i c a n e ' s  t r a c k  and s torm chara-  
c ter is t ics .  

1 



Surge modeling i s  an a r t .  Modelers must dec ide  
which f i n i t e - d i f f e r e n c e  scheme t o  use ,  what physi- 
cal p rocesses  can be dropped from the  equa t ions  
of motion, how t o  i n c o r p o r a t e  any sub-grid scale 
f e a t u r e s  i n t o  t h e  model, how t o  i n c o r p o r a t e  a 
wind model f o r  supplying t h e  d r i v i n g  f o r c e s ,  and 
how t o  p r e s e n t  a f i n a l  d i s p l a y  of the su rge  fo re -  
cast. The modeler must keep foremost i n  mind t h e  
f i n a l  use of t h e  model and the  computer system 
t h a t  t h e  model w i l l  r un  on,  s i n c e  a myriad of pos- 
s i b l e  models can be developed--each having sub- 
s t a n t i a l  d i f f e r e n c e s  and used f o r  d i f f e r e n t  pur- 
poses.  

The NWS began i ts  e f f o r t s  i n  h u r r i c a n e  s torm 
su rge  modeling w i t h  a r e l a t i v e l y  simple model 
r e f e r r e d  t o  as SPLASH--the Special Program t o  
- L i s t  t h e  Amplitudes of Surges from g y r r i c a n e s .  
This  model: l i k e  s e v e r a l  o t h e r  simple models f o r  
computing s torm s u r g e ,  w a s  r e s t r i c t e d  t o  a c o n t i -  
n e n t a l  s h e l f  o n l y ,  w i t h  t h e  c o a s t l i n e  a c t i n g  as 
an a r t i f i c i a l  v e r t i c a l  w a l l .  No f l o w  through t h e  
w a l l  i s  permit ted.  Such a model can n o t  c o n s i d e r  
i nunda t ion  a c r o s s  t e r r a i n  o r  s u r g e s  a c r o s s  i n l a n d  
water bodies  ( J e l e s n i a n s k i ,  1972; Wanstrath,  e t .  
a l . ,  1976). An earlier s h e l f  model by Bodine 
(1971) was even more r e s t r i c t e d .  H i s  model re- 
qu i r ed  computations c a r r i e d  out  on o n l y  one sea- 
ward l i n e  from t h e  c o a s t .  Also, t h e  s torm t r a c k  
w a s  r e s t r i c t e d  t o  being n e a r l y  pe rpend icu la r  t o  
t h e  c o a s t .  

The Nat ional  Weather Se rv ice  embarked on a n  e f -  
f o r t  t o  develop a more comprehensive model t o  
f o r e c a s t  s torm s u r g e s  which inco rpora t ed  f e a t u r e s  
not p o s s i b l e  with SPLASH. This follow-on model, 
c a l l e d  SLOSH, f o r  Sea, - Lake and Overland Surges 
from Hur r i canes ,  u s e s  a p o l a r  g r i d  systkm t o  
a l low g r e a t e r  r e s o l u t i o n  i.n t h e  area of f o r e c a s t  
i n t e r e s t ,  computes su rges  over  bays and estuar- 
ies ,  r e t a i n s  some non-linear terms i n  t h e  equa- 
t i o n s  of motion, and a l lows  sub-grid scale f ea -  
t u r e s  such as channe l s ,  b a r r i e r s ,  and f low of 
surge up r i v e r s .  The SLOSH model w a s  c r e a t e d  t o  
run on NWS computers t o  make real-time, operat ion-  
a l  f o r e c a s t s  of s torm surge h e i g h t s .  Output from 
the  SLOSH model w a s  o r i g i n a l l y  intended t o  a i d  
f o r e c a s t e r s  a t  t h e  NWS's National  Hurricane Cen- 
ter i n  p repa r ing  t h e i r  f o r e c a s t  b u l l e t i n s .  More 
r e c e n t l y ,  t h e  model has  been used t o  d e l i n e a t e  
c o a s t a l  areas s u s c e p t i b l e  t o  h u r r i c a n e  s torm 
su rge  f lood ing .  

A con t inuous ly  va ry ing  p o l a r  g r i d  system was 
chosen f o r  t h e  SLOSH model. Such a g r i d  system 
overcomes many of t h e  problems a s s o c i a t e d  with 
s p e c i f y i n g  boundary c o n d i t i o n s  encountered wi th  
earlier models. Reid and Bodine ( 1968) developed 
a s u r g e  model f o r  bays which w a s  l i m i t e d  t o  t h e  
nearby o f f s h o r e  r eg ion  i n  sha l low waters and a 
small onshore region.  Such models, l i m i t e d  t o  a 
small r eg ion ,  f o r c e  a boundary c o n d i t i o n  a t  a 
region of s i g n i f i c a n t  su rge  a c t i v i t y ;  e.g., i n  
shal low waters. I n  t h i s  case, boundary condi- 
t i o n s  are complex and va ry  i n  both t i m e  and 
space.  

One way of p r e s c r i b i n g  such boundary v a l u e s  i s  
t o  e x t r a c t  them from another  dynamic su rge  
model. A s imple s h e l f  model covering a l a r g e  
bas in  wi th  a coa r se  mesh ( o r  even a one-dimen- 
s i o n a l  su rge  model) i s  used t o  compute i n p u t  
boundary v a l u e s  f o r  t h e  l imi t ed -a rea ,  fine-mesh, 
bay model. I f  t h e  two models are dynamical ly  
uncoupled, t hen  t h e  approach can be troublesome. 

The bay i s  not  i nco rpora t ed  i n  t h e  s h e l f  model, 
and the  computed inpu t  boundary va lues  are t h e n  
suspec t  . 

The use  of coarse-mesh models w i th  i n v a r i a n t  
g r i d  spacing i s  sometimes p e r m i s s i b l e  t o  cover an 
area extending from deep water t o  h igh  i n l a n d  
t e r r a i n ,  w i th  a bay f u l l y  covered by t h e  mesh. 
In l and ,  t he  numerical  s o l u t i o n  i s  c o a r s e ,  but dy- 
namic feedback e f f e c t s  from t h e  bay onto t h e  
s h e l f  are approximated. A coa r se  mesh does n o t  
g i v e  a d e t a i l e d  d e s c r i p t i o n  of i n l and  su rges  
a c r o s s  t e r r a i n  complicated by o b s t r u c t i o n s  and 
s m a l l  i n l and  water bodies.  However, i t  can g i v e  
adequate d e t a i l  a long open c o a s t l i n e s .  Only i n  a 
g r o s s  sense  can t h e  i n l a n d  su rge  d i s t r i b u t i o n  be 
u s e f u l  as a guide f o r  f o r e c a s t i n g  o r  planning pur- 
poses. Such a model could supply boundary v a l u e s  
f o r  a f i n e  mesh, l i m i t e d  area s u r g e  model. 

In s t ead  of l i m i t i n g  an i n v a r i a n t  f i n e  mesh t o  a 
s m a l l  r eg ion  o r  small b a s i n ,  t he  SLOSH model 's  co- 
o r d i n a t e  system begins  as a f i n e  mesh i n  t h e  
l i m i t e d  area n e a r e s t  t h e  po le  p o i n t  and s t r e t c h e s  
cont inuously t o  a coa r se  mesh a t  d i s t a n t  boundar- 
ies of a large bas in .  The geograph ica l  area cov- 
ered by the  e n t i r e  g r i d  i s  l a r g e  and t h e r e  i s  de- 
t a i l e d  d e s c r i p t i o n  over  t h e  fine-mesh region.  
Moreover, i n  many cases, s imple boundary condi- 
t i o n s  are s u f f i c i e n t .  Such a procedure i s  not  
l i m i t e d  t o  a p o l a r  g r i d  system, but can use any 
s imple,  but cont inuous,  g r i d  t r ans fo rma t ion  from 
real space on to  an image plane.  

The SLOSH model i n c o r p o r a t e s  f i n i t e  ampli tude 
e f f e c t s  but no t  advec t ive  terms i n  t h e  equa t ions  
of motion. It uses  t ime-his tory bottom stress 
(Platzman, 1963; J e l e s n i a n s k i ,  19671, co r rec t ed  
f o r  f i n i t e  amplitude e f f e c t s .  The g r i d  system-- 
i n  C a r t e s i a n  o r  image space--is a series of two- 
dimensional ,  equal-area squa res .  Overtopping of 
b a r r i e r  systems, levees and roads ,  i s  inco rpora t -  
ed. Also,  i n l a n d  inunda t ion  i s  permit ted by s i m -  
p l y  tu rn ing  squa res  on and o f f  as waters inunda te  
o r  recede. A few sub-grid s i z e  e v e n t s ,  such as 
flow through b a r r i e r  gaps ,  adverse r i v e r  f low,  
and deep passes  between bodies  of water, are 
incorporated v i a  simple h y d r a u l i c  procedures.  
Normal r i v e r  f low and r a i n  are  not  i nco rpora t ed  
a t  t h i s  t i m e  because t h e i r  p e r i o d s  are long and 
a f f e c t  t h e  t r a n s i e n t  surge i n  on ly  a minor way. 
River f low upstream could be inco rpora t ed  as a 
boundary c o n d i t i o n ,  and r a i n  as a "source",  i f  
amenable t o  q u a n t i f i c a t i o n  wi th  a f o r e c a s t e d  
storm. Astronomical t i d e  i s  ignored except f o r  
s u p e r p o s i t i o n  on to  the computed su rge ;  i t  i s  
d i f f i c u l t  t o  phase storm l a n d f a l l  and a s t r o -  
nomical t i d e .  A small e r r o r  i n  t i m e  on t r a c k  
p o s i t i o n s  w i l l  i n v a l i d a t e  computations w i t h  
astronomical  t i d e .  

The computed su rge  i s  designed t o  reproduce t h e  
t ime-his tory amplitude of a long-period, long- 
g r a v i t y  wave. Short  pe r iod  phenomena--such as 
crests and t roughs of wind waves, and t h e i r  p e r i -  
od ic  "run-up"--are ignored. An example of a 
surge i s  a smoothed t i d e  gage hydrograph o r  s t a g e  
record.  Any non-linear i n t e r a c t i o n s  on t h e  s u r g e  
between t h e  sho r t -pe r iod ,  s h o r t - g r a v i t y ,  wind 
waves are c r u d e l y  approximated a t  b e s t .  The 
surge does no t  break but does p a r t i a l l y  r e f l e c t  
from t h e  c o a s t ;  t h e  c o a s t l i n e s  are no t  s t a t i c  and 
move in l and  o r  recede seaward wi th  t h e  su rge .  
Wind waves r i d i n g  a t o p  t h e  s u r g e  break near  coas t -  
l ines  wi th  severest a c t i o n  l i m i t e d  t o  t h e  
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nearshore region.  The s u p e r p o s i t i o n  of a t r a i n  
of s h o r t  per iod waves on a high su rge  can be 
d e s t r u c t i v e  t o  i n s t a l l a t i o n s  along coastl ines,  
e s p e c i a l l y  so i f  o f f s h o r e  water depths  are deep 
o r  descend r a p i d l y ,  and with breaking wave 
a c t i v i t y  now c l o s e r  t o  t h e  o r i g i n a l  c o a s t .  

I n  c o a s t a l  r e g i o n s ,  t h e  a c t i o n  of breaking 
waves can create a quas i - s t eady- s t a t e ,  long pe r i -  
od "set-up" ( i f  not  a "set-down") whereby t h e  un- 
a d u l t e r a t e d  storm surge i s  a l t e r e d .  This  wave ac- 
t i o n  can a f f e c t  bottom stress i n  shal low waters. 
A l s o ,  e x o t i c  e f f e c t s  occur  such as an i n c r e a s e  of 
d e n s i t y  from suspended sand p a r t i c l e s .  Along 
c o a s t a l  r e g i o n s ,  during passage of a t r o p i c a l  
storm and onse t  of i nunda t ion ,  t h e  t o t a l i t y  of 
wind-wave e f f e c t s  on t h e  s u r g e  i s  not  w e l l  under- 
s tood o r  even w e l l  observed. Many t h e o r e t i c a l  
s t u d i e s  of an i d e a l i z e d  and piecemeal n a t u r e ,  as 
w e l l  as i d e a l i z e d  wave tank experiments,  have 
been made. It is  not s u f f i c i e n t  t o  c o r r e c t  a 
computed su rge  f o r  one o r  more long term i n t e r -  
actions--based s o l e l y  on guidance from theory  o r  
experiment--if o t h e r  remaining i n t e r a c t i o n s  tend 
t o  compensate. Accordingly,  t he  SLOSH model 
lumps t h e  long term i n t e r a c t i o n s  i n t o  a n  ad hoc 
gene ra l i zed  c a l i b r a t i o n  according t o  observed 
su rge  d a t a  generated by a m u l t i t u d e  of h i s t o r i c a l  
storms; t h a t  i s ,  t h e  s h o r t  term a c t i o n  from wind- 
waves i s  absent  but crude approximations f o r  t h e  
long term e f f e c t s  may be p r e s e n t .  The SLOSH mod- 
e l  does g i v e  a n  i n d i c a t i o n  of i n l a n d  f lood ing  but  
not the p u l s a t i n g  a c t i o n  of windwaves, such as 
s h o r t  term, p e r i o d i c ,  s h e e t  f low over b a r r i e r s .  
Thus t h e  model can no t  g i v e  p e r f e c t  answers,  but 
t h e  computed r e s u l t s  are u s e f u l  f o r  f o r e c a s t i n g  
and f o r  planning purposes. 

Not t o  be l i g h t l y  overlooked i n  su rge  modeling 
i s  t h e  almost insurmountable d i f f i c u l t y  of apply- 
ing me teo ro log ica l  d r i v i n g  f o r c e s  on a water 
su r face .  The f o r c e s  are t h e  s u r f a c e  stress and a 
p res su re  g r a d i e n t  body f o r c e .  These mus t  be des- 
c r ibed  i n  d e t a i l ,  i n  space and t i m e ,  t o  compute a 
d e t a i l e d  d e s c r i p t i o n  of su rges .  A storm wind 
model i s  j u s t  as important--if not  more so--as a 
su rge  model. 

With SLOSH, t h e  v e c t o r  f i e l d  of d r i v i n g  f o r c e s  
on a water s u r f a c e ,  with r e s p e c t  t o  space and 
time, are determined wi th  a s i m p l i f i e d  model 
storm ( J e l e s n i a n s k i  and Taylor ,  1973) .  To a c t i -  
v a t e  t h e  s torm model, simple me teo ro log ica l  param- 
eters are used; no wind i n p u t  i s  r equ i r ed .  The 
storm model balances s u r f a c e  f o r c e s ,  i nc lud ing  
s u r f a c e  f r i c t i o n .  F r i c t i o n  c o e f f i c i e n t s  must be 
s p e c i f i e d ;  t hese  were a s c e r t a i n e d  e m p i r i c a l l y ,  
and thus  are not  p h y s i c a l l y  j u s t i f i a b l e .  They 
were se t  i n  t h e  model once and f o r  a l l .  Although 
t h e  wind speed computed by t h e  s torm model i s  sen- 
s i t i v e  t o  t h e  f r i c t i o n  c o e f f i c i e n t s ,  t h e  s u r g e  
generated by t h e  surge model i s  not  because of 
compensating e f f e c t s .  The s torm model was not de- 
s igned t o  a c c u r a t e l y  f o r e c a s t  s u r f a c e  winds, but 
t o  form a v e c t o r  f i e l d  of d r i v i n g  f o r c e s .  The 
s imple,  storm i n p u t  parameters  ( c e n t r a l  p r e s s u r e ,  

d i s t a n c e  from storm c e n t e r  t o  maximum winds, 
storm t r a c k  and speed along t r a c k )  m u s t ,  of 
course,  be accurate. I n  the  su rge  computations,  
t he re  are compensating e f f e c t s  i n  su rge  genera- 
t i o n  when t h e  s u r f a c e  stress f i e l d ,  v i a  t h e  com- 
puted wind f i e l d ,  is i n a c c u r a t e  due t o  erroneous 
f r i c t i o n .  Strong f r i c t i o n  g i v e s  weaker winds b u t  
more convergence i n  the wind f i e l d ,  whereas weak 
f r i c t i o n  g i v e s  s t r o n g e r  winds but less  conver- 
gence i n  the  wind f i e l d .  This b i a s  d e s e n s i t i z e s  
t h e  wind f i e l d  f o r  su rge  gene ra t ion .  

The same s u r f a c e  stress formulat ion and accompa- 
nying d rag  c o e f f i c i e n t ,  as w e l l  as o t h e r  undeter- 
mined c o e f f i c i e n t s ,  are used i n  both t h e  s h e l f  
model SPLASH ( J e l e s n i a n s k i ,  1972) and t h e  SLOSH 
model. We use  a cons t an t  drag c o e f f i c i e n t ,  even 
though i t  may w e l l  be a f u n c t i o n  of s torm,  storm 
t r a c k ,  bas in  t e r r a i n ,  basin geometry, wind speed,  
etc. We resist the  temptat ion t o  t r e a t  undeter- 
mined c o e f f i c i e n t s  as random o r  tuning parame- 
ters, t o  be a r b i t r a r i l y  va r i ed  i n  a l o c a l  region 
f o r  a h i s t o r i c a l  storm even t .  Such a procedure 
w i l l ,  of cour se ,  g i v e  an e x c e l l e n t  comparison of 
observed and computed surge f o r  t h a t  one storm 
event.  However, t h e r e  i s  no gua ran tee  t h a t  t he  
same c o e f f i c i e n t s  w i l l  do as w e l l  f o r  a l t e r n a t e  
storms and a l t e r n a t e  regions.  There a r e  l a r g e  in-  
he ren t  e r r o r s ,  or  n o i s e ,  i n  both s u r g e  and meteo- 
r o l o g i c a l  obse rva t ions .  Hence, determining coef- 
f i c i e n t  va lues  from one s torm event  i s  a danger- 
ous procedure. Sometimes t h e  procedure i s  c a l l e d  
c a l i b r a t i o n  o r  tuning.  We p r e f e r ,  i n s t e a d ,  more 
gene ra l i zed  c o e f f i c i e n t s  t o  serve & s t o r m s  i n  
a l l  r e g i o n s ,  even i f  computed r e s u l t s  are not 
i d e a l  f o r  a p a r t i c u l a r  storm even t .  
- 

I n  t h e  absence of s u i t a b l e  d a t a  t o  e m p i r i c a l l y  
formulate  a v a r i a b l e  d rag  c o e f f i c i e n t  f o r  s u r f a c e  
stress, a cons t an t  was chosen by comparing ob- 
served and computed su rges  f o r  4 3  h i s t o r i c a l  
storms ( J e l e s n i a n s k i ,  1972) .  The cons t an t  drag 
c o e f f i c i e n t  i s  p r e s e n t l y  used t o  f o r e c a s t  o r  
h indcas t  su rges  generated by a l l  t r o p i c a l  storms 
i n  a l l  bas ins .  

When comparing computed r e s u l t s  o r  models, t he  
c a l i b r a t i o n  dependency needs t o  be examined. Do 
the  computed v a l u e s  r e s u l t  from a c o n t r o l l e d ,  
l o c a l  c a l i b r a t i o n  f o r  a single storm event o r  
from a gene ra l i zed  c a l i b r a t i o n ?  I f  one s torm i s  
used f o r  c a l i b r a t i o n ,  i t  i s  s u s p e c t  f o r  
v e r i f i c a t i o n  purposes. Also, are the d r i v i n g  
f o r c e s  computed d i r e c t l y  from a storm wind model, 
or  de r ived  from smoothed, analyzed c h a r t s  of 
a f t  e r- the-event observed winds ? 

The SLOSH model was designed f o r  u s e  i n  a n  
o p e r a t i o n a l  mode : a f o r e c a s t  i s  run without 
recourse t o  a c o n t r o l l e d ,  l o c a l  c a l i b r a t i o n  o r  t o  
observed winds. The same v a l u e s ,  or  f u n c t i o n s ,  
f o r  undetermined c o e f f i c i e n t s  i n  t h e  equa t ions  of 
motion, and the  s torm wind model, a r e  app l i ed  i n  
the same way f o r  both h i n d s i g h t / v e r i f i c a t i o n  and 
o p e r a t i o n a l / f o r e c a s t  runs ,  r e g a r d l e s s  of t he  
bas in  o r  s torm used. 
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The SLOSH model must be adapted t o  a given geo- 
g r a p h i c a l  area ( t h e  "basin")  be fo re  i t  can be 
run. The b a s i n  accommodates some o r  a l l  of t h e  
fol lowing:  1 )  i n l a n d  t e r r a i n ,  2 )  i n l a n d  water 
bodies  such as l a k e s ,  bays,  and e s t u a r i e s ,  and 3 )  
a segment of a c o n t i n e n t a l  s h e l f .  

Near the  c o a s t l i n e ,  t e r r a i n  i s  u s u a l l y  compli- 
c a t e d  by numerous v e r t i c a l  o b s t r u c t i o n s  such as 
dunes,  r i d g e  l i n e s ,  l e v e e s ,  r a i l r o a d s ,  s p o i l  
banks, and o t h e r  b a r r i e r s  of long h o r i z o n t a l  ex- 
t e n t .  Offshore,  t h e r e  may be b a r r i e r  i s l a n d s ,  
r e e f s ,  etc. These n a t u r a l  and man-made abutments 
p r o t e c t  i n l a n d  t e r r a i n  a g a i n s t  encroachment from 
the sea. However, when an o f f s h o r e  s u r g e  i s  h igh  
enough t o  ove r top  b a r r i e r s ,  t hen  water can pene- 
trate in l and  u n t i l  impeded by o t h e r  b a r r i e r s  f u r -  
t h e r  i n l a n d  o r  by n a t u r a l l y  r i s i n g  t e r r a i n .  It 
is p o s s i b l e  f o r  a t r o p i c a l  s torm t o  produce mas- 
s i v e  inunda t ion  a c r o s s  low l y i n g  t e r r a i n  f o r  many 
m i l e s  i n l and .  

Across i n l a n d  t e r r a i n ,  t h e r e  may be sha l low o r  
deep water bodies  such as l a k e s ,  bays, or  es tua-  
ries. Deep channels  may connect them t o  o t h e r  wa- 
t e r  bodies  o r  t h e  sea. An i n l and  water body, f a r  
removed from t h e  c o a s t ,  can respond t o  s torm d r iv -  
i ng  f o r c e s  and channel f l ow,  even i n  t h e  absence 
of d i r e c t  i nunda t ion  from t h e  sea. 

To compute su rges  wi th  a s u r g e  model and a con- 
s t r u c t e d  inpu t  b a s i n ,  complicated inpu t  boundary 
va lues  may be r e q u i r e d  as a f u n c t i o n  of t i m e .  An 
excep t ion  i s  a b a s i n  f o r  a n  i s o l a t e d  l a k e ,  uncon- 
nected t o  and una f fec t ed  by even t s  i n  any o t h e r  
body of water. Boundary i n p u t s  can be p a r t i a l l y  
r e l axed  i f  a p o r t i o n  of t h e  b a s i n ' s  boundary l ies 
i n  deep waters, with t h e  remaining p o r t i o n s  i n  
sha l low waters o r  on high t e r r a i n .  Now, i f  t h e  
co re  of a storm c r o s s e s  ( o r  e x i t s )  t h e  b a s i n  
through deep waters of a boundary, and ex i t s  ( o r  
c r o s s e s )  through h igh  t e r r a i n ,  t hen  s imple bound- 
a r y  c o n d i t i o n s  may be adequate  throughout.  

Computed su rge  and wind were compared on Lake 
Okeechobee, F l o r i d a ,  f o r  t h e  1949 storm. TO 
d a t e ,  t h i s  s to rm ' s  time dependent su rge  and su r -  
f a c e  wind obse rva t ions  are t h e  most dense and 
abundant i n  t h e  world. For SLOSH model simula- 
t i o n s  i n  t h e  Lake Okeechobee b a s i n ,  a f i n e ,  in-  
v a r i a n t  mesh of one-mile spac ing  between s u r g e  
p o i n t s  w a s  used. The b a s i n  area i s  s m a l l ,  b a r e l y  
exceeding t h e  l a k e  area, but does encompass a l l  
su rge  a c t i v i t y .  

Comparisons of t h e  computed su rge  f o r  f o u r  h i s -  
t o r i c a l  s torms have been made with observed 
s u r g e s  on Lake P o n t c h a r t r a i n ,  Louis iana,  t h e  su r -  
rounding i n l a n d  t e r r a i n ,  t h e  surrounding l a k e s ,  
and t h e  nearby c o a s t s  a long t h e  Gulf of Mexico. 
A coa r se  mesh (&mile spac ings  between h e i g h t  
p o i n t s )  and a v a r i a b l e  mesh (1-4 m i l e  spac ings )  
were used,  s e p a r a t e l y ,  f o r  t h e  s torm even t s .  The 
bas in  f o r  each mesh was l a r g e  i n  area. I n  
g e n e r a l ,  t h e  two computed su rges  va r i ed  l i t t l e  
wi th  g r i d  s i z e ,  but t h e r e  w a s  more d e t a i l  i n  t h e  
f i n e  g r i d  r eg ion  of t h e  v a r i a b l e  mesh. 

Comparisons of t h e  computed s u r g e ,  f o r  a v a r i -  
a b l e  g r i d  and a b a s i n  of l a r g e  areal e x t e n t ,  were 
made f o r  Galveston Bay, Texas, and surrounding 
t e r r a i n  w i t h  observed s u r g e s  generated by Hurri-  
cane Carla, 1961, and t h e  1949 hur r i cane .  

Comparisons of computed and observed su rges  
have been made f o r  s e v e r a l  o t h e r  bas ins  no t  i n -  
cluded i n  t h i s  r e p o r t ;  r e s u l t s  are s imilar .  Ba- 
s i n  p r e p a r a t i o n  and v e r i f i c a t i o n  wi th  h i s t o r i c a l  
storms i s  an ongoing p r o j e c t  i n  t h e  Nat ional  
Weather Se rv ice  of N O M .  Improvements and tech- 
niques i n  t h e  SLOSH su rge  model are c o n t i n u a l l y  
evolving and being updated. Some of t h e  material 
i n  t h i s  r e p o r t  may a l r eady  be o u t  of d a t e  and 
superseded. 

2. THE EQUATIONS OF MOTION 

a. The Equations of Motion on a C a r t e s i a n  Frame 
of Reference 

The t r a n s p o r t  equa t ions  of motion on a 
Car t e s i an  frame of r e f e r e n c e  are der ived i n  
Appendix A. These equa t ions  are: 

where 

U , V  = components of t r a n s p o r t  
g = g r a v i t a t i o n a l  c o n s t a n t  
D = depth of qu ie scen t  water r e l a t i v e  

t o  a common datum 
h = he igh t  of water above datum 
h = h y d r o s t a t i c  water h e i g h t  
f o  = C o r i o l i s  parameter 

X,C. ,YT 
Ar,. . . . , Ci 

= components of s u r f a c e  stress 
= bottom stress terms 

These equa t ions  were developed by Platzman (1963) 
and modified wi th  a bottom s l i p  c o e f f i c i e n t  by 
J e l e s n i a n s k i  (1967). They are p r e s e n t l y  designed 
t o  i n c l u d e  a f i n i t e  ampli tude e f f e c t  with D re- 
placed by t h e  in s t an taneous  o r  t o t a l  dep th ,  D+h. 
The f r i c t i o n  terms Ar 7 ., Ci are f u n c t i o n s  
of t h e  t o t a l  depth.  The equa t ions  a r e  d i f f e r e n t  
from those used i n  many o t h e r  s t u d i e s  where 
bottom stress i s  of t h e  Chezy o r  Manning type 
(Chow, 1959). 

Advective terms are ignored (Whitaker,  e t  a l .  , 
1975). Depending on t h e  Rossby number, t h e  
C o r i o l i s  term can a l s o  be omit ted f o r  l a k e s  and 
in l and  inundat ion.  However, t h i s  term is re- 
t a i n e d  i n  case s u r g e  ampli tudes become e x t r a o r d i -  
n a r i l y  large i n  l a k e s  o r  if inunda t ion  covers  a 
large i n l a n d  area,  ( s e e  Appendix B). 

A h o r i z o n t a l  v i s c o s i t y  term can a l s o  be in -  
cluded. The e f f e c t s  of t h i s  term are small com- 
pared t o  t h e  e f f e c t  of v e r t i c a l  v i s c o s i t y .  I n  
g e n e r a l ,  h o r i z o n t a l  v i s c o s i t y  has  l i t t l e  e f f e c t  
on t h e  surge.  However, i t  does p a r t l y  ame l io ra t e  
computational waves of two g r i d  l e n g t h s  and can 
be used f o r  t h i s  purpose. 

Much t h e o r e t i c a l  e f f o r t  can be expended on t h e  
equa t ions  of motion, computational methods, and 
g r i d  type when designing a su rge  model. These 
are not t h e  only--nor even main--themes f o r  a 
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surge model. There are hidden demons of omission 
and commission in the equations of motion that 
are generally dealt with empirically. These de- 
mons have as much to say about surge generation 
as any theoretical and computational aspects of 
the equations of motion. An example is the sur- 
face stress or meteorological driving forces. 
Merely writing it down as " T  " and assuming an 
outside arbiter will supply it is not realistic. 

A storm wind model must be used to generate the 
necessary driving forces. Tt is just as 
difficult--if not more so--to design a storm mod- 
el as a surge model. Hidden in " T '' and the bot- 
tom stress are undetermined coefficients; these 
are set empirically through comparisons of com- 
puted and observed meteorological and surge data 
from a multitude of historical storm events. 

The depths required by the model--topography 
over land, bathymetry under seas, vertical bar- 
rierb and channels--must be obtained and reduced 
to a common datum. Compiling the depth data is 
not a simple process; it requires the skill and 
experienced artistry of a modeler familiar with 
the model and its requir.ements. 

The equations of motion for a surge wave always 
have some simplifications for computational conve- 
nience; they are not complete for specialized 
phenomena such as weir flow, overtopping of 
barriers, and onset or ebbing of inland inunda- 
tion. Special techniques or refurbishment of the 
equations are required to handle such special 
situations. 

b. The Equations of Motion in an Arbitrary, 
Conformal. Frame of Reference 

There are computational benefits to transform- 
ing the equations of motion from their Cartesian 
grid into a non-Cartesian grid system. Although 
the transformed equations appear more compli- 
cated, they have useful properties which can be 
exploited for economy in numerical computations. 

It is convenient to rewrite the equations of 
motion (1) with the hydrostatic height, h , 
absorbed in the stress terms X ~ ,  YT. Wi?h 
the following identities: 

- z ? - - + -  a a a a a a a x  az az* , i(z - a ~ * )  

- a n -(- l a  - i-) a , - E  a -(- i a  + i-) a az 2 ax ay az* 2 ax ay 

where "*" denotes the complex conjugate, the 
third equation in ( l ) ,  the continuity equation, 
becomes 

In Eqs. (l), we can also substitute the forms 
A = A, + iAi, and 
T = 

B = B, + iBi, C = C, + iCi 
X T + iyT- The first two equations of  (1) can 

now be combined into one equation in complex form, 
by using Eq. (2), as 

( 4 )  

We can now consider a general, conformal 
transformation as, 

t l <  <IC*-  
where " 5 " is analytic and z;*= a - 0 .  It is 
convenient to use the following identities, 

Applying Eq.  ( 7 )  to Eq. ( 3 )  gives 

( 9 )  
- =  a t  -p(D+h)2B(2)* a C* - ifAW + T 

It is convenient t o  use the following form 

- ah = -[E + (3*] 
at 

( 3 )  
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Then Eq. (8 )  becomes 
c .  The Equations of Motion on a P o l a r  Frame of 

Reference 

on no t ing  t h a t  

I n  component form, Eq. (10) is expressed 
as w P U + i V .  Using Eq. ( 6 )  i n  Eq. (11)  y i e l d s  

I f  t h e  g e n e r a l  t r ans fo rma t ion ,  Eq. ( 5 ) ,  is  
p a r t i c u l a r i z e d  by 

5 = l n (z /Ro)  = P + iQ = I n ( r / R o )  + iB (14)  

o r  

(12) 

which is t h e  same format as t h e  t h i r d  equa t ion  of 
(11, except  f o r  t h e  Jacob ian ,  2 IS1 
Equation ( 9 )  can be r e w r i t t e n  as, 

a a dz * - = -  a’ g(D+h)B[(= + i-)hJ - i f @  + (E) T a t  a Q  

dC s i n c e  151 is  independent of t i m e .  Th i s  can be 
expressed i n  component form as 

= -g(D+h) ( B  ah - - B ah\ + f (A,V + S i U )  
a t  r a p  i a Q  

(13) 
- a v  = -g(D-f-h)(B + E.-) ah - f ( A $  - A i V )  a t  r a Q  l a p  

where 

(13a) 

Notice t h a t  t h e  stress terms are kept: i n  t h e i r  
o r i g i n a l  C a r t e s i a n  form f o r  computational conve- 
nience.  

Equat ions (13 )  and (12)  are similar t o  Eq. (1) 
except  f o r  the Jacobian I dc/dz 1 i n  t h e  c o n t i n u i t y  
equa t ion  ( 1 2 ) ,  and t h e  con juga te  of t h e  complex 
magn i f i ca t ion  f a c t o r ,  ( d r ; / d z ) * ;  , i n  t he  stress 
terms of momentum e q u a t i o n s  (13);  t h e  components 
Of W ,  ( U , V ) ,  are g i v e n  by Eq. (10) .  

where R i s  a convenient scale,  then we have a 
s t r e t c h e 8  grid t h a t  i n c r e a s e s  o r  magnif ies  w i t h  
r.  This  i s  a p a r t i c u l a r l y  u s e f u l  t r ans fo rma t ion  
because t h e  Jacob ian  of t h e  t r ans fo rma t ion  
depends on on ly  r ,  no t  0 ,  so t ha t  the s t r e t c h i n g  
can then be c o n t r o l l e d  by Ro. From 

and the equa t ions  of motion, ( 1 3 )  and (12)  become 

+ r [cos  e XT + sin e YT I 

The t r ans fo rma t ion  Eq. (14)  maps a p o l a r  g r i d  
onto an image p lane ,  Fig. 1. The (P,Q) system of 
Fig. 1 is  non-dimensional. It i s  convenient t o  
set  AP = A Q  = A0 . This assumption g i v e s  a se t  
of e q u a l l y  spaced,  mutual ly  or thogonal  l i n e s .  To 
do so ,  suppose a c i r c u l a r  arc of d i s t a n c e  
A s  = Ro A B  i s  chosen on t h e  circle Ro. 
Suppose f u r t h e r  t h e r e  are p o i n t s  

N = .,.,- n,-n+l,..r...,-1,0,1,2,.o~~~,n,n+l,.~~~ 
on any r a y  from the o r i g i n  of Fig.  1, wi th  Ro 
pos i t i oned  a t  N = 0. Then a t  N = 0, 

S i m i l a r l y ,  

hence, f o r  AP c o n s t a n t ,  t h e  d i s c r e t e  circles are 
then  p o s i t i o n e d  w i t h  r e s p e c t  t o  t h e  p o l a r  o r i g i n  
a t  

% = %,leAP = RoenAP (19) 

Since 
where A 0 4 i s / R 0  is  t o  be s p e c i f i e d .  

P i s  non-dimensional, w e  choose A Q  = AP.: A Q  
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When t h e  transformed equa t ions  of motion (16)  
are used with the  (P,Q) g r i d  on t h e  image plane,  
Fig. 1, t h e  computations are only s l i g h t l y  d i f f e r -  
e n t  compared t o  t h e  equa t ions  of motion (1 )  on a 
C a r t e s i a n  frame. The c o n t i n u i t y  equat ion has  an 
e x t r a  m u l t i p l i c a t i o n  by t h e  Jacobian,  r-2. The 
Jacob ian  depends on r but not 8 ,  and can be pro- 
grammed as a t a b l e  lookup a t  d i s c r e t e  Rn p o i n t s  
with only a small i n c r e a s e  i n  computer memory. 
I n  each of t h e  momentum equa t ions  of (16), there  
are e x t r a  m u l t i p l i c a t i o n s  by the  components of 
t h e  comDlex magn i f i ca t ion  and r o t a t i o n  f a c t o r  
( cos 8, s i n  0)  and one extra a d d i t i o n .  The 
harmonics cos  8 and s i n  8 are a t  d i s c r e t e  
i n t e r v a l s  on t h e  g r id  and s i m i l a r l y  f o r  r a t  
d i s t a n c e s  Rn on a ray.  Since t h e  v a r i a b l e s  r 
and e are s e p a r a t e d ,  t h e  e x t r a  computer memory 
r equ i r ed  f o r  t a b l e  lookups i s  minor. The e x t r a  
computations involved wi th  Eq. (16) are minor 
compared t o  t h e  t o t a l  r equ i r ed .  

2 
2-Plone <=In- R O  < - P l a n e  - 

Figure 1. Transforming an (R,8), unequal ly  spac- 
ed p o l a r  g r i d  i n  t h e  Z-Plane on to  an ( P , Q ) ,  eq- 
u a l l y  spaced, r e c t a n g u l a r  g r i d  i n  t h e  -Plane. 

For p r a c t i c a l  a p p l i c a t i o n s ,  a plane wi th  p o l a r  
coord ina te s  i s  placed tangent  t o  t h e  e a r t h ,  usual-  
l y  a t  t h e  en t r ance  of a bay o r  e s t u a r y .  The 
e a r t h  is r ep resen ted  a8 a Clark e l l i p s o i d  and is  
p ro jec t ed  conformally onto t h e  p o l a r  g r i d  f o r  geo- 
g r a p h i c a l  o r i e n t a t i o n .  A g r i d  d i s t a n c e  As and 
c i rc le  of r a d i u s  Ro a r e  pre-selected a t  t h e  
t angen t  p o i n t  ; and A s uetfrmine AB through 
A0 = A s / R  . The r a y  d i r e c t i o n  from t h e  tangent  

po in t  t o  tRe o r i g i n  of t h e  p o l a r  g r i d  is a r b i -  
t r a r y ,  e.g., a long t h e  major a x i s  of an e s t u a r y .  
To maintain c o n s t a n t  g r i d  spacing i n  t h e  image 
p l ane ,  t h e  geograph ica l  spacing on t h e  p o l a r  g r i d  
i s  compressed as one moves from t h e  t angen t  po in t  
t o  t h e  po le  and s t r e t c h e d  when one moves i n  t h e  
o p p o s i t e  d i r e c t i o n .  Thus, t h i s  i s  a cont inuous 
and monotonic v a r i a t i o n  of geographical  spac ing  
on t h e  p o l a r  g r i d .  Placement and o r i e n t a t i o n  of 
the p o l a r  g r i d  on t h e  C la rk  e l l i p s o i d  al low t h e  
area of f i n e  g r i d  mesh t o  cover a p a r t i c u l a r  area 
of i n t e r e s t .  

3 .  MODEL COEFFICIENTS 

The f i n a l  product of a su rge  model c o n s i s t s  of 
st i l l-water,  surge h e i g h t s ,  with t h e  s h o r t  per iod 
wind waves f i l t e r e d  ou t .  A l l  s u b s i d i a r y  f i e l d s - -  
such as i n t e r n a l  c u r r e n t s ,  s u r f a c e  and bottom cur- 
r e n t s ,  and s u r f a c e  s t r e s s - - se rve  only as means t o  

t h a t  end; t h a t  i s ,  su rge  computations. The surge 
h e i g h t ,  i n  g e n e r a l ,  i s  much more conse rva t ive  
than o t h e r  f i e l d s .  Hence, surge computations may 
be adequate even though o t h e r  computed f i e l d s  may 
have cons ide rab le  e r r o r .  I f  a surge model i s  
used with meteorological  i npu t  parameters ,  and i f  
high accuracy f o r  t he  surge computations i s  not 
r equ i r ed ,  then i t  i s  p o s s i b l e  t o  compute c o a r s e ,  
but u s e f u l ,  surge va lues  € o r  c o a s t a l  and i n l a n d  
regions.  

I n  any su rge  model t h e r e  are undetermined coef- 
f i c i e n t s  which must be s p e c i f i e d .  For t h e  SPLASH 
and SLOSH su rge  models, these are: 

CD, t h e  s u r f a c e  drag c o e f f i c i e n t  
v ,  v e r t i c a l  eddy v i s c o s i t y  c o e f f i c i e n t  

and s ,  bottom s l i p  c o e f f i c i e n t .  

For the  storm wind model w i t h i n  SLOSH, there are  
a d d i t i o n a l  undetermined c o e f f i c i e n t s :  

ks, wind f r i c t i o n  c o e f f i c i e n t  i n  the  
t a n g e n t i a l  d i r e c t i o n  

kn, wind f r i c t i o n  c o e f f i c i e n t  i n  the 
r a d i a l  d i r e c t i o n .  

and 

In  a d d i t i o n ,  t h e  SLOSH model has s u b s i d i a r y  
c o e f f i c i e n t s  f o r  non-linear channel f low and hori-  
z o n t a l  v i s c o s i t y .  Other surge models may use d i f -  
f e r e n t  phys i ca l  approaches,  with a l t e r n a t e  t y p e s  
of coeff ic ients--e .g . ,  Manning o r  Chezy f r i c t i o n  
c o e f f i c i e n t s  f o r  bottom stress. Other s torm mod- 
els may use d i f f e r e n t  phys i ca l  approaches,  such 
as an empirical decrease of g r a d i e n t  winds due t o  
f r i c t i o n  and empi r i ca l  o r  a r b i t r a r i l y  s p e c i f i e d  
inf low ang les .  

Extreme c a u t i o n  should be exe rc i sed  i n  spec i fy -  
ing such undetermined c o e f f i c i e n t s .  C o e f f i c i e n t  
va lues  could be chosen t o  br ing  obse rva t ions  and 
f o r e c a s t  su rges  i n t o  agreement f o r  one storm 
event  i n  a p a r t i c u l a r  a r e a .  This approach i s  es- 
p e c i a l l y  tempting i f  observed d a t a  are l i m i t e d .  
Such a p r a c t i c e  i s  p a r t i c u l a r l y  dangerous i f  
t h e r e  are more unknown c o e f f i c i e n t s  t han  a v a i l -  
a b l e  d a t a  p e r m i t s .  There i s  no guarantee t h a t  
the same c o e f f i c i e n t s  w i l l  hold f o r  a l t e r n a t e  
s torms,  storm t r a c k s ,  o r  bas ins .  

Measurements of meteorological  storm parameters 
and su rge  h e i g h t s  f r e q u e n t l y  e x h i b i t  l a r g e  er- 
r o r s .  The c h a r a c t e r  of a storm--strength and 
size--and i t s  t r a c k  are not  precisely known, even 
from post-storm a n a l y s i s .  The st i l l-water su rge  
he igh t  measured by a s t i l l i n g  gage i s  the  most ac- 
c u r a t e  su rge  measurement a v a i l a b l e .  High water 
marks are i n h e r e n t l y  i n a c c u r a t e .  Although t h e  
surveying procedures f o r  measuring high water 
marks i n s i d e  b u i l d i n g s  are a c c u r a t e ,  t h e  s t i l l i n g  
a c t i o n  of t h e  b u i l d i n g s  is  ques t ionab le ;  e.g., 
the  d a t a  are not n e c e s s a r i l y  st i l l-water su rge  
he igh t s .  Any model c a l i b r a t i o n  f o r  a s i n g l e  
storm event  may h ide  o b s e r v a t i o n a l  e r r o r s  w i t h i n  
the chosen c o e f f i c i e n t  values .  

To d a t e  t h e r e  are i n s u f f i c i e n t ,  simultaneously- 
observed d a t a  of storm parameters, storm t r a c k ,  
and surge h e i g h t s  t o  s t a t i s t i c a l l y  assemble pre-  
cise va lues  f o r  the unknown c o e f f i c i e n t s .  Nor 
are t h e r e  s u f f i c i e n t  d a t a  t o  vary t h e  c o e f f i -  
cients f o r  feedback e f fec ts  from l o c a l  t e r r a i n ,  
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changing storm parameters ,  o r  t i d e s .  The SPLASH 
and SLOSH procedures  p r e s e t  v a l u e s  f o r  some of 
t h e  c o e f f i c i e n t s ,  providing t h e  r e s u l t i n g  com- 
puted su rge  i s  i n s e n s i t i v e  o r  o n l y  mi ld ly  sen- 
s i t i v e  t o  t h e s e  c o e f f i c i e n t s .  The remaining 
c o e f f i c i e n t s  are set e m p i r i c a l l y  from comparisons 
of computed and observed s u r g e s ,  while  t a k i n g  
i n t o  account e m p i r i c a l  s e n s i t i v i t y  checks. 

The s torm f r i c t i o n  c o e f f i c i e n t s  are a r b i t r a r i l y  
p r e s e t  as 

k, = 1.15 kn = a[0.3VR+60]%, 1 0 - 4 ~  (20)  

where R = r a d i u s  of maximum winds i n  s t a t u r e  
miles, V =maximum wind speed i n  mph f o r  a 
s t a t i o n a r y R  storm,  and a = 1 f o r  ocean winds, and 
a = 4 4 m  f o r  l a k e  winds. The m a x i m u m  wind i s  
no t  an inpu t  parameter.  I n s t e a d ,  i t  i s  computed 
from t h e  s to rm ' s  p r e s s u r e  d rop ,  AP, and s i z e ,  R. 
Equation (20)  i s  based on e m p i r i c a l  s t u d i e s  of 
many p a s t  h u r r i c a n e s ,  but lacks a phys ica l  b a s i s .  
The r e s u l t i n g  computed winds f r e q u e n t l y  d i s a g r e e  
with obse rva t ions .  

The storm f r i c t i o n  c o e f f i c i e n t s  were no t  de- 
signed wi th  any i n t e n t i o n  t o  g i v e  an a c c u r a t e  
wind speed f i e l d ;  t h e i r  d e s i g n  has  conse rva t ive  
p r o p e r t i e s  f o r  s u r g e  computations wi th  t h e  
SPLASH/SLOSH equa t ions  of motion. The s torm wind 
model ba l ances  f o r c e s .  Hence, s t r o n g  f r i c t i o n  
g i v e s  weak winds with s t r o n g  convergence ( l a r g e  
in f low a c r o s s  p r e s s u r e  i s o b a r s ) ,  whereas weak 
f r i c t i o n  y i e l d s  s t r o n g  winds wi th  weak con- 
vergence of  t he  wind f i e l d .  These p r o p e r t i e s  
have compensating e f f e c t s  on t h e  surge.  Although 
l a r g e  f r i c t i o n a l  changes g i v e  l a r g e  changes f o r  
t he  a b s o l u t e  s u r f a c e  stress o r  t h e  computed wind 
speed,  i t  does n o t  mean l a r g e  changes f o r  t h e  com- 
puted surge.  The computed su rge  i s  on ly  m i l d l y  
s e n s i t i v e  t o  Eq. (20 ) .  I f  s torm f o r c e s  are bal-  
anced, i t  is  no t  necessa ry  t o  have an a c c u r a t e  
m a x i m u m  wind v a l u e  o r  wind speed f i e l d  f o r  a 
given storm. However, i t  i s  necessa ry  t o  accu- 
r a t e l y  s p e c i f y  s torm parameters--the p r e s s u r e  
drop,  storm s i z e ,  and s torm t r ack .  It i s  doubt- 
f u l  t h a t  any present-day s torm model can accu- 
ra te ly  p o r t r a y  a s u r f a c e  vector-wind f i e l d  f o r  
a l l  s to rms ,  f o r  any geograph ica l  area,  w i t h  s i m -  
p l e  i n p u t  s torm parameters as i n p u t .  

Classical bottom stress formulations--such as 
Manning o r  Chezy--are no t  used i n  t h e  SPLASH and 
SLOSH s u r g e  models except  f o r  sub-grid s i z e d  
phenomena, such as channel flow. I n s t e a d ,  Ekman 
fo rmula t ions  are used wi th  i n v a r i a n t  eddy v i s c o s i -  
t y  and s l i p  c o e f f i c i e n t s  f o r  a l l  storms and i n  
a l l  geograph ica l  r eg ions .  With a f a s t  moving 
storm 0 2 0  mph), e m p i r i c a l  tests wi th  t h e  SPLASH 
model g e n e r a t e  a s torm su rge  ( f o r c e d  wave) t h a t  
is i n s e n s i t i v e  t o  large changes i n  bottom stress 
c o e f f i c i e n t s .  

If a fast-moving s torm l a n d f a l l s  o r  moves along- 
s h o r e ,  and i f  waters j u s t  o f f s h o r e  are deep o r  in-  
t e rmed ia t e  i n  d e p t h ,  t hen  a s u r g e  model need no t  
i n c l u d e  bottom stress t o  compute peak c o a s t a l  
su rges  a s s o c i a t e d  with t h e  storm. In  some cases, 
however, a f t e r  passage of an alongshore moving 
storm, secondary, o r  f r e e ,  waves are gene ra t ed .  
These waves are t rapped between the  nea r shore  
region and t h e  c o a s t ,  and are s e n s i t i v e  t o  bottom 

stress. Such a two-part phenomena, one p a r t  i n -  
s e n s i t i v e  t o  bottom stress and the  o t h e r  p a r t  
s e n s i t i v e  t o  bottom stress, i s  used t o  e m p i r i c a l -  
l y  determine approximate va lues  f o r  t h e  eddy and 
s l i p  c o e f f i c i e n t s .  

There were t h r e e  h i s t o r i c a l ,  alongshore-moving 
storms wi th  adequate  me teo ro log ica l  and su rge  
d a t a  f o r  such tests--September 1944, Carol 1956, 
and Donna 1960. Each gene ra t ed  a forced wave 
during i ts  passage and f r e e  waves a f t e r  i t s  
passage. A t i d e  gage w a s  o p e r a t i v e  j u s t  o f f s h o r e  
a t  A t l a n t i c  C i t y ,  New J e r s e y  du r ing  and a f t e r  
each of t h e s e  s t o r m ' s  passage. All t h r e e  s torms 
were t r a v e l i n g  a t  h igh  speed 0 3 0  mph). The 
waters j u s t  o f f s h o r e  are deep 0 2 5  f o o t  dep ths ) .  
The SPLASH su rge  model w a s  t e s t e d  with a preset 

va lue  of 3x10-6 f o r  t he  d rag  c o e f f i c i e n t  
w i t h  t h e  c o e f f i c i e n t s  of Eq. (20)  

set  i n  the  storm model and with no bottom 
stress. R e s u l t s  gave a c c e p t a b l e  comparisons 
( w i t h i n  one f o o t )  f o r  t h e  observed peak su rges  a t  
A t l a n t i c  C i t y  du r ing  storm passages.  However, 
t h e  comparison wi th  the  f r e e  waves was 
unacceptable.  Tests were then made with the  
a d d i t i o n  of bottom stress and a no-sl ip  

cond i t ion .  A v a l u e  of 0.25 f t 2 / s  f o r  t h e  eddy 
v i s c o s i t y ,  v , gave an a c c e p t a b l e  comparison with 
the  f r e e  waves, w i t h  no s i g n i f i c a n t  change i n  t h e  
forced wave. Unfo r tuna te ly ,  t h e  ampli tudes of 
the f r e e  waves were s e n s i t i v e  t o  small changes i n  
V .  F i n a l l y ,  a v a l u e  of 0.006 f t / s  was set f o r  
t he  s l i p  c o e f f i c i e n t ,  6 ,  and the  computed f r e e  
wave ampli tudes were then  i n s e n s i t i v e  t o  a broad 

range about V = 0.25 f t 2 / s .  I n  f a c t ,  t h e  peak 
surge of t h e  forced wave, and the  amplitude of 
f r e e  waves, were i n s e n s i t i v e  t o  a broad range of  
v and s ,  when bo th  were included i n  t h e  bottom 
stress fo rmula t ion  ( J e l e s n i a n s k i ,  1967). This  
may no t  always hold f o r  sha l low waters ( < l o  f e e t )  
o r  f o r  slow moving storms. Spec ia l  tests w i t h  
the  SLOSH model f o r  sha l low dep ths  and in l and  
inundat ion w i t h  real observed d a t a  i n  Lakes 
Okeechobee and P o n t c h a r t r a i n  imply t h e  adopted 
va lues  of v and s are a c c e p t a b l e  i n  a u n i v e r s a l  
s ense ,  a t  least f o r  t h e  lexel of accuracy needed 
i n  o p e r a t i o n a l  storm su rge  f o r e c a s t i n g .  

CD f)a/pw i, 

Comparisons of su rge  d a t a  from a s i n g l e  t i d e  
gage f o r  on ly  t h r e e  s torms i s  b a r e l y  adequate.  
The comparisons may be t a i n t e d  by i n a c c u r a t e  
storm parameters .  Along t h e  New Jersey c o a s t ,  
h u r r i c a n e s  are t y p i c a l l y  moving r a p i d l y .  Also,  
t h e  p o s i t i o n  of t h e  storm r e l a t i v e  t o  t h e  c o a s t  
i s  d i f f i c u l t  t o  determine.  Thus, t h e  der ived co- 
ef f i c i e n t s  f o r  t h e  unique, l o c a l i z e d ,  su rge  dynam- 
ics  generated by t h e  s torm may not  hold f o r  al ter-  
n a t e  r eg ions  with d i f f e r e n t  s torm tracks. More 
comparison tes t s  are needed and have been p a r t i a l -  
l y  done wi th  t h e  SPLASH model. 

Surges gene ra t ed  by 43 h i s t o r i c a l ,  l a n d f a l l  
storms on t h e  Gulf and A t l a n t i c  c o a s t s  of t h e  
United S t a t e s  were used f o r  comparisons 
( J e l e s n i a n s k i ,  1972). The su rge  d a t a  are mea- 
sured high-water marks. These marks are n o t  
posi t ioned uniformly along the  c o a s t ,  nor  i s  t h e  
s t i l l i n g  a c t i o n  i n  b u i l d i n g s  equa l  f o r  each mea- 
sured mark. The d a t a  c o n t a i n  wave set-up,  but 
not  g e n e r a l l y  t h e  crest h e i g h t s  of breaking s h o r t  
g r a v i t y  waves; e.g., t h e  d a t a  i s  t h e  st i l l-water 
surge r e l e v a n t  t o  the  s t i l l i n g  a c t i o n  i n s i d e  
s t r u c t u r e s ,  w i t h  complicated wave set-up 
according t o  d i s t a n c e  from s h o r e ,  and hence of 
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ques t ionab le  accuracy. A va lue  of 3 ~ 1 0 - ~  f o r  
the drag c o e f f i c i e n t  ( m u l t i p l i e d  by t h e  r a t i o  of 
air/water d e n s i t y )  gave a s t anda rd  e r r o r  estimate 
of 1.6 f e e t  with t h e  observed marks 
( J e l e s n i a n s k i ,  1972). One c a n ,  of cour se ,  f i n d  
an a l t e r n a t e  CD according t o  storm c h a r a c t e r  
and l o c a l  geography. 

By cho ice ,  t he  SPLASH equa t ions  of motion are 
l inear .  When t h e  f i n i t e  amplitude e f f e c t  i s  in-  
cluded i n  the  equa t ions  of motion, t h e  computed 
su rges  are smaller whenever the  o f f s h o r e  dep ths  
are ve ry  sha l low and the  su rge  amplitude i s  
l a r g e .  Test runs show t h e s e  changes t o  have l i t -  
t l e  e f f e c t  s t a t i s t i c a l l y  on the  b e s t  f i t  C ac- 
cording t o  storm c h a r a c t e r  and l o c a l  geography. D 

When computing peak s u r g e s  w i t h  t h e  SPLASH and 
SLOSH models, t h e  most s e n s i t i v e  c o e f f i c i e n t  i s  

The computed su rge  is d i r e c t l y  s e n s i t i v e  
t o  the  va lue  of C , and f o r  p r a c t i c a l  purposes 
v a r i e s  l i n e a r l y  w i t R  CD. There are many formu- 
l a t i o n s  f o r  t h e  drag c o e f f i c i e n t ,  some v e r y  com- 
p l i c a t e d ;  l a b o r a t o r y  measurements are not i n  good 
agreement wi th  n a t u r a l  measurements. Because of 
t he  g r e a t  u n c e r t a i n t y  of i t s  va lue  and v a r i a -  
t i o n s ,  C i s  held cons t an t  a t  t h i s  t i m e .  

cD* 

D 

4.  SURFACE STRESS AND SURFACE WINDS 

A surge 'modeler  i s  i n t e r e s t e d  i n  s u r f a c e  stress 
and u s u a l l y  fo rmula t e s  i t  from s u r f a c e  winds. To 
t h i s  end,  a modeler may a n t i c i p a t e  an a p p r o p r i a t e  
wind s p e c i f i c a t i o n  from meteo ro log ica l  f o r e c a s t s .  
However, a me teo ro log i s t  is i n t e r e s t e d  i n  wind as 
an end product ,  not  i n  s u r f a c e  stress per se. A 
"good" wind t o  the  me teo ro log i s t  may, i n  f a c t ,  be 
"bad" f o r  modeling s u r f a c e  stress, and the o t h e r  
way around. 

-t The s u r f a c e  stress, T ,As an important term i n  
the equa t ions  of motion. It i s  as  important  as 
any a s p e c t  of a su rge  model, and the manner i n  
which i t  i s  employed s t r o n g l y  a f f e c t s  computed 
surges .  General ly ,  t h e  wind stress per  u n i t  mass 
on the  sea s u r f a c e  i s  formulated as ,  

(21)  

whe re CD i s  t h e  d rag  c o e f f i c i e n t ,  p w  and p a  

are d e n s i t i e s  of water and a i r ,  and W i s  the  
v e c t o r  wind. Applying t h i s  formula t o  
me teo ro log ica l  winds i s  not  as simple as i t  
looks. The stress term has coord ina te s  

+ +  
S' 

T = ~ ( x , y , t ) ,  a t  z = z 

where z i s  a s p e c i f i e d  he igh t  above t h e  sea 
s u r f a c e ,  u s u a l l y  10 meters. On the  o t h e r  hand, 
wind from meteo ro log ica l  sou rces  may have 
coord ina te s  

S 

P O  , on p = 

where po i s  a c o n s t a n t  p r e s s u r e  s u r f a c e .  Such 
winds must be converted t o  the  l e v e l  z o r  t h e  
drag c o e f f i c i e n t  i n  Eq. (21)  must be va r i ed  i n  
some complex f a sh ion .  Because su rge  models re- 
q u i r e  massive amounts of s u r f a c e  stress d a t a  i n  
space and t i m e ,  i t  i s  u s e f u l  t o  des ign  a storm 

S' 

model dependent on s i m p l e  meteorological  para- 
meters and t o  d i r e c t l y  compute a wind v e c t o r  a t  
o r  near t h e  z l e v e l .  

S 

The a b s o l u t e  va lue  of stress i s  s e n s i t i v e  t o  er- 
r o r s  i n  wind speed a t  a p a r a b o l i c  r a t e .  A l s o ,  
stress v a r i e s  w i t h  t h e  d rag  c o e f f i c i e n t .  But nei-  
t h e r  C nor 3 are known with c o n s i s t e n t  accura- 
cy, an2 i t  would appear the a r t  of surge computa- 
t i o n  is a t  a t e r r i b l e  disadvantage.  However, a 
storm wind model can be designed so t h a t  su rge  
computed wi th  a surge model is  on ly  mi ld ly  
s e n s i t i v e  t o  e r r o r s  i n  i!j . C can then be 
approximated e m p i r i c a l l y  from h i s e o r i c a l  storm 
surge d a t a .  

A water s u r f a c e  recognizes  t h e  converging wind 
f i e l d  of a storm when the  c o r e  pas ses  by, and 
he re in  l i e s  a phys ica l  p rope r ty  t o  reduce su rge  
s e n s i t i v i t y  t o  wind speed e r r o r s .  A storm model 
can be designed with t h e  fol lowing u s e f u l  pro- 
pe r ty  : I f  t he  f o r c e s  used to  compute a wind 
f i e l d  are i n  ba l ance ,  then the computed su rge  
under the  c o r e  of a s torm is no t  o v e r l y  s e n s i t i v e  
t o  c o n s i s t e n t  e r r o r s  i n  the  computed wind f i e l d ,  
p rov id ing  inpu t  storm parameters a r e  a c c u r a t e .  
This p rope r ty  e x i s t s  i f  t h e  model winds are i n  
vec to r  form such t h a t  a computed wind f i e l d  of 
low wind speed is  accompanied with a l a r g e r  
convergent wind f i e l d ,  whereas a computed wind 
f i e l d  of l a r g e  wind speed i s  accompanied with a 
smaller convergent wind f i e l d .  I n  o t h e r  words, a 
change of f r i c t i o n  f o r c e  i n  a storm model couples  
wind speed and d i r e c t i o n  i n  a biased manner. 
This p rope r ty  reduces surge s e n s i t i v i t y  t o  wind 
speed. 

The underlying s u r f a c e  g r e a t l y  a f f e c t s  wind 
speed due t o  d i f f e r i n g  f r i c t i o n a l  e f f e c t s .  For a 
storm a f f e c t i n g  a sea, an in l and  water body, o r  
t e r r a i n ,  t h e  winds are h ighes t  over  the s e a ,  less 
over in l and  water bod ies ,  and least  over t e r r a i n .  
The d i f f e r e n c e s  can be enormous. Winds over  t he  
c e n t e r  of t he  i n l a n d  body of water can be h ighe r  
than a c r o s s  i t s  boundaries.  Furthermore, a t  
land/water  boundaries ,  winds d i r e c t e d  from water 
to  land are s t r o n g e r  than from land t o  water, 
with s t r a n g e  d i s t o r t i o n s  i n  the  wind d i r e c t i o n .  
There is  an added complicat ion when water inun- 
d a t e s  land o r  recedes--moving boundaries.  Wind 
and stress a r e  no t  merely f u n c t i o n s  of storm i n -  
t e n s i t y ,  s i z e ,  and motion, but a l s o  of l o c a l  ter- 
r a i n ,  r e l a t i v e  d i r e c t i o n  of t h e  wind over shore- 
l i n e s ,  and the h i s t o r y  of t h e  wind and i t s  p a s t  
t r a j e c t o r y .  

Let us cons ide r  changes i n  f r i c t i o n  by using 
the SPLASH storm wind model ( J e l e s n i a n s k i  and 
Taylor ,  1973). This model i s  descr ibed i n  Sec- 
t i o n  4.c. F i r s t ,  a s s i g n  v a l u e s  of c e n t r a l  pres- 
s u r e ,  p e r i p h e r a l  p re s su re ,  and storm s i z e  a s  i n -  
put t o  the  model. The computed p r o f i l e s  of wind 
speed, i n f low a n g l e ,  and p r e s s u r e  are shown i n  
Fig. 2. The d i s p l a y  i s  shown r a d i a l l y  from the 
storm c e n t e r .  For ease of p r e s e n t a t i o n ,  t he  pro- 
f i l e s  are p l o t t e d  f o r  a s t a t i o n a r y ,  c i r c u l a r l y -  
symmetric storm. The "Ocean" wind p r o f i l e s  are  
computed as f u n c t i o n s  of p re s su re  and storm s i z e  
by the SPLASH storm model on seas, using preas- 
signed f r i c t i o n  c o e f f i c i e n t s .  

Suppose f r i c t i o n  i s  a r b i t r a r i l y  increased t o  
compute lower wind speeds c a l l e d  "Lake" winds. 
Then, t o  balance f o r c e s ,  t he  in f low ang le  must be 
s i g n i f i c a n t l y  l a r g e r .  The r a t i o  of t he  a b s o l u t e  
s t r e s s  f o r  the two wind f i e l d s  i s  about 1.5, and 
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one might expec t  t h e  su rge  computed with "Ocean" 
winds would be about 50% g r e a t e r  than wi th  "Lake" 
winds . However, test computations wi th  t h e  
SPLASH s u r g e  model gave o n l y  a 1 7 %  i n c r e a s e  of 
t h e  s u r g e  on t h e  open c o a s t  when the  t h r e e  s torm 
p r o f i l e s  w e r e  dynamical ly  coupled. I f  o n l y  t h e  
wind speed p r o f i l e  i s  allowed t o  change without  
coupl ing t h e  two remaining p r o f i l e s ,  then t h e r e  

a' 

DISTANCE FROM STORM CENTER (mi) 

Figure 2. Comparing model p r o f i l e s  of wind 
speed,  p r e s s u r e  d i f f e r e n c e ,  and in f low ang le  
f o r  a t r o p i c a l  storm over  an ocean and a c r o s s  a 
l ake .  The p r o f i l e s  are f o r  a s t a t i o n a r y ,  
c i rcular ly-symmetr ic  storm. 

i s  about a 50% change i n  t h e  computed c o a s t a l  
surge.  For combinations of coupled and uncoupled 
p r o f i l e s ,  t h e  su rge  changes between 17%-50%. The 
biased change i n  t h e  convergence of t h e  wind 
f i e l d  due t o  changes i n  t h e  i n f l o w  ang le  and pres- 
s u r e  g r a d i e n t  reduce computed su rge  s e n s i t i v i t y  
wi th  r e s p e c t  t o  wind e r r o r s .  A wind model t h a t  
ba l ances  f o r c e s  needs o n l y  l i m i t e d  accuracy f o r  
the v e c t o r  wind f i e l d .  Hence, when computing 
su rges  with a s torm model t h a t  h a s  a c c u r a t e  s torm 
parameters ,  t h e  end product i s  n o t  how w e l l  com- 
puted winds reproduce real  winds, but r a t h e r  how 
w e l l  computed s u r g e s  reproduce real  surges .  

For an in l and  water body, i t  i s  n o t  a d v i s a b l e  
t o  use "Ocean" type winds. The t e r r a i n  surround- 
ing t h e  water body exerts extra f r i c t i o n ,  s t rong-  
l y  dec reas ing  t h e  wind speed. The winds i n c r e a s e  
as t h e y  c r o s s  t h e  i n l a n d  water body, but r a r e l y  
reach "Ocean" wind s t r e n g t h  un le s s  t h e  water body 
i s  deep and has a much l a r g e r  areal e x t e n t  than 
the storm. In e f f e c t ,  wind has  a memory of i t s  
p a s t  t r a j e c t o r y .  The winds may be g r e a t l y  
lowered over an in l and  body of water due t o  i t s  
immediate p a s t  t r a j e c t o r y  so t h a t  t h e  l a r g e r  
i n f low ang le  no longe r  compensates adequa te ly  i n  
su rge  g e n e r a t i o n .  Unlike a sea, an in l and  body 
i s  a f f e c t e d  by on ly  a p a r t  of a storm. The 
smaller a l a k e  te la t ive  t o  s torm s i z e ,  t h e  less  
a b l e  t h e  l a k e  i s  t o  recognize a convergent wind 
f i e l d  and the less  l i k e l y  i t  is  t o  expe r i ence  
"Ocean" winds. For a v e r y  small l a k e ,  t h e  v e c t o r  
wind i s  n e a r l y  c o n s t a n t  over t he  l a k e  a t  any 
i n s t a n t .  For s u r g e  g e n e r a t i o n ,  t h e  convergence 
of t h e  wind f i e l d  i s  n e g l i g i b l e  and no longe r  
compensates f o r  errors i n  the computed wind 

f i e l d  . Even h e r e ,  t h e r e  i s  a t r a d e  o f f :  t h e  
smaller a l a k e ,  t h e  smaller a surge--if a l l  o t h e r  
t h i n g s  are t h e  same. 

a. A Comparison of Observed and Computed "Lake" 
Winds 

To g e t  a f e e l  and a p p r e c i a t i o n  of "Lake" type 
winds, cons ide r  t he  1949 storm which passed 
ac ross  Lake Okeechobee, Fig. 3. The wind speed 
and d i r e c t i o n ,  observed by instruments  on the  
l a k e ,  were e x t r a c t e d  from P r o j e c t  B u l l e t i n  No. 2 ,  
( 1950). They are s u b j e c t i v e  10-minute averages 
e x t r a c t e d  from anemometer traces. Input 
parameters f o r  t he  storm model are as fol lows:  
hourly d a t a  f o r  the c e n t r a l  p re s su re  were 
e x t r a c t e d  from Hydrometeorological Report No. 26,  
(Weather Bureau, 1951) and a p e r i p h e r a l  p re s su re  
of 1012 mb was used t o  form p r e s s u r e  drops.  The 
inpu t  t r a c k  of t h e  storm followed the  observed 
lowest c e n t r a l  p re s su re .  An i n v a r i a n t  r a d i u s  of 
m a x i m u m  winds of 22 m i l e s  was used as the  
h u r r i c a n e ' s  s i z e  as i t  crossed the  l a k e .  The 
c e n t r a l  p r e s s u r e ,  s torm s i z e ,  and storm p o s i t i o n s  

.are a c c u r a t e  a t  t h e  t i m e  of t h e  storm passage 
ac ross  t h e  l a k e .  For t h e  remainder of t h e  t r a c k ,  
a s u b j e c t i v e  a n a l y s i s  was made of s c a t t e r e d  and 
p e r i p h e r a l  d a t a  du r ing  storm passage a c r o s s  
southern F l o r i d a .  

To compute "Lake" winds with t h e  inpu t  s torm 
parameters ,  t h e  f r i c t i o n  c o e f f i c i e n t s  of the 
SPLASH storm model were inc reased  u n t i l  the  com- 
puted wind speed--for a moving storm--had a use- 
f u l  agreement wi th  observed winds over  two i n t e r i -  
or  gaging s t a t i o n s  LS 1 4  and LS 1 6 ,  Fig. 3 .  
Since gage e l e v a t i o n s  r e l a t i v e  t o  the  l a k e ' s  s u r -  
f a c e  d i d  not d i f f e r  g r e a t l y  i n  t i m e ,  no a t tempt  
w a s  made t o  reduce winds t o  a c o n s t a n t  l e v e l .  
The f r i c t i o n  c o e f f i c i e n t s  were f o u r  times g r e a t e r  
than those normally used by t h e  SPLASH storm mod- 
e l  f o r  "Ocean" winds. There i s  no gua ran tee  the  
same f r i c t i o n  c o e f f i c i e n t s  would s e r v e  f o r  d i f f e r -  
e n t  s torms,  d i f f e r e n t  l a k e s ,  and d i f f e r e n t  storm 
tracks. Lake bathymetry,  l o c a l  t e r r a i n  fea tures ,  
d i s t a n c e  from c o a s t a l  r eg ions  of t he  sea, and 
s h e l f  topography a l l  i n t e r f e r e  with wind genera- 
t i o n  i n  a most complex f a sh ion .  

The observed and computed winds are compared i n  
Fig. 3. Model winds are i n i t i a l l y  computed with 
c i r c u l a r  i s o b a r s  and then a l t e r e d  with e m p i r i c a l  
c o r r e c t i o n s  f o r  storm motion and i s o b a r  d i s t o r -  
t i o n .  The observed in l and  i s o b a r s  were pear 
shaped wi th  t h e  g r e a t e s t  d i s t o r t i o n  away from 
storm c e n t e r .  There are p e r i o d s  when boundary 
pos i t i oned  gages are exposed t o  d r y  l a n d ,  and the 
winds are then "Terrain"  type winds; these a r e  
ignored and the wind model computes "Lake" t y p e  
winds. By "Lake" winds,  w e  mean winds over an 
in l and  body of water, una f fec t ed  by t e r r a i n  ex- 
cept  f o r  memory of i t s  overland h i s t o r y ;  by 
"Ocean" winds w e  mean winds over  t he  c o n t i n e n t a l  
s h e l f ,  una f fec t ed  by t e r r a i n  and without any memo- 
r y  of an overland h i s t o r y .  Comparisons of "Lake" 
winds on l a k e  boundaries  a r e  b e s t  f o r  winds wi th  
an overwater t r a j e c t o r y ,  worst  with an overland 
t r a j e c t o r y .  It  i s  assumed t h a t  winds seaward 
from a s o l i d  boundary have a s t r o n g  wind speed 
g r a d i e n t ,  l o c a l i z e d  t o  a narrow s t r i p  o f f s h o r e .  

For the  fol lowing wind comparisons,  HGS means 
"Hurricane Gage S t a t i o n "  and LS means "Lake Sta- 
t i on"  : 
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Figure  3. Observed and computed winds for t h e  1949 hur r i cane  over  Lake Okeechobee, F lor ida .  The s t a t i o n  l o c a t i o n s  and t h e  hu r r i cane ' s  t r a c k  over  the l a k e  are 
Observed wind speeds and d i r e c t i o n s  are shown wi th  g iven  i n  t h e  i n s e r t  a t  t h e  upper l e f t .  

s o l i d l i n e s ;  computed va lues  are shown as dashed l i n e s .  
The pressure  as a func t ion  of time is shown i n  t h e  lower lef t .  
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LS 1 4  and LS 16: These two gages lie on the 
interior of the lake. The trajectory of the 
wind is 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 elevation above 
terrain for all time. 

HGS 1: Before, during, and after storm passage 
there was no significant overwater trajec- 
tory of the wind field, except well before 
storm passage. The surrounding terrain is 
marshy and generally exposed, with at most 
one foot of water above terrain. The ob- 
served "Terrain" 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 nearly 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 terrain was ex- 
posed or under very little water. The winds 
are generally 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 illustrates 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 have an over- 
water t raj ec tory and computed 
winds agree. 

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 generally greater than computed speeds. 
There are two possible causes of this discrepan- 
cy: 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 near a storm's core. Of course, if a 
storm's core traverses far from a basin and pe- 

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

Real winds have strong gradients at water bound- 
aries. It is assumed the gradient is localized 
to the near shore region with rapid readjustment 
t o  "Lake" or "Ocean" winds a short distance off- 
shore. The localized wind gradient is assumed 
narrow enough not to significantly affect the 
overall surge. The biased inflow angle with com- 
puted winds partially compensates for wind errors 
that do not 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 
useful property since the positioning of "Ocean" 
and "Lake" winds is subjective. 

The inland isobars of the 1949 storm were dis- 
torted and non-circular. The computed "Lake" 
winds 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. 

b. Surface Drag Coefficient 

A constant, empirical value of 3 ~ 1 0 - ~  is as- 
signed to CD P a  / L ) w  in Eq. (21). This number 
was derived by comparing observed high-water 
marks along the coast to computed surge for 43  
historical storms. The SPLASH surge model with 
"Ocean" winds (Jelesnianski, 19721 ,  was used to 
compute the coastal surges. The number is a 
gross approximation in a best fit sense. "Good" 
surge comparisons did not occur for all 43 storm 
events. One could align data according to storm 
parameters, storm track, basin geometry, etc., 
and then vary the drag coefficient statistically 
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 
CD 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 necessarily apply to 
non-linear models. However, if the finite 
amplitude effect is included in the SPLASH model, 
there is little 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 
desirable. However, results with real data for 
the basins of this study are acceptably accurate 
for operational forecasting. 

Our 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 examining 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, 
1 9 7 3 )  which computes pressure and wind direction 
for a stationary, circularly-symmetric storm. 
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The computations are based on a balance of f o r c e s  
given by 

( 2 2 )  

V 2  2 -- dp C O S ~  = f V  + - cos0 - V2 &! s i n @  + k,V 
P a  d r  r d r  

(23) 

These equa t ions  are adapted from Myers and Malkin 
(1961)  Here, r i s  t h e  d i s t a n c e  from the s torm 
c e n t e r ,  p ( r )  is  t h e  p r e s s u r e ,  0 ( r )  the i n f l o w  
ang le  a c r o s s  c i r c u l a r  i s o b a r s  toward the  s torm 
c e n t e r ,  and V( r )  is the  wind speed. The terms 
k and k are e m p i r i c a l l y  determined c o e f f i c i e n t s ,  

and f i s  t h e  C o r i o l i s  parameter.  The two 
equa t ions  can be solved f o r  p and 0 ,  on a r a y  
from t h e  s torm c e n t e r ,  i f  t h e  form of t h e  wind 
speed p r o f i l e  V(r) is supp l i ed .  One b e n e f i t  of 
t h i s  procedure i s  t h a t  t he  maximum wind f a l l s  
e x a c t l y  a t  r = R. The SPLASH storm model u ses  
the  fol lowing wind speed p r o f i l e  f o r  a s t a t i o n a r y  
storm: 

S n 

2 R r  
R + r2 

V(r)  = V R  ( 2 4 )  

The parameter R i s  t h e  r a d i u s  of maximum wind 
( t h e  d i s t a n c e  from storm c e n t e r  t o  the  maximum 
wind),  and V i s  t h e  maximum wind speed. R 

Figure 2 shows an example of p r o f i l e s  computed 
by Eqs. ( 2 2 - 2 4 ) .  For real  a p p l i c a t i o n s ,  t h e  
maximum wind, VR, f o r  a s t a t i o n a r y  storm is  no t  
r e a d i l y  a v a i l a b l e  on a sea's s u r f a c e .  For a 
moving s torm,  t h e  c e n t r a l  and p e r i p h e r a l  pres- 
s u r e ,  and storm s i z e ,  R ,  are l i k e l y  t o  be a v a i l -  
ab l e .  To s o l v e  these  e q u a t i o n s ,  an i t e r a t i o n  
procedure i s  used. V i s  approximated (us ing  a 
t a b l e  look-up procedurg from pre-computations) 
and Eqs. (22-24)  are then solved f o r  p ( r )  and 
O ( r )  The d i sc repancy  between computed and 
required p res su re  i s  then obviated by changing 

u n t i l  t h e  p re s su re  d i sc repancy  is  less than  
vK a preassigned va lue .  

I n  p o l a r  c o o r d i n a t e s  ( r , e ) ,  t h e  v e c t o r  wind f o r  
t he  s t a t i o n a r y  s torm is  

( 2 5 )  

Consider s torm motion such t h a t  t he  t r a c k  of 
t he  s torm is  relat ive n o r t h  and e = 0 i s  r e l a t i v e  
east. Then a v e c t o r  c o r r e c t i o n  f o r  storm motion 
i s  e m p i r i c a l l y  formulated as 

( 2 6 )  

where lbi l is  the  speed of t he  storm. The 

maximum v a l u e  of t h e  s torm c o r r e c t i o n  is %JUS[ 

a t  r = R. Cor rec t ion  Values t a p e r  off  t o  zero a t  
r = 0 and r = w .  This c o r r e c t i o n  could be f a u l t y  
f o r  a weak s to rm moving r a p i d l y ,  but  such storms 
create l i t t l e  surge.  Empir ical  tests wi th  t h e  
SPLASH s u r g e  model show c o a s t a l  su rges  are g o t  
o v e r l y  s e n s i t i v e  t o  t h e  c o r r e c t i o n  v e c t o r ,  
f o r  moderate t o  extreme i n t e n s i t y  storms. 

-c 

"1 7 

The wind f o r  a moving storm superposes  
Eqs. ( 2 5 )  and ( 2 6 )  as 

For  a given r ,  winds are maximum a t  e = - 0( r ) .  
Hence, Taximum winds occur i n  t h e  r i g h t  rear quad- 
r a n t  i f  V, i s  used f o r  storm motion c o r r e c t i o n .  
W, i s  used f o r  "Ocean" winds: t h e  f r i c t i o n  c o e f f i -  
c i e n t s  k, and k, must be s u p p l i e d ,  and they are 

chosen as f u n c t i o n s  of s torm parameters ,  
Eq. ( 2 0 1 ,  ( J e l e s n i a n s k i ,  1967) .  Since p o s i t i o q  
of a storm i s  known as a f u n c t i o n  of t i m e ,  w i t h  V 
computed with r e s p e c t  to  "r" ,  and with 8s 
g iven ,  i& is  then  easy ( a l b e i t  l a b o r i o u s )  t o  
compute W and hence wind stress a t  each g r i d  
point  loca?ed a t  "r" from storm c e n t e r .  

3 

A storm moving ac ross  open t e r r a i n  o r  over 
l a k e s  has p r e s s u r e  i s o b a r s  d i s t o r t e d  due, i n  
p a r t ,  t o  i nc reased  f r i c t i o n ;  The a d d i t i o n a l  f r i c -  
t i o n ,  of cour se ,  modif ies  V. The a x i s  of d i s t o r -  
t i o n  fol lows no p r e c i s e  o r i e n t a t i o n ,  but can l a y  
i n  the  v i c i n i t y  of storm t r ack .  Such p r e s s u r e  
d i s t o r t i o n  i n c r e a s e s  winds be fo re  storm a r r i v a l  
and lowers them a f t e r  s torm passage. One can 
p a r t i a l l y  c o r r e c t  t h e  winds f o r  p r e s s u r e  d i s t o r -  
t i o n  by appending a l i n e a r  p r e s s u r e  g r a d i e n t  per- 
pendicular  t o  t h e  d i s t o r t i o n  a x i s  and computing 
an a d d i t i o n a l  geos t roph ic  wind from the added 
p res su re  g r a d i e n t .  However, geos t roph ic  wind i s  
s e n s i t i v e  t o  the  d i s t o r t e d  p res su re  g r a d i e n t .  A 
g r a d i e n t  of 1 mb/100 m i l e s ,  a t  l a t i t u d e  3 0 ° ,  
g i v e s  a 15  mph wind. There i s  no p r e c i s e  way t o  
f o r e c a s t  t h e  p re s su re  d i s t o r t i o n  f o r  i n d i v i d u a l  
storms. The p res su re  f i e l d  i s  f u r t h e r  compli- 
cated i f  t h e  storm i s  imbedded i n  a synop t i c  
scale p r e s s u r e  f i e l d .  

The SLOSH model uses.  t he  SPLASH storm model. 
For in l and  water bod ies ,  s t r o n g e r  f r i c t i o n  i s  
used, and an a d d i t i o n a l  c o r r e c t i o n  f o r  p re s su re  
dis ' tor t ion i s  included.  The h ighe r  f r i c t i o n  and 
a d d i t i Q n a l  c o r r e c t i o n  are app l i ed  on ly  t o  in l and  
water , su r f aces  and not t o  c o n t i n e n t a l  she lves .  
The a d d i t i o n a l  c o r r e c t i o n  i s  

(28 )  

where Y i s  t h e  normal component of r along the 
t r a c k  d i r e c t i o n .  The a d d i t i o n a l  c o r r e c t i o n  i s  a 
d i r e c t e d  wind, pe rpend icu la r  t o  the t r a c k ,  p l u s  a 
30" backing f o r  f r i c t i o n  e f f e c t s .  We c o n t r o l  t h e  
c o r r e c t i o n  by means of s torm speed i n s t e a d  of 
a c t u a l  p r e s s u r e  d i s t o r t i o n .  D i s t o r t i o n  i s  d i -  
r e c t l y  r e l a t e d  t o  storm speed. For a s t a t i o n a r y  
s torm,  w e  assume no p res su re  d i s t o r t i o n  and t h e  
wind i s  then  3. 

The "Lake" wind then i s  a s u p e r p o s i t i o n  of two 
c o r r e c t i o n s  t o  the  s t a t i o n a r y  s torm as 

3 
The a d d i t i o n a l  c o r r e c t i o n  V 2  i s  q u a l i t a t i v e  i n  

The maximum value i s  if along two na tu re .  
l i n e s  pe rpend icu la r  t o  storm t r a c k  a t  +R from 
storm c e n t e r .  Values t a p e r  o f f  t o  zero a t  Y = o 
and Y = + 8 . The maximum winds now occur i n  
the r i g h t r f r o n t  quadrant.  Empir ical  tests show 
$nly minor changes i n  overland and l a k e  su rges  i f  
v2 i s  omit ted.  The n a t u r e  of t h e  change cor- 
rects wind and su rge  q u a l i t a t i v e l y  and t h e r e f o r e  
i s  used f o r  i t s  cosmetic e f f e c t .  

S 

For o p e r a t i o n a l  convenience,  "Lake" winds are 
used a c r o s s  inundated t e r r a i n  even though 

-+ 3 3  wo = v + VI  (27 )  
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v e g e t a t i v e  material ove r  t e r r a i n  is  c o n s i d e r a b l y  
d i f f e r e n t  f rom t h e  beds  of bays and l a k e s .  An 
e x t i n c t i o n  c o e f f i c i e n t  (based on v e g e t a t i o n  
h e i g h t )  i s  used on t h e  stress terms a c r o s s  dense 
f o l i a g e  such  as mangroves and f o r e s t s .  I n  real- 
i t y ,  t h e  f r i c t i o n  terms k and k shou ld  be  
h i g h e r  o v e r  i n u n d a t e d  t e r r a i n  and v a r y  a c c o r d i n g  
t o  t y p e  of  t e r r a i n ;  e.g., t h e  h e a v i l y  concen- 
t r a t e d  mangroves ove r  p a r t  of t h e  F l o r i d a  
Eve rg lades .  There are n o t  enough observed d a t a  
d u r i n g  s t o r m  s u r g e  f l o o d i n g  of  d e n s e l y  f o l i a t e d  
t e r r a i n  t o  e m p i r i c a l l y  a s c e r t a i n  f r i c t i o n  v a l u e s  
f o r  t h e  wind p r o f i l e .  Accord ing ly ,  computed 
s u r g e  v a l u e s  may be s u s p e c t  o v e r  d e n s e l y  f o l i a t e d  
t e r r a i n .  

S n 

5. THE GRID SCHEME AND EXPLICIT, FINITE 
DIFFERENCE SCHEME 

The f i e l d s ,  s u r g e  and t r a n s p o r t  of Eq. ( 1 1 ,  o r  
s u r g e  and t r ans fo rmed  t r a n s p o r t  of Eq. ( 1 3 1 ,  are 
s e p a r a t e l y  computed a t  d i s c r e t e ,  equa l ly - spaced  
P o i n t s  on a h o r i z o n t a l  g r i d  mesh. The g r i d  
scheme treats a s u r f a c e  of  s u r g e s  i n  a two- 
d imens iona l  ¶ s t a i r - s t e p  f a s h i o n .  A t e m p l a t e  of 
t h e  g r i d  scheme i s  shown i n  F ig .  4 .  The g r i d  i s  
used w i t h  C a r t e s i a n  o r  t r ans fo rmed  c o o r d i n a t e s -  
For i l l u s t r a t i o n ,  t h e  C a r t e s i a n  form f o r  equa- 
t ions of motion (1) is d i s c u s s e d .  (The t r a n s -  
formed form is  e q u i v a l e n t  but  u s e s  a d i f f e r e n t  
n o t a t i o n . )  A p o i n t  is  t h e  c e n t e r  of a 
s q u a r e ;  a I o 1  p o i n t  l i e s  on each  c o r n e r  of a 
squa re .  Surge i s  computed on t h e  '+' p o i n t s  and 
t r a n s p o r t  on 
of t r a n s p o r t  
P rede te rmined  
a ho r i zon t a1 
f o r c e s ,  etc. ,  
g r i d  p o i n t s  as 

t h e  l o 1  p o i n t s .  Both components 
are computed a t  e a c h  l o '  p o i n t .  
f i e l d s ,  s u c h  as d e p t h s  r e l a t i v e  t o  

datum, m e t e o r o l o g i c a l  d r i v i n g  
are a p p r o p r i a t e l y  p o s i t i o n e d  on 

needed. 

The g r i d  scheme of F i g .  4 i s  l a b e l e d  ' B '  by 
Mesinger and Arakawa ( 1 9 7 6 ) ,  who a l s o  d i s c u s s  an 
a l t e r n a t e  scheme, I C ' .  For some p u r p o s e s ,  scheme 
'c '  is p r e f e r r e d .  However, w e  chose t o  u s e  
scheme ' B r  i n s t e a d  t o  b e t t e r  accommodate t h e  
C o r i o l i s  terms, t o  t reat  cases of s h a l l o w  water 
d e p t h s ,  and t o  a l l o w  computa t ions  O f  b o t h  
components of  s u r g e  g r a d i e n t  a t  1 '  P o i n t s -  

' t  

-Pen- m-i,n- 1 t 
Am- i ,n- 1 l m , n - i  m+i,n-1 . " - 

X 

F i g u r e  4 .  A g r i d  t e m p l a t e  f o r  t h e  f i n i t e  d i f f e r -  
ence scheme .~-ed i n  t h e  SLOSH model. The '+ '  
P o i n t s  are s u r g e  o r  h e i g h t  p o i n t s  On t h e  g r i d ,  
l o c a t e d  a t  t h e  c e n t e r  of s q u a r e s 8  The '0' 

p o i n t s  are momentum p o i n t s  on t h e  g r i d ,  l o c a t e d  
a t  t h e  c o r n e r  p o i n t s  of s q u a r e s .  

R e l a t i v e  t o  a t r a n s p o r t  p o i n t ,  a s u r g e  p o i n t  i s  
o f f s e t  by a d i s t a n c e  1/2As i n  t h e  x- and  y- d i r e c -  
t i o n s  A t e m p l a t e  w i t h  two s e p a r a t e  l a b e l i n g  
schemes, f o r  s u r g e  and t r a n s p o r t  p o i n t s ,  cou ld  be 
r e p r e s e n t e d  as shown on F i g .  4 .  There a re  o t h e r ,  
more-compact , l a b e l i n g  schemes (Mesinger and 
Arakawa, 1 9 7 6 ) ,  t h a t  are more e l e g a n t  f o r  
t h e o r e t i c a l  work. The s e p a r a t e  l a b e l i n g  f o r  
h e i g h t  and t r a n s p o r t  f i e l d s  i n  t h i s  r e p o r t  i s  
conven ien t  f o r  computer use.  

Any f i e l d  v a l u  F ( x , y , t ) ,  can be l a b e l e d  a t  a 

m and n are i n t e g e r  g r i d  p o s i t i o n s  and k i s  a n  
i n t e g e r  t o  r e p r e s e n t  t h e  number of d iscrete  t i m e  
i n t e r v a l s  A t .  For f i n i t e  d i f f e r e n c e  computa t ions ,  
a g i v e n  f i e l d  v a l u e  i s  l a b e l e d  e i t h e r  on a s u r g e  
o r  t r a n s p o r t  p o i n t ,  as r e q u i r e d .  

g r i d  p o i n t  as F = F(m A s ,  n As,k A t ) ,  where 

For c o n t i n u o u s  changes i n  time, t h e  time d e r i v a -  
t i v e  can be approximated f o r  t h r e e *  l e v e l s  i n  
time--past , p r e s e n t  and future--as  , 

(30  1 

I n  numer i ca l  computa t ions ,  t h e  s p a t i a l  s u r g e  de- 
r i v a t i v e  i s  computed a t  t r a n s p o r t  p o i n t s ,  and spa- 
t i a l  t r a n s p o r t  d e r i v a t i v e s  are computed a t  surge 
p o i n t s .  A s p a t i a l  s u r g e  d e r i v a t i v e  a t  an (m,n) 
t r a n s p o r t  l o '  p o i n t  i s  approximated as 

m,n s u b s c r i p t s  a t  '+' p o i n t s  

A s p a t i a l  t r a n s p o r t  d e r i v a t i v e  a t  a n  (m,n> s u r g e  
'+ '  p o i n t  can  be approximated as 

m,n s u b s c r i p t s  a t  I o '  p o i n t  

* 
Two l e v e l s  i n  time can  be u s e d ,  w i t h  s a v i n g s  

i n  c o m p u t a t i o n a l  t i m e  and computer memory. 
E m p i r i c a l  tests show minor changes i n  computed 
peak s u r g e s  and small changes i n  i n l a n d  
inund a t  i o n .  
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The s p a t i a l  d e r i v a t i v e s  ( 3 1 )  and ( 3 2 ) ,  when 
a c t i n g  on a s u r  e o r  t r a n s p o r t  f i e l d ,  are now de- 

Uk , Vk, h k  o r  hko. In  f i n i t e  d i f f e r e n c e  form,  we 
then  rewrite Eq. (I) as 

f i n e d  as D ( ) % / 2  AS; t h e  symbol ( >k s t a n d s  f o r  

- k-1 -k k 8" m,n = (l+aAi)U,,n - bHm,n[BrD, - B i D y ] h k  +aArVm,D 

k 
Vk+' m,n = ( l + ~ i ) V ~ ~ ~  - bHL,,[BrDy + BiDx] h k  

+ c ' T k  
m , n  

(33 

where a = 2f A t ,  b = g A t /  A s ,  c = 2 A t  End compo- 
n e n t s  of  I T '  are g i v e n  by ( 1 3  a) .  H k  a t  a m,n - 
t r a n s p o r t  I o '  p o i n t  i s  t h e  a r i t h m e t i c  mean of 
t o t a l  d e p t h  v a l u e s  on f o u r  su r round ing  s u r g e  '+ '  
p o i n t s ,  e.g. ,  

(34 

n o t  t o  be confused  w i t h  d e r i v a t i v e s  Depths  , 
w i t h  r e s p e & t  t o  a datum, are f i x e d  a t  s u r g e  '+ '  
p o i n t s .  I f  a b a r r i e r  i s  n o t  over topped  by a l l  
f o u r  s u r r o u n d i n g  s q u a r e s  a t  a momentum p o i n t ,  
s p e c i a l  t e c h n i q u e s  are used  which are d e s c r i b e d  
i n  a l a t e r  s e c t i o n .  The f r i c t i o n  c o e f f i c i e n t s  
A r  , A i  ,B, , B i  , C i l , y r  are f u n c t i o n s  of H a t  a 
t r a n s p o r t  p o i n t  . These c o e f f i c i e n t s  show 
o n l y  v e r y  small v a r i a t i o n s  f o r  d e p t h  changes i n  
s h a l l o w  o r  deep  water. However, t h e  f r i c t i o n  
term, A, v a r i e s  s t r o n g l y  i n  v e r y  s h a l l o w  waters 
w i t h  small changes  i n  dep th .  Hence, t h e  
a r i t h m e t i c  mean of  A i  on t h e  f o u r  s u a r e s  i s  
used.  
computed a t  t r a n s p o r t  ' ' p o i n t s .  

D m  n' 

The s u r f a c e  stress xTkm,n, YT R m,n are 

The water s u r f a c e  of t h e  SLOSH model,  and bed 
o f  t h e  model b a s i n ,  are approximated  as two- 
d imens iona l  s ta i r  s t e p s .  F i g u r e  5 shows an exam- 
p l e  of  s ta i r  s t e p s  that  are d r y  o r  wet ted .  I f  wa- 
ter i n i t i a l l y  e n t e r s  a d r y  s q u a r e ,  o r  e x h a u s t s  a 
w e t  s q u a r e ,  s p e c i a l i z e d  computa t iona l  t e c h n i q u e s  
are implemented.  A wet t ed  s q u a r e  has  a volume of 
water w i t h  p l a n e  s u r f a c e  ' abcd '  = (  AS)^ and 
t o t a l  d e p t h  ' H I .  The space  g r a d i e n t  on t h e  water 
s u r f a c e  i s  t h e  h e i g h t  d i f f e r e n c e  between s q u a r e s  
measured from a common datum. A c o r n e r  of a 
w e t t e d  s q u a r e  canno t  have  two-dimensional f l ow i f  
a s t a i r - s t e p - r i s e  o r  b a r r i e r  i s  n o t  over topped .  
Two-dimensional f l o w  exis ts  a t  p o i n t s  ' a '  and 
' b ' ,  bu t  n o t  a t  p o i n t s  ' c '  and ' d '  unless a con- 
t i g u o u s  s q u a r e ( s )  su r round ing  t h e s e  p o i n t s  over -  
t o p s  t h e  b a r r i e r  h e i g h t .  I n  t h e  absence  of a bar -  
r ier ,  two-dimensional  f l ow ex i s t s  a t  a momentum 
p o i n t  o n l y  i f  a t  least one of t h e  f o u r  sur round-  
i n g  s q u a r e s  i s  we t t ed  and h i g h e r  t han  t h e  h i g h e s t  
bed d e p t h  of t h e  f o u r  su r round ing  s q u a r e s .  

Barriers s p e c i f i e d  w i t h i n  t h e  model can  r u n  
o n l y  a l o n g  the s i d e s  of a s q u a r e ,  can t u r n  90" a t  
a c o r n e r  p o i n t ,  and must t e r m i n a t e  a t  a c o r n e r  
p o i n t .  S e p a r a t e  b a r r i e r s  can c r o s s  a t  a c o r n e r  
p o i n t .  The h e i g h t  of a b a r r i e r  at  a c o r n e r  p o i n t  
is  t h e  mean h e i g h t  a l o n g  i t s  l e n g t h  As; t h a t  i s ,  

f - SURGE POINT 

0 - TRANSPORT POINT 

H = WATER DEPTH ABOVE A SQUARE 

a,b,c,d= WATER SURFACE ABOVE A SQUARE 

Figure  5. Dry and wet ted  g r i d  s q u a r e s .  The 
s q u a r e s  form two-dimensional s t a i r  s t e p s .  

1/2 As on bo th  s i d e s  of a c o r n e r  p o i n t ,  except  a t  
t h e  t e r m i n a t i o n  of a b a r r i e r  a t  a c o r n e r  p o i n t .  
For a b a r r i e r  t o  e x i s t ,  i t  must be h i g h e r  t han  
the  h i g h e s t  s q u a r e  a t  a c o r n e r  p o i n t .  Gaps 
through b a r r i e r s ,  a r e  t r e a t e d  s e p a r a t e l y  a s  
s p e c i a l  c a s e s .  

When b a r r i e r s  o r  s t a i r - s t e p  r i ses  a r e  not  over -  
topped ,  h o r i z o n t a l  ( a s  opposed t o  bot tom) s l i p  o r  
no - s l ip  c o n d i t i o n s  must be chosen a long  barriers 
f o r  f i n i t e  d i f f e r e n c e  computa t ions .  The SLOSH 
model,  a t  t h i s  t i m e ,  u s e s  n o - s l i p  a long  unover- 
topped b a r r i e r s .  For t h e  d i f f e r e n t i a l  e q u a t i o n s  
( l ) ,  n o - s l i p  i s  an o v e r s p e c i f i c a t i o n  u n l e s s  h o r i -  
z o n t a l  v i s c o s i t y  i s  i n c l u d e d .  The SLOSH equa- 
t i o n s ,  of c o u r s e ,  can accommodate h o r i z o n t a l  v i s -  
c o s i t y ,  but  e m p i r i c a l  computa t ions  w i t h  and wi th-  
ou t  h o r i z o n t a l  v i s c o s i t y  g i v e  o n l y  minor changes  
i n  t h e  s u r g e  computa t ions .  The n o - s l i p  c o n d i t i o n  
a long  b a r r i e r s  i s  n o t  n e c e s s a r i l y  an o v e r s p e c i f i -  
c a t i o n  w i t h  ( 3 3 )  because of  t h e  a d d i t i o n a l  compu- 
t a t i o n a l  s o l u t i o n s  compared t o  s o l u t i o n s  of t h e  
d i f f e r e n t i a l  e q u a t i o n s  (1) .  Other  g r i d  schemes 
i m p l i c i t l y  assume a s l i p  c o n d i t i o n  a long  a b a r -  
r i e r ,  a l t h o u g h  t r a n s p o r t  i t s e l f  may no t  be com- 
puted a long  b a r r i e r s .  

I n  t h e  case of t h e  i n i t i a l  f l o o d i n g  of a s u r g e  
squa re  ( c o n t i n u i t y  e q u a t i o n ) ,  o r  t h e  i n i t i a l  f l ow 
a c r o s s  a t r a n s p o r t  po in t  (momentum e q u a t i o n ) ,  two 
l e v e l s  i n  time are used--present  and fu tu re - - a s ,  

( 3 5 )  

where s p e c i a l  t e c h n i q u e s  are used t o  form H and 
t h e  f r i c t i o n  term Ai. The momentum e q u a t i o n s  
are d r i v e n  by g r a v i t y  f o r c e s ,  and s u r f a c e  d r i v i n g  
f o r c e s  are ignored .  
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The e q u a t i o n s  of  motion (33) or (35) are de- 
s igned  f o r  two-dimensional f low;  t h e y  are no t  
des igned  t o  hand le  one-dimensional  or  channe l  
f low.  Equa t ions  (33) were des igned  f o r  f l o w  i n  
t h e  i n t e r i  r of a r e g i o n  where t o t a l  d e p t h ,  

is  p o s i t i v e ;  i .e . ,  w i t h  we t t ed  H = (D+h) m,n 
s q u a r e s .  

R 

Equa t ions  (35) were des igned  f o r  f low i n u n d a t i n g  
on to  d r y  s q u a r e s .  Cons ide rab le  d i f f i c u l t y  arises 
w i t h  i n l a n d  i n u n d a t i o n  and t h e  r e s u l t i n g  moving 
f l u i d  boundar i e s .  I t  i s  no t  a lways p o s s i b l e  t o  
s a t i s f y  t h e  t h r e e  e q u a t i o n s  of mot ion ,  Eqs.(33) 
or  (35). The momentum e q u a t i o n s  do n o t  have  ade- 
qua te  s o p h i s t i c a t i o n  t o  r e c o n s t r u c t  f l ow i n  t h i n  
s h e e t s  of wa te r  ove r  c o r r u g a t e d  t e r r a i n  wi th  vege- 
t a t i v e  and o t h e r  s u r f a c e  f e a t u r e s .  I n  such 
cases, t h e  c o n t i n u i t y  e q u a t i o n  and s imple  s t o r a g e  
p r i n c i p l e s  t a k e  precedence  ove r  t h e  t r a n s p o r t  mo- 
mentum e q u a t i o n s .  

a. Computat ions wi th  C o n t i n u i t y  Equat ion a t  a 
'+I  P o i n t  

When u s i n g  t h e  c o n t i n u i t y  e q u a t i o n  of  (33) or 
(35), t h e  f o l l o w i n g  a r e  some of t h e  t e c h n i q u e s  
used t o  compute s u r g e  v a l u e s  a t  f u t u r e  time a t  a 
'+ '  p o i n t ,  F ig .  4. 

1. A t  p r e s e n t  'k' time, i f  a l l  f o u r  sur round-  
i n g  c o r n e r s  of  a g r i d  s q u a r e  ( f o u r  t r a n s -  
p o r t  ' " '  p o i n t s )  have no f low,  t h e n  
computa t ions  are ignored  a t  t h e  '+' p o i n t ,  
and no water e n t e r s  o r  ex i s t s  t h e  squa re .  
Th i s  h o l d s  even i f  t h e  s q u a r e  i s  wet; e .g . ,  
i f  t h e  s q u a r e  i s  a l o c a l  low p o i n t  i n  n a t u r -  
a l  t e r r a i n  and su r round ing  s q u a r e s  are d r y ,  
o r  i f  wa te r  from su r round ing  w e t  s q u a r e s  i s  
he ld  back  by b a r r i e r s .  

2. A t  t h e  p r e s e n t  t ime, i f  a t  least one of  t h e  
f o u r  su r round ing  c o r n e r s  has  f l o w  and t h e  
s q u a r e  i s  w e t ,  t hen  t h e  c o n t i n u i t y  e q u a t i o n  
of (33) is used.  But i f  t h e  s q u a r e  is  d r y ,  
t h e n  t h e  c o n t i n u i t y  e q u a t i o n  of (35) is  
used .  Here, w e  d i s c r i m i n a t e  between cases 
of unimpeded f low i n t o  a w e t  s q u a r e ,  i n i -  
t i a l  i n u n d a t i o n  i n t o  a d r y  s q u a r e ,  and f low 
i n t o  a we t t ed  squa re  p a r t i a l l y  bordered  
w i t h  b a r r i e r s  or  s t a i r - s t e p  rises n o t  
over topped .  We do n o t  d i s c r i m i n a t e  f o r  t h e  
v e r y  s p e c i a l  case of  an i s o l a t e d  w e t  s q u a r e  
a t  a l o c a l  low p o i n t  i n  n a t u r a l  t e r r a i n  
i n  i t i a 1  1 y s u f f e r i n g  i n l a n d  i n u n d a t i o n ;  
t h a t  i s ,  Eq. (33) is  used even though 
Eq. (35) may be p r e f e r a b l e  f o r  t h i s  case. 
Empi r i ca l  tests show t h i s  s p e c i a l  case i s  
n o t  s i g n i f i c a n t  i n  s u r g e  g e n e r a t i o n .  

3 .  I f  computa t ion  a t  a I + '  p o i n t  r e s u l t s  i n  
wa te r  below t h e  s q u a r e ,  t hen  t h e  squa re  i s  
s e t  d r y  a t  f u t u r e  time. Water i s  n o t  per -  
m i t t e d  t o  f a l l  benea th  a d r y  squa re .  I n  
o r d e r  to conse rve  mass, t h e  t r a n s p o r t  a t  
p r e s e n t  time on t h e  f o u r  c o r n e r s  a r e  de- 
c r e a s e d  by a f i x e d  r a t i o  so as t o  exhaus t  
a l l  wa te r  i n  t h e  s q u a r e  and no more. Surge  
v a l u e s  a t  con t iguous  s q u a r e s  s u r r o u n d i n g  
t h e  f o u r  c o r n e r s  are computed (or recomput- 
e d )  w i t h  t h e  dec reased  t r a n s p o r t  v a l u e s  a t  
t h e  f o u r  c o r n e r  p o i n t s .  Here, w e  r e l y  on 
t h e  c o n t i n u i t y  e q u a t i o n  and s t o r a g e  p r i n c i -  
p l e s .  Usua l ly ,  i n  t h i s  s p e c i a l  case invo lv -  
i n g  a t h i n  s h e e t  of w a t e r ,  t h e  s u r f a c e  and 
bottom stresses a r e  inadequa te  i n  t h e  

e q u a t i o n s  of mot ion ,  o r  A t i s  t o o  l a r g e  
between computa t iona l  time s t e p s .  The 
momentum e q u a t i o n s  a r e  no l o n g e r  com- 
p l e t e l y  r e l i e d  on. 

Note t h a t  when two l e v e l s  i n  time ( r a t h e r  t h a n  
t h r e e  l e v e l s )  are used ,  a p p r o p r i a t e  t echn iques  
d i f f e r i n g  s l i g h t l y  from t h e s e  are  used.  

b. Computat ions w i t h  Momentum Equa t ions  a t  a 
' ' P o i n t  

I n  t h e  SLOSH model,  t h e  momentum e q u a t i o n s  are 
a p p l i e d  a f t e r  t h e  c o n t i n u i t y  e q u a t i o n  computes 
s u r g e s  a t  f u t u r e  t i m e  f o r  t h e  e n t i r e  b a s i n .  I n  
some s p e c i a l  f l o w  cases, t h e  momentum e q u a t i o n s  
are p a r t i a l l y  modi f ied .  Computing wi th  momentum 
e q u a t i o n s  i s  n o t  as clear c u t  as w i t h  t h e  con- 
t i n u i t y  e q u a t i o n .  Much t e s t i n g  is  r e q u i r e d  
b e f o r e  u s i n g  t h e  momentum e q u a t i o n  t o  de t e rmine  
i f  f l ow is impeded by a b a r r i e r  o r  s t a i r - s t e p -  
r ise ,  Fig.  6. Also ,  f l ow i n i t i a l l y  i n u n d a t i n g  a 
square- - tha t  i s ,  water on a s q u a r e  a t  f u t u r e  t i m e  
but  n o t  p r e s e n t  time--is cons ide red .  

For r e f e r e n c e  pu rposes ,  a t r a n s p o r t  p o i n t  i n  
t h e  i n t e r i o r  of a b a s i n ,  F ig .  6 ,  i s  always 
sur rounded by f o u r  s q u a r e s .  These s q u a r e s  may 
a l l  be w e t ,  a l l  d r y ,  or may be a combina t ion  o f  
w e t  and d r y  s q u a r e s .  A s  a d e f i n i t i o n ,  water w i l l  
' o v e r t o p '  a t r a n s p o r t  p o i n t  when t h e  s u r f a c e  o f  
a t  least  one we t t ed  s q u a r e  l i e s  above t h e  h i g h e s t  
o f  t h e  f o u r  d r y  s q u a r e s ,  F ig .  6b, or i f  a b a r r i e r  
is  p r e s e n t ,  above t h e  b a r r i e r ,  Fig.  6d. The 
fo l lowing  are some of t h e  t e c h n i q u e s  used t o  com- 
p u t e  t r a n s p o r t  w i t h  t h e  momentum e q u a t i o n s  of 
(33) or (35). 

1. I f  a l l  f o u r  s q u a r e s  are d r y  a t  f u t u r e  t ime, 
F ig .  6 a ,  t r a n s p o r t  i s  set  t o  z e r o  a t  f u t u r e  
time. Th i s  is done even i f  some o r  a l l  
s q u a r e s  are w e t  and over topped  a t  p r e s e n t  
time. 

2. I f  a l l  f o u r  s q u a r e s  are w e t  a t  bo th  f u t u r e  
and p r e s e n t  t i m e ,  and a l l  o v e r t o p ,  F ig .  6b ,  
t h e n  Eq. (33) is used.  I f  t h e  bed of  t h e  
h i g h e s t  s q u a r e  (or  b a r r i e r )  is above 
-40 f ee t - - i . e . ,  approaching  s h a l l o w  
depths-- then t h e  f r i c t i o n  term, Ai ,  i s  
set  as t h e  a r i t h m e t i c  mean of Ai on f o u r  
s q u a r e s ,  where Ai is  a f u n c t i o n  of  t h e  
t o t a l  d e p t h  ' H '  above bed l e v e l  of a 
squa re .  I f  t h e  d e p t h  i s  below -40 f e e t ,  
t h e n  A is a f u n c t i o n  of  t h e  dep th  ' H '  

I n  s h a l l o w  w a t e r s ,  t h e  A. term 
is t h e  most s e n s i t i v e  of t h e  bot tom stress 
terms. 

1 
Eq. (34). 

3.  I f  a l l  f o u r  s q u a r e s  are wet a t  f u t u r e  time 
but  d r y  a t  p r e s e n t  t i m e ,  and i f  a l l  s q u a r e s  
o v e r t o p  a t  f u t u r e  time, Fig.  6b ,  t h e n  
Eq. (35) is used .  

4. I f  some o r  a l l  s q u a r e s  are w e t  a t  f u t u r e  
time but  none o v e r t o p ,  t hen  t r a n s p o r t  i s  
set t o  z e r o  a t  f u t u r e  t i m e .  Th i s  i s  done 
even i f  s q u a r e s  are w e t  and o v e r t o p  a t  
p r e s e n t  time. 

5. If  one ,  two o r  t h r e e  (bu t  n o t  a l l  f o u r )  
we t t ed  s q u a r e s  o v e r t o p  a t  f u t u r e  time b u t  
a l l  f o u r  s q u a r e s  o v e r t o p  a t  p r e s e n t  time, 
then  Eq. (33) is  used w i t h  d r i v i n g  f o r c e s  
set t o  ze ro .  
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C. d. 

F i g u r e  6 .  I d e a l i z e d  combina t ions  of d r y  and 
w e t t e d  s q u a r e s ,  w i t h  and wi thou t  b a r r i e r s .  

6. I f  a l l  f o u r  s q u a r e s  are w e t  and o v e r t o p  a t  
f u t u r e  t i m e  bu t  fewer  s q u a r e s  are w e t  and 
o v e r t o p  a t  p r e s e n t  t i m e ,  t hen  Eq. ( 3 3 )  is 
used  w i t h  m o d i f i c a t i o n s  . The Ai term, 
and Eq. ( 3 1 ) ,  are a l t e r e d  as f o l l o w s :  

a. The h e i g h t  of a d r y  s q u a r e  (or w e t  
s q u a r e  t h a t  does  n o t  o v e r t o p )  is set  t o  
b a r r i e r  h e i g h t ,  o r  i n  t h e  absence  of a 
b a r r i e r ,  set t o  t h e  h e i g h t  of the h i g h e s t  
s q u a r e ,  i n  g r a d i e n t  e q u a t i o n  ( 3 1 ) .  I n  
t h i s  way, f l o w  depends on t h e  head of 
water above t h e  b a r r i e r  or h i g h e s t  
squa re .  That i s ,  t h e  s u r g e  g r a d i e n t  i s  
measured by t h e  head of water above t h e  
b a r r i e r  o r  h i g h e s t  s q u a r e ,  F ig .  6d. 

7. 

b. To d e r i v e  t h e  Ai f r i c t i o n  term at  t h e  
p r e s e n t  t i m e ,  a s p e c i a l  e m p i r i c a l  v a l u e  
f o r  a d r y  s q u a r e  i s  used .  S ince  t h e  A 
term i s  s t o r e d  a t  i n c r e m e n t a l  f o o t  l e v e l s ,  
i t s  v a l u e  f o r  a d r y  s q u a r e  i s  g iven  by 
l i n e a r l y  e x t r a p o l a t i n g  t o  z e r o  dep th  w i t h  
g i v e n  v a l u e s  a t  1 and 2 f e e t .  

I f  one ,  two, or t h r e e  we t t ed  s q u a r e s  over -  
t o p  a t  f u t u r e  t i m e ,  and i f  o n e ,  two, or  
three s q u a r e s  o v e r t o p  a t  p r e s e n t  time, 
t h e n  Eq. ( 3 3 )  is s t i l l  used w i t h  t h e  above 
m o d i f i c a t i o n s  a t  p r e s e n t  t i m e .  T e s t i n g  i s  
n o t  performed i f  t h e  same s q u a r e s  o v e r t o p  
a t  bo th  t h e  p r e s e n t  and f u t u r e  time. 
(There  i s  much room h e r e  and i n  item 5 f o r  
improvement w i t h  compl i ca t ed  a p p l i c a t i o n s  
f o r  s e p a r a t e  s q u a r e s  i n  p r e s e n t  and f u t u r e  
t i m e .  ) 

El. I f  o n l y  o n e ,  two, or t h r e e  we t t ed  s q u a r e s  
o v e r t o p  a t  f u t u r e  time, but  no s q u a r e s  
o v e r t o p  a t  p r e s e n t  time, then  Eq. (35) is 
used bu t  w i t h  t h e  m o d i f i c a t i o n s  of item 6 ,  
a p p l i e d  a t  f u t u r e  t i m e .  

Again,  when two, r a t h e r  t han  t h r e e ,  l e v e l s  i n  
t i m e  are used ,  t hen  a p p r o p r i a t e  t e c h n i q u e s  
d i f f e r i n g  s l i g h t l y  from those  above are used. 

The a c t i o n  of wind through s u r f a c e  stress on a 
t h i n  s h e e t  of water i s  a compl ica ted  p rocess  and 
cannot  a d e q u a t e l y  be d e s c r i b e d  by t h e  p r e s e n t  mo- 
mentum e q u a t i o n s .  To p a r t i a l l y  a m e l i o r a t e  t h e  i n -  
adequacy on t h i n  s h e e t s  of w a t e r ,  an a r b i t r a r y  ex- 
t i n c t i o n  c o e f f i c i e n t  is  a p p l i e d  t o  t h e  s u r f a c e  
wind stress. The wind stress a t  a t r a n s p o r t  
p o i n t  is reduced whenever t h e  t o t a l  water  d e p t h  
i n  a s q u a r e ,  H = D+h, is less than  1 f o o t .  For 
g e n e r a l  w e t  t e r r a i n  wi th  no trees o r  mangroves 
and wi th  no b a r r i e r s ,  F ig .  6b ,  t h e  fo l lowing  r u l e  
is a p p l i c a b l e  : 

e x t i n c t i o n  c o e f f i c i e n t  = H , OLHL1 ( 3 6  1 
e x t i n c t i o n  c o e f f i c i e n t  = 1 , H>1, 

and t h e  f i n a l  e x t i n c t i o n  c o e f f i c i e n t  i s  se t  as 
t h e  a r i t h m e t i c  mean on f o u r  s q u a r e s .  This  l i n e a r  
c h o i c e  € o r  t h e  e x t i n c t i o n  c o e f f i c i e n t  w i th  a 
small range  of 1 f o o t  i s  a r b i t r a r y .  I t  has  been 
t e s t e d  w i t h  o n l y  a l i m i t e d  amount of observed 
i n l a n d  s u r g e  d a t a .  Tests w i t h  t h e  SLOSH model 
show t h e  p e a k  s u r g e  a t  i n t e r i o r  s q u a r e s  of an 
inunda ted  r e g i o n  is  i n s e n s i t i v e  t o  Eq. (36)  i f  
t h e  range  of 1 f o o t  i s  changed. The p o s i t i o n  of  
a moving boundary w i t h  t ime--say on a l a r g e  and 
n e a r l y  h o r i z o n t a l  plateau--can be s e n s i t i v e  t o  
t h e  range.  However, w i t h  s t a i r - s t e p - r i s e s  and /o r  
b a r r i e r s ,  t h e  boundary p o s i t i o n  and peak s u r g e s  
are n o t  s e n s i t i v e  t o  t h e  range .  The e x t i n c t i o n  
c o e f f i c i e n t  can d e l a y  t h e  o n s e t  of i n u n d a t i o n .  
l n  g e n e r a l ,  t h e  t o t a l  i n u n d a t i o n  i s  n o t  s e n s i -  
t i v e .  

I n  t h e  SLOSH model,  Eq. (36 )  is  modi f ied  t o  
account  f o r  b a r r i e r s  and s t a i r - s t e p - r i s e s .  I n  
such  s i t u a t i o n s  t h e  water d e p t h ,  H ,  i n  each  
s q u a r e  i s  measured from t h e  b a r r i e r  h e i g h t  o r  
h i g h e s t  r ise.  Thus,  t h e  e x t i n c t i o n  C o e f f i c i e n t  
on each  s q u a r e  is  u n i t y  o n l y  when water  is  
g r e a t e r  t han  one f o o t  above a b a r r i e r  o r  t h e  
h i g h e s t  of t h e  f o u r  s q u a r e s  su r round ing  a 
momentum p o i n t .  Each s q u a r e  i s  g iven  a weight  of  
0.25. Thus,  i f  o n l y  one s q u a r e  ove r tops  by 
0.5 f e e t ,  t h e  c o e f f i c i e n t  i s  0.125, e tc .  

There are l o c a l i z e d ,  Low-lying , t e r r a i n  r e g i o n s  
w i t h  dense  v e g e t a t i o n  such as t h e  mangroves a l o n g  
t h e  s o u t h e r n  c o a s t s  of F l o r i d a ,  dense f o r e s t s  i n -  
s i d e  swamps, e t c .  I n  t h e s e  r e g i o n s ,  t h e  stress 
a c r o s s  t h i n  s h e e t s  of i n u n d a t i n g  o r  r e c e d i n g  wa- 
ter  is  s i g n i f i c a n t l y  reduced compared t o  open ter-  
r a i n .  I n  t h e s e  h e a v i l y  v e g e t a t e d  r e g i o n s ,  t h e  
a v a i l a b l e  o b s e r v a t i o n a l  s u r g e  d a t a  a r e  too  s p a r s e  
or non-ex i s t en t  t o  a d e q u a t e l y  f o r m u l a t e  empirical  
s t a n d a r d s  t o  e x t i n g u i s h  wind stress. For a conve- 
n i e n t  working c r i t e r i a ,  t h e  SLOSH model a 1  ters 
t h e  e x t i n c t i o n  c o e f f i c i e n t  of Eq. ( 3 6 )  from a 
h e i g h t  of 1 f o o t  t o  h a l f  t h e  ave rage  h e i g h t  of  
v e g e t a t i v e  m a t e r i a l .  The computed s u r g e s  i n  
t h e s e  areas are no t  s e n s i t i v e  t o  t h e  e x a c t  
h e i g h t ,  up t o  a f a c t o r  of about  2. For dense  
mangroves,  a h e i g h t  of 10 f e e t  i s  p r e s e n t l y  
used.  The e f f e c t  of t h i s  s t r o n g e r  e x t i n c t i o n  
c o e f f i c i e n t  i s  t o  reduce  t h e  peak s u r g e  l o c a l l y  
by about  10% compared t o  Eq. ( 3 6 ) .  A compen- 
s a t i n g  e f f e c t  i s  t o  i n c r e a s e  s l i g h t l y  t h e  s u r g e  
a long  t h e  c o a s t  where mangroves begin.  
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Land contours  on most topographic  c h a r t s  are a t  
5-foot i n t e r v a l s  above NGVD (Nat iona l  Geodetic 
Vertical Datum). Marine c h a r t s  g i v e  spot  depth  
r ead ings  t o  t h e  n e a r e s t  f o o t  below MLW (Mean Low 
Water). Both c h a r t s  g i v e  only  l imi t ed  informa- 
t i o n  on vege ta t ion .  I f  i t  is  assumed v e g e t a t i o n  
impedes f low over t e r r a i n  more than over water, 
then some account of vege ta t ion  is d e s i r a b l e .  
In s t ead  of a l t e r i n g  f r i c t i o n  c o e f f i c i e n t s  over  
t e r r a i n ,  t h e  SLOSH model merely a d j u s t s  t h e  
e f f ec t ive  water dep th ,  H=D+h, over t e r ra in  as 
t 01 lows : 

t o t a l  dep th  = H-l+(l - H/5)3 , f o r  O<H<5 -- 
t o t a l  depth  = H-1 , f o r  H>5. 

(36a)  

The depth  r educ t ion  i s  app l i ed  only  i f  a l l  f o u r  
squares  surrounding a momentum poin t  are over ter- 
r a i n ,  w e t  and overtopped. The break of 5 f e e t  is  
a r b i t r a r y *  . The r ev i sed  H ' s  are used i n  
Eq. (34);  t h e  s u r f a c e  g r a d i e n t s  ( 3 1 )  are not  a l -  
t e r ed .  The empi r i ca l  depth  adjustment  changes 
f r i c t i o n  va lues  only  s l i g h t l y ,  except  a t  very  
small depths  and then on ly  f o r  t he  A .  term. 
Whenever t e r r a i n  s lopes  o r  b a r r i e r  impeaiments 
abound, t h e  t o t a l  inundat ion  i s  not s e n s i t i v e  t o  
Eq. (36a) ,  nor t o  i t s  range. However, t he  inunda- 
t i o n  process  i s  slowed a c r o s s  f l a t  t e r r a i n  with- 
out b a r r i e r s .  I n  g e n e r a l ,  Eq. (36a)  is most 
s i g n i f i c a n t  f o r  small s torms moving f a s t ,  l e a s t  
s i g n i f i c a n t  f o r  l a r g e  s torms moving slow. Th i s  
impl ies  t h a t  t h e  t o t a l  inundat ion  depends on t h e  
res idence  t i m e  of the  s torm ac ross  t e r r a i n .  

The procedures  f o r  f low over t e r r a i n  is e m p i r i -  
c a l ,  coa r se  and open t o  o b j e c t i o n s .  Model t es t s ,  
wi th  and without  depth ad jus tments  over t e r r a i n ,  
show small changes f o r  t he  t o t a l  inundat ion  i n  
t h e  b a s i n s  s t u d i e d  so f a r .  Its use q u a l i t a t i v e l y  
impedes i n i t i a l  f low over t e r r a i n ,  but i s  more 
cosmetic than s u b s t a n t i a l .  

The p resen t  SLOSH model does produce two-grid- 
wave no i se  due t o  boundary e f f e c t s ,  t u rn ing  on 
and off  mature d r i v i n g  f o r c e s  dur ing  inundat ion  
and r e c e s s i o n ,  under- and overtopping b a r r i e r s ,  
and an imprec ise  demarcation between "Lake" and 
"Ocean" winds. The two-grid wave has not  been 
i n v e s t i g a t e d  s a t i s f a c t o r i l y  under cond i t ions  of a 
v a r i a b l e  sea s u r f a c e ,  v a r i a b l e  bathymetry, and 
moving boundaries .  To p a r t i a l l y  e l imina te  t h i s  
n o i s e ,  a smoothing procedure is used a t  hour ly  
in te rva ls** .  A l l  ou tput  i s  smoothed i n  space t o  
P a r t i a l l y  e l i m i n a t e  the  two-grid-wave n o i s e ,  
Appendix C. 

6 .  ONE-DIMENSIONAL FLOW 

I f  t e r r a i n  i s  i r r e g u l a r ,  t h e  two-dimensional 
f low equa t ions  are sometimes inadequate  du r ing  
i n i t i a l  f l ood ing  o r  abatement. Figure 7 is  one 
example. We no te  the  bed of square  "abcd" has 
the  fo l lowing  s p e c i a l  p roper ty :  each of t he  f o u r  
co rne r s  of t h e  square  has a maximum s t a i r  h e i g h t ,  
but t h e  bed i s  lower than t h e  lowest of t h e  f o u r  

* 
Tests are underway f o r  d i f f e r e n t  formula- 

t i o n s  over f o r e s t s  and mangroves wi th  a l a r g e r  
s l i p  c o e f f i c i e n t .  
** 

Tests a r e  underway f o r  more s e l e c t i v e  smooth- 
ing  about unovertopped corner  p o i n t s  and bar-  
riers. 

maximum s t a i r  he igh t s .  Such a square  is  an " iso-  
l a t e d  square." I f  n e i t h e r  of two ad jacen t  cor- 
ne r s  of a s i d e  are overtopped,  then t h e  horizon- 
t a l  no - s l ip  cond i t ion  p reven t s  water from e n t e r -  
i n g  o r  e x i t i n g ,  t h a t  i s ,  the  water cannot f low 
through s i d e  "ab" according t o  t h e  p re sen t  g r i d  
scheme of t he  SLOSH model. Such an o b s t r u c t i o n  
is unnatura l .  There are many a l t e r n a t i v e  con- 
f i g u r a t i o n s  of i s o l a t e d  squares  accord ing  t o  re- 
l a t i v e  p o s i t i o n s  of b a r r i e r s  and stair s t e p s .  
l s o l a t e d  squares  occur  a long t e r r a i n  i r regular i -  
ties such as depres s ions ,  b a r r i e r s  and corruga- 
t i o n s  on n a t u r a l  t e r r a i n .  Fo r tuna te ly ,  t hese  may 
be few i n  number s i n c e  most squa res  have a t  least  
one unobs t ruc ted  corner .  

Figure 7. A we t t ed ,  i s o l a t e d  square ,  ' abcd ' ,  
w i th  on ly  one unobstructed s i d e  f o r  water 
passage. A ' s i l l '  can be p re sen t  a long a s i d e  
of a square.  

Another example of suppressed two-dimensional 
f low is  a "gap" o r  c u t  i n  a b a r r i e r ,  F ig .  8. The 
gap l eng th  can be smaller than t h e  s i d e  of a 
square.  An "unobstructed" s i d e  of a square  is  a 
special  kind of gap. For a s i d e  t o  be unobs t ruc t -  
ed ,  a pathway must e x i s t  f o r  water t o  pass  
through. An i s o l a t e d  square  can have up t o  f o u r  
unobs t ruc ted  s i d e s .  A connect ion of s e v e r a l  i so -  
l a t e d  squa res ,  w i t h  an  unobs t ruc ted  s i d e  between 
two ad jacen t  s q u a r e s ,  can form a channel* such as 
a r i v e r  bas in .  

A s p e c i a l  s i t u a t i o n  i s  a "sill" r i s i n g  from the  
bottom of an unobs t ruc ted  s i d e ,  Fig.  7. Water i n  
a square  must ove r top  a "s i l l"  before  a head can 
form t o  pass  water through t h e  unobs t ruc ted  s i d e .  

The s p e c i a l  case of f low through a narrow (sub- 
g r i d  s i z e ) ,  deep channel connect ing two water bod- 
ies  w i l l  be d iscussed  l a t e r .  

The l o c a t i o n  and c h a r a c t e r  of a l l  i s o l a t e d  
squa res ,  unobs t ruc ted  s i d e s ,  s i l l s ,  and gaps 
along b a r r i e r s  are predetermined as inpu t  bas in  
d a t a  i n t o  t h e  SLOSH program. Also ,  gap l e n g t h s  
and s i l l  h e i g h t s  must be s p e c i f i e d .  I f  two- 
dimensional f low is  suppressed ,  then  an unob- 
s t r u c t e d  s i d e  o r  gap is  t e s t e d  f o r  a c t i v a t i o n  of 
one-dimensional flow. Empir ical  tests wi th  t h e  

* 
T r a n s i t i o n s  can ex i s t  i n  the  channel ,  t h a t  i s ,  

expansions or c o n t r a c t i o n s .  They are t r e a t e d  sepa- 
r a t e l y .  Also,  bank h e i g h t s  a long  r i v e r s  are under 
development . 

19 



c o n t r a s t s  s i g n i f i c a n t l y  wi th  c lass ica l  hydrau l i c s  
where s torm d r i v i n g  f o r c e s  are ignored but 
advec t ive  terms are inc luded .  

Two s e p a r a t e  g r i d  schemes are i l l u s t r a t e d  on a 
template  i n  Fig.  9. The corner  p o i n t s  l o '  have 
both U and V components of t r a n s p o r t  whereas t h e  
'X' p o i n t s  have e i t h e r  U o r  V but no t  both. Both 
g r i d s  use t h e  same ' h '  o r  surge  po in t s .  The 
f i r s t  g r i d  i s  l abe led  ' B ' ,  and the  second,  ' C '  by 
Mesinger and Arakawa (1976).  The C-grid makes no 
d i s t i n c t i o n  between one- and two-dimensional 
flow. This p rope r ty  i s  one reason f o r  i t s  w i d e  
use i n  many models. Although t h e  B-grid i s  not  
supe r io r  i n  s e v e r a l  r e s p e c t s ,  i t  i s  t h e  cho ice  
f o r  t h e  SLOSH model. It  has the  advantage of han- 
d l i n g  the  C o r i o l i s  terms d i r e c t l y ,  of computing 
both components of  space d e r i v a t i v e s  a t  a momen- 
tum p o i n t ,  and of computing symmetr ical ly  a l l  spa- 
t i a l  g r a d i e n t s ,  as w e l l  as t h e  mean va lue  f o r  the 

F igure  8. A 'gap '  of l e n g t h  ' 1 ' along a b a r r i e r .  t o t a l  depth  ' H ' .  One d i f f e r e n c e  between the  two 
The head of water ' Y  d r i v e s  water a c r o s s  t h e  g r i d s  i s  the  a b i l i t y  t o  recognize  s l i p / n o - s l i p  a t  
gap ' boundaries  and corner  p o i n t s .  

SLOSH model po in t  out  t h a t  peak su rges  are no t  
s e n s i t i v e  t o  l o c a l i z e d ,  one dimensional  f low of 
s h o r t  du ra t ion .  However, low su rges  and t h e  posi-  
t i o n  of a moving boundary dur ing  inundat ion  o r  ex- 
h a u s t i o n  do have s e n s i t i v i t y ;  one example i s  t h e  
as t ronomica l  t i d e .  However, a n o t e  of cau t ion  i s  
needed here .  Good r e s u l t s  w i t h  as t ronomica l  t i d e  
computat ions do no t  n e c e s s a r i l y  imply good re- 
s u l t s  f o r  s torm computations.  Astronomical t i d e  
is d r i v e n  by g r a v i t y  a lone ;  s torm su rges  r e s u l t  
mainly from meteo ro log ica l  d r i v i n g  fo rces .  

When s imula t ing  t e r r a i n  wi th  s t a i r - s t e p  
squa res ,  t h e  ab rup t  rises on s i d e s  of squa res  are 
g e n e r a l l y  f i c t i t i o u s .  Except ions are s h o r e l i n e  
b l u f f s ,  s i l ls ,  r i d g e  l i n e s ,  and man made bar-  
riers. One-dimensional f low through unobs t ruc ted  
s i d e s  of a square  i s  a u s e f u l  mechanism t o  i n i -  
t i a l l y  s t o r e  o r  exhaus t  water over  i r r e g u l a r  ter- 
r a i n .  

The one-dimensional f low equa t ions  used by t h e  
SLOSH model are a r e v i s i o n  of t h e  C a r t e s i a n  two- 
dimensional  f low equa t ion ,  Eq. (1 ) .  I f  V = 0 f o r  
one-dimensional f low, then  

Bi2 ah Bi B i  
-I -g(LWh) (Br+ - )- i f (Ai -A , - )U  i - yT + X~ 

at Br dx Br Br 

/\ 
\ /  

V 

Figure 9. Two p o s s i b l e  o r i e n t a t i o n s  of momentum 
po in t s  i n d i c a t e d  by l o '  po in t s  and ' X '  
po in t s .  When one-dimensional f low i s  a c t i v a t e d  
ac ross  unobs t ruc ted  s i d e s  of a squa re ,  t h e  'XI 
momentum p o i n t s  are used i n  t h e  equa t ions  of 
mot ion .  

I n  t h e  SLOSH model, s t a i r - s t e p  rises and bar- 
riers t e rmina te  on ly  a t  l o '  corner  p o i n t s .  I f  
a corner  po in t  i s  no t  overtopped but water e x i s t s  
on some o r  a l l  squares  surrounding t h e  p o i n t ,  
then  f low i n  the  v i c i n i t y  i s  complicated.  For 
s i m p l i c i t y  wi th  t h e  B-grid, t he  no-s l ip  cond i t ion  
i s  app l i ed  a t  a l l  p o i n t s  no t  overtopped. 

With t h e  C-grid, s t a i r - s t e p  rises and b a r r i e r s  
I f  u = 0 ,  t h e  do no t  t e rmina te  a t  'X' p o i n t s ,  and f low a t  cor-  

n e r s  i s  not  re ferenced  or  addressed .  However, 
s l i p  a long  boundaries  i s  i m p l i c i t .  The normal 
component of t r a n s p o r t  i s  set  t o  ze ro  a t  an 'X' av B i 2  3h Bi B i  - = -g(D+h) (Br+ - )- + f ( A i - A , - ) V  - - X~ i y~ 
poin t  on a boundary, whereas ,  t h e  para l le l  com- a t  Br a~ Br Br 

ponent i s  n e i t h e r  s p e c i f i e d  o r  computed. Bounda- 
-I--- ah av (38 )  ries o r  b a r r i e r s  a r e  placed on t h e  C-grid so t h a t  

normal components of t r a n s p o r t  a r e  a t  ' X '  po in t s .  aY a t  

Midway on l i n e  ab ,  F ig .  7 ,  a t r a n s p o r t  compo- 
nent  can be computed a t  an 'X' po in t .  The C-grid 

wi th  s imilar  forms f o r  t h e  transformed equa t ions  does not  concern i t s e l f  wi th  s l i p l n o - s l i p  a t  cor -  
(16) .  The C o r i o l i s  term is r e t a i n e d  and bottom ner p o i n t s  ' a '  and ' b '  . Henceforth,  when computa- 
stress i s  not  of t h e  Chezy o r  Manning type.  The t i o n s  break down with the  B g r i d  a t  an unob- 
above e q u a t i o n s  are not  concerned wi th  s u r f a c e  s t r u c t e d  s i d e  and a head of water e x i s t s ,  t h e  
g r a d i e n t  pe rpend icu la r  t o  t h e  f low d i r e c t i o n .  Ad- C-grid i s  then  used t o  p a s s  water through t h e  
v e c t i v e  terms are ignored but  s u r f a c e  stress and s i d e  wi th  t h e  s p e c i a l i z e d  one-dimensional f low 
Pres su re  g r a d i e n t  f o r c e  are inc luded .  This  e q u a t i o n s ,  Eqs. (37)  and (38 ) .  
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F i n i t e  d i f f e r e n c e  schemes f o r  t h e  C-grid are 
d iscus ' sed  by many a u t h o r s  (Mesinger and Arakawa, 
(1976);  Reid and Bodine,  (1968). We do no t  
d e t a i l  methods of computa t ion  e x c e p t  t o  n o t e  t h a t  
t h r e e  l e v e l s  i n  t i m e  are used t o  conform w i t h  
Eq. ( 3 3 ) .  (Two l e v e l s  i n  t i m e  can  be used f o r  a 
s a v i n g s  i n  computer t i m e  and computer memory. ) 

I t  i s  u s u a l l y  assumed t h a t  t r a n s p o r t  is i n v a r i -  
a n t  a c r o s s  a s i d e  of a s q u a r e  wi th  t h e  ' C '  g r i d .  
Th i s  assumpt ion  need no t  be a s t r i c t  r equ i r emen t .  
For example: 

I f  t r a n s p o r t s  f o r  bo th  g r i d s  are combined 
i n  t h e  c o n t i n u i t y  e q u a t i o n  t o  compute t h e  
s u r g e  "h , "  t hen  we igh t s  of s a y  112 are se t  
f o r  each  g r i d .  I f  t h e  'B' g r i d  is  i n a c t i v e  
a t  c o r n e r s ,  t h e n  t h e  ' C '  g r i d  has  an e x t r a  
weight  f a c t o r  i n  t h e  c o n t i n u i t y  e q u a t i o n ;  
t h e  weight  f a c t o r  of 112 means t r a n s p o r t  
v a r i e s  p a r a b o l i c a l l y  a c r o s s  an u n o b s t r u c t e d  
s i d e .  

I n  t h e  SLOSH model,  t h e  weight  f a c t o r  i s  ignored  
s i n c e  t h e  f l o w  is t o o  compl ica ted  t o  assume a 
s p e c i a l i z e d  v a r i a t i o n  of t r a n s p o r t  a c r o s s  t h e  
s i d e  of a squa re .  

We t a k e  many l i b e r t i e s  w i t h  f l o w  th rough  unob- 
s t r u c t e d  s i d e s  of a squa re .  For example,  i f  cor -  
n e r s  of unobs t ruc t ed  s i d e s  a r e  over topped  d u r i n g  
s to rm passage ,  t h e r e  is  l i t t l e  e f f e c t  on t h e  ba- 
s i n  h i g h  w a t e r s  i f  one-dimensional  f low is  i g -  
nored.  The one-dimensional  f l ow procedure  is  ba- 
s i c a l l y  a cosme t i c  approximat ion  f o r  a compli-  
c a t e d  f low sys tem of l i m i t e d  d u r a t i o n .  

Again,  c o n s i d e r  l i n e  a b ,  Fig.  7 ,  where t h e  wa- 
ter  h e i g h t  d i f f e r e n c e  between two a d j a c e n t  
s q u a r e s  is c a l l e d  t h e  "head." Before  a c t i v a t i n g  
one-dimensional  f l ow,  t h e r e  is  much t e s t i n g  f o r  
t h e  head of wa te r  a c r o s s  an  u n o b s t r u c t e d  s i d e .  
There a r e  r edundanc ie s  i n  de t e rmin ing  the  head 
acco rd ing  t o  combina t ions  of d r y  and w e t  s q u a r e s ,  
ove r topp ing  t h e  h i g h e s t  bed ,  ove r topp ing  a bar -  
r i e r ,  o v e r t o p p i n g  a s i l l  i f  i t  e x i s t s ,  and over -  
t opp ing  l e v e l  ' i ' ,  where ' i '  is t h e  lower h e i g h t  
of t h e  two c o r n e r s  ' a '  and ' b ' .  Tests t o  formu- 
l a t e  t h e  head a r e  as f o l l o w s :  

1. I f  b o t h  s q u a r e s  are d r y ,  o r  none of t h e  two 
we t t ed  s q u a r e s  o v e r t o p  t h e  h i g h e s t  bed o r  
s i l l ,  then  t h e  head does  no t  e x i s t .  One- 
d imens iona l  f l ow is  no t  a c t i v a t e d .  

2. I f  bo th  s q u a r e s  o v e r t o p  ' i ' ,  then  head i s  
i r r e l e v a n t  and one-dimensional  f l ow i s  n o t  
a c t i v a t e d  . 

3. I f  t h e  lowes t  we t t ed  s q u a r e  is lower than  
t h e  h i g h e s t  bed o r  s i l l ,  i t  is  se t  
v i r t u a l l y  t o  t h e  h i g h e s t  bed o r  s i l l  
h e i g h t .  

4. I f  t h e  h i g h e s t  wet ted  squa re  l i e s  above 
, i t  i s  set  v i r t u a l l y  t o  l e v e l  ' i ' ,  ' i '  

where 'i' can be a b a r r i e r  e l e v a t i o n .  

I f  one-dimensional  f l o w  i s  a c t i v a t e d  acco rd ing  t o  
t h e s e  t es t s ,  then  t h e  head of wa te r  is  s u b s t i t u t -  
ed f o r  t h e  space  g r a d i e n t  i.n t h e  one-dimensional  
f l ow e q u a t i o n s .  

S e v e r a l  a d d i t i o n a l  r u l e s  are fo l lowed f o r  one- 
d imens iona l  f low. I f  one ,  and o n l y  one ,  s q u a r e  
o v e r t o p s  l i '  , t h e n  bo th  one- and two-dimensional 

f l o w  are bo th  a c t i v e .  There r e a l l y  shou ld  be a 
weight  f a c t o r  f o r  t h e  two f l o w s ,  but  t h i s  i s  i g -  
nored s i n c e  bo th  f lows  are a c t i v e  o n l y  f o r  a 
s m a l l  t r a n s i t i o n a l  pe r iod  and water h e i g h t  above 
' i '  is  small ,  For t h i s  s p e c i a l  case, t h e  s t o r m ' s  
d r i v i n g  f o r c e s  are n o t  a c t i v a t e d  i n  t h e  one- 
d imens iona l  f low e q u a t i o n s .  (They are a c t i v a t e d  
f o r  t h e  two-dimensional f l ow e q u a t i o n s  a f t e r  i n i -  
t i a l  rise above ' i ' . )  

A s h e l t e r i n g  effect  i s  a p p l i e d  to  storm d r i v i n g  
f o r c e s ,  s imilar  i n  scope  t o  two-dimensional f low. 
When a c t u a l  ( n o t  v i r t u a l )  wa te r  dep th  i s  less 
than  1 f o o t  above t h e  two beds ,  and i n  a d d i t i o n  
when mean water d e p t h  of t h e  two s q u a r e s  l i e s  be- 
tween ' i '  and l f o o t  below ' i t ,  s h e l t e r i n g  is i m -  
posed. This  method a t t e m p t s  t o  b r i n g  one-dimen- 
s i o n a l  f l o w  i n t o  agreement  w i t h  two-dimensional 
f l ow a t  c o r n e r  p o i n t  ' i ' . 

For one-dimensional  f l ow cases, t h e  winds a r e  
weaker t h a n  over  a l a r g e  water expanse.  For  con- 
ven ience ,  an a r b i t r a r y  25% r e d u c t i o n  of stress 
(no t  wind)  from "Lake" winds i s  used .  Empi r i ca l  
tests show t h e  surge i n s e n s i t i v e  to  t h e  75% 
f a c t o r  u n l e s s  t h e  stress d i r e c t i o n  i s  perpen- 
d i c u l a r  t o  t h e  "unobs t ruc t ed"  s i d e ,  and o n l y  
u n t i l  two- d imens iona l  f l ow is a c t i v a t e d .  A 
channel--formed from connec t ing  s q u a r e s  w i t h  
"unobs t ruc t ed"  s ides--meanders ,  and t h e  stress 
d i r e c t i o n  ra re ly  p a r a l l e l s  t h e  meandering axis.  
I f  t h e  meandering a x i s  i s  no t  p e r p e n d i c u l a r  t o  a n  
unobs t ruc t ed  s i d e ,  t hen  t h e  component of d r i v i n g  
f o r c e s  on t h e  a x i s  i s  r o t a t e d  u n t i l  p e r p e n d i c u l a r  
t o  t h e  u n o b s t r u c t e d  s i d e .  

i f  t h e  computed water l e v e l  d rops  below t h e  
h e i g h t  of a s q u a r e ,  t h e  s q u a r e  i s  reset t o  be d r y  
and t h e  momentum i n  t h e  c o n t i n u i t y  e q u a t i o n  i s  
a l t e r e d  t o  r e f l e c t  t h i s  c o n d i t i o n .  Before i n i -  
t i a l  i n u n d a t i o n  th rough  an "unobs t ruc t ed  s i d e  ," 
t h e  momentum at  an "X" p o i n t  i s  i n i t i a l i z e d  t o  
ze ro .  A f t e r  e x h a u s t i o n ,  i t  i s  set  t o  zero .  

A s  t i m e  marches on ,  and a s t o r m  inunda te s  o r  ex- 
h a u s t s  i n l a n d  t e r r a i n ,  t h e  computa t iona l  p rocess  
s w i t c h e s  between one- and two-dimensional f low. 

Flow Thru Narrow, Deep Channels  

An i n l a n d  water body may be connec ted  t o  an- 
o t h e r  water body via a channe l .  I f  t h e  channe l  
i s  narrow,  deep and l o n g ,  t hen  t h e  most s i g n i f i -  
c a n t  d r i v i n g  f o r c e  can be t h e  head of water be- 
tween channe l  ends.  I f  i t  i s  assumed t h e  water 
l e v e l  neve r  t ouches  bot tom i n  a deep channe l ,  
t hen  v a s t  q u a n t i t i e s  of water can  f l o w  through 
t h e  c h a n n e l ,  even w i t h  o n l y  a small head. 

Wide c h a n n e l s  ( s e v e r a l  g r i d  l e n g t h s  i n  w i d t h )  
have s i g n i f i c a n t  c r o s s  c u r r e n t s  r e l a t i v e  t o  t h e i r  
major  a x i s .  I n  r e a l i t y ,  t h e s e  are i n l a n d  wa te r  
b o d i e s ,  and t h e  two-dimensional f l ow e q u a t i o n s  
(1 ) are a p p r o p r i a t e .  If t h e  channe l  w id th  i s  
small ( g r i d  s i z e  or l e s s )  w i t h  i n s i g n i f i c a n t  
c r o s s  c u r r e n t s ,  t h e n  t h e  one-dimensional  f l o w  
e q u a t i o n s ,  Eqs. ( 3 7 )  and ( 3 8 ) ,  apply.  The equa- 
t i o n s ,  however,  a r e  o v e r s i m p l i f i e d  and res t r ic t -  
e d ,  and i f  t h e  channe l  a x i s  i s  s t r o n g l y  meander- 
i n g  o r  a t  an a n g l e  t o  t h e  g r i d  network,  t hen  
t h e r e  a r e  Y O "  changes i n  t h e  f low d i r e c t i o n  a t  
d i s c r e t e  i n t e rva l s .  These a t t r i b u t e s  may be t o o  
d r a s t i c  t o  p r o p e r l y  r e p r e s e n t  a deep channe l .  
I n s t e a d ,  c l a s s i ca l  h y d r a u l i c  t e c h n i q u e s  a r e  used 
w i t h  s i m p l i f y i n g  assumpt ions .  S e v e r a l  d i f f e r e n t  
t echn iques  were e m p i r i c a l l y  t e s t e d  w i t h  t h e  SLOSH 
model. 
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Comparisons show t h e r e  were on ly  small d i f f e r -  
ences  i n  t h e  o v e r a l l  e f f e c t s  on su rges  a c r o s s  an 
in l and  water body. Accordingly,  a simple tech- 
nique i s  p r e s e n t l y  employed i n  the SLOSH model 
f o r  narrow, deep channels .  

A s t anda rd  form f o r  t h e  momentum equat ion of 
channel f l ow (Chow, 1959), is  

2 a t  + + & = g(So-Sf) ( 3 9 )  

where y i s  t h e  t o t a l  water dep th ,  u i s  the mean 
c u r r e n t ,  i s  t h e  bed s lope  and Sf i s  the  

t r a n s l a t a b l e  i n t o  c u r r e n t .  

Consider a n a t u r a l  channel ,  Fig.  10, on a curv- 
i n g  o r  meandering course.  The l e n g t h  along the  
course i s  s t r a i g h t e n e d  as an x-axis. A c ros s -  
s e c t i o n a l  area on t h e  course i s  

where < is  measured upward from the lowest l e v e l  
and 5 is  t h e  width a t  l e v e l  5 .  The area v a r i e s  
a long the  course as t h e  t o t a l  dep th ,  y. 

The c o n t i n u i t y  equa t ion  i s  

To set t h e  c o n t i n u i t y  equa t ion  with t o t a l  depth 
as a dependent v a r i a b l e ,  w e  have 

where B i s  t h e  width of t h e  channel a t  the water 
s u r f  ace, and,  

= ( E ) y = c o n s t a n t  a A  + B Z  

Hence, t h e  c o n t i n u i t y  equa t ion  has the  form 

=I 0 .  ( 4 2 )  u a A  A a u  + u g  + - (-) %+Tm B ax y=cons tan t  . 

It i s  a l a b o r i o u s  t a s k  t o  d e a l  with n a t u r a l  
channe l s ,  Fig.  10, because of t he  complicated 
areal c o n f i g u r a t i o n s .  I n s t e a d ,  t he  c r o s s  sec- 
t i o n a l  areas a r e  s imulated as r e c t a n g l e s  of su r -  
f a c e  wid th ,  B,  a s  obtained from c h a r t s .  I n  t h i s  
case, 

and t h e  c o n t i n u i t y  equa t ion  becomes 

Figure 10. Cross-sect ions f o r  a n a t u r a l  and an 
i d e a l i z e d  p r i sma t i c  channel .  A h o r i z o n t a l  chan- 
n e l  can have a v a r i a b l e  bed s l o p e ,  S o ,  and a 
v a r i a b l e  water s u r f a c e  s lope .  The datum used 
i n  the SLOSH model is  NGVD (Nat ional  Geodetic 
V e r t i c a l  Datum). 

Mul t ip ly ing  E q .  ( 4 3 )  by m,  adding and sub- 
t r a c t i n g  E q .  ( 3 9 )  g ives  

Since 

Eq .  ( 4 4 )  can be w r i t t e n  a s  

- d ( u  k 2 . 6 )  = g ( S o - S f ) 3 +  J p y z  dB ( 4 5 )  
d t  

along the c h a r a c t e r i s t i c  l i n e s  def ined by 

The l a s t  two equa t ions  a r e  amenable t o  s o l u t i o n  
by the  method of c h a r a c t e r i s t i c s .  They were 
so lved ,  numerical ly ,  f o r  channel f low, with t h e  
head between channel ends a s  t he  d r i v i n g  fo rce .  
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Storm d r i v i n g  f o r c e s  were no t  used s i n c e  t h e  mean- 
d e r i n g  cour se  of  a channe l  n e g a t e s  i t s  p resence  
and most of t h e  e f f e c t  i s  t o  produce a s l o p e  
a c r o s s  t h e  channel .  The bed s l o p e  So w a s  per-  
m i t t e d  t o  v a r y  w i t h  x ,  i n c l u d i n g  adve r se  s l o p e s ;  
t h e  w i d t h ,  B, was p e r m i t t e d  t o  v a r y  w i t h  x. Chan- 
n e l s  were deep  enough so t h a t  t h e  Froude number, 
uz , / (gy ) ,  was always l ess  than  one.  

The e q u a t i o n s  may r e p r e s e n t  p h y s i c a l  p r o c e s s e s  
w i t h i n  a c h a n n e l ,  bu t  t h i s  i n  i t s e l f  is  i n s u f f i -  
c i e n t .  What matters s t r o n g l y  are the  end bound- 
a r y  c o n d i t i o n s  and t h e  e n t r a n c e  and e x i t  dynam- 
ics  These are no t  w e l l  known or  observed  under  
s to rm c o n d i t i o n s .  Because o f  t h e  many imponder- 
a b l e s ,  i n c l u d i n g  d e t a i l e d  su rveys  o f  c h a n n e l s ,  a 
much s i m p l e r  se t  of  e q u a t i o n s  i s  used  i n  t h e  
SLOSH model f o r  channe l  f l ow,  under  t h e  assump- 
t i o n  t h a t  o v e r a l l  e f f e c t s  on a water body are no t  
s i g n i f i c a n t l y  d i f f e r e n t  t han  when compared t o  
more e l a b o r a t e  e q u a t i o n s .  

The channel  i s  now r e p r e s e n t e d  as a r e c t a n g u l a r  
pr ism of c o n s t a n t  w id th  and a bed s l o p e  o f  z e r o ,  
Fig.  10. The f low is c o n s i d e r e d  s t e a d y  s ta te .  
( A c t u a l l y ,  a series o f  s t e a d y  s ta tes  f o r  small 
time i n t e r v a l s  i s  assumed, w i t h  t h e  head changing  
s lowly  w i t h  t ime. )  I n  t h i s  case, t h e  momentum 
e q u a t i o n  (39 ) becomes 

u - du + g iY = -gsf  
dx  dx 

The c o n t i n u i t y  e q u a t i o n  i s  

( 4 7  1 

Combining t h e  l as t  two e q u a t i o n s  g i v e  

( 4 9 )  i Y = -  S f  
ax 1 - u2/(gy> 

The f r i c t i o n  s l o p e  S f ,  i s  adopted  from 
Manning's f o r m u l a t i o n  (Chow, 1959) as 

where t h e  wid th  of  t h e  channe l  i s  much l a r g e r  
t han  t h e  d e p t h ;  c is  a c o n s t a n t  depending on t h e  
n a t u r e  o f  t h e  c h a n n e l ' s  bed. ( c  = 0.03 i s  used ) .  
I n  terms of  t r a n s p o r t  q ,  where q = uy,  is  con- 
s t a n t  f o r  s t e a d y  f low,  t h e n ,  

Quadra tu re  g i v e s  
, Y  

i n t e g r a t i n g  f o r  x from x O t o  xLand f o r  y from yo 
t o  y L  . I f  w e  choose y L  > yo,  since$.$< 0 ,  f o r  
s u b c r i t i c a l  f low (u2  < g y ) ,  XL <x, Now, l e t  
XL xo - L ,  where L is  t h e  channel  l e n g t h ,  t h e n  
t h e  t r a n s p o r t  i s  

and t h e  d i r e c t i o n  of  t r a n s p o r t  is  from xL t o  
x . A l l  t h a t  is  r e q u i r e d  is  t h e  channel  c o u r s e  
l g n g t h  and water h e i g h t s  a t  t h e  channel  ends .  
The h e i g h t s  a t  channe l  ends  are de r ived  from t h e  
two-dimensional f l ow e q u a t i o n s  i n  terms o f  t h e  
t o t a l  d e p t h ,  y ,  w i t h  bed dep th  of  t h e  channel  
r e l a t e d  t o  a datum. 

Comparison tests between Eqs. ( 4 5 )  and ( 5 2 )  
show, i n  most cases, l i t t l e  d i f f e r e n c e  i n  t h e  
o v e r a l l  e f f e c t s  i n s i d e  an i n l a n d  water body. 
There i s  a l a g  i n  e v e n t s  between t h e  end p o i n t s  
w i t h  Eq. ( 4 5 ) ,  but t h i s  i s  n o t  s i g n i f i c a n t  i n  an 
o v e r a l l  s e n s e .  

Over topping  t h e  channel  s i d e s  is n o t  a d d r e s s e d ;  
channel  s i d e s  a r e  assumed untoppable  and t h e  head 
between channe l  ends  acts as t h e  o n l y  d r i v i n g  
f o r c e .  Overland f l o o d i n g  is n o t  coupled  w i t h  
channel  f low;  t h e  channel  i t s e l f  i s  n o t  incorpo-  
r a t e d  i n  t h e  t e r r a i n  f o r  two-dimensional f low. 

7. BOUNDARY CONDITIONS 

The placement  of  model boundar i e s  and t h e  a p p l i -  
c a t i o n  o f  a p p r o p r i a t e  boundary c o n d i t i o n s  i s  c r u -  
c i a l  i n  s t o r m  s u r g e  model ing ,  as i t  i s  i n  most 
modeling e f f o r t s .  Model b a s i n s  cove r  f i n i t e  geo- 
g r a p h i c a l  a r e a s ;  a r t i f i c i a l  boundar i e s  must be 
p laced  a c r o s s  segments  of  a s h e l f  and i n l a n d  ter- 
r a i n .  (The o n l y  e x c e p t i o n  i s  a g r i d  cove r ing  a 
l a k e  which i s  n o t  connec ted  t o  t h e  sea. There ,  
b a s i n  boundar i e s  can  be p l aced  a long  t h e  l a k e  o r  
a t  h i g h  t e r r a i n  su r round ing  t h e  l a k e . )  Boundary 
c o n d i t i o n s  must be s p e c i f i e d  whenever water can 
e x i s t  a long  a boundary,  but  are n o t  r e q u i r e d  
a long  h i g h  t e r r a i n  where s u r g e  neve r  i n u n d a t e s .  
I n  s t o r m  s u r g e  model ing,  t h e  c o a s t l i n e  acts  as a 
moving boundary w i t h i n  a b'asin d u r i n g  i n u n d a t i o n  
or r e c e s s i o n  o f  water. 

Some s u r g e  models are r u n  i n  a h i n d c a s t  mode 
w i t h  a b a s i n  of  s m a l l  areal  e x t e n t .  I n  t h i s  
mode, t ime-dependent  , observed  s u r g e  d a t a  a l o n g  
c o a s t s  and e n t r a n c e s  t o  i n l a n d  water bod ies  g i v e  
a p r e c i s e  r e n d i t i o n  t o  i n p u t  boundary v a l u e s .  
Such a p rocedure ,  u n f o r t u n a t e l y ,  is n o t  a p p l i c a -  
b l e  t o  f o r e c a s t i n g .  Boundary d a t a  are n o t  a v a i l -  
a b l e  b e f o r e  t h e  s t o r m  t r a v e r s e s  t h e  bas in .  How- 
e v e r ,  one model ing a l t e r n a t i v e  i s  t o  g e n e r a t e  
boundary c o n d i t i o n s  w i t h  a c o a r s e  s h e l f  model,  
t h e n  t o  a p p l y  t h e s e  boundary v a l u e s  t o  a f i n e -  
mesh l i m i t e d  area bay model. T h i s  procedure  has  
some merit but  t h e r e  are o b j e c t i o n s  wi th  such  
uncoupled models.  Sometimes,  a coarse-mesh which 
encompasses a l a r g e  area i n c l u d i n g  t h e  fine-mesh 
l i m i t e d  area,  i s  used t o  g e n e r a t e  boundary 
v a l u e s .  Again,  t h e r e  a r e  o b j e c t i o n s ,  however,  i f  
t h e  c o a r s e  mesh i s  t o o  c rude  t o  p r o p e r l y  re- 
p r e s e n t  e v e n t s  a l o n g  t h e  f i n e  mesh boundar i e s .  

The SLOSH model is des igned  f o r  real-time f o r e -  
c a s t i n g  . The r a t i o n a l e  behind  t h e  model i s  t o  
keep t h e  f o r e c a s t e r ' s  i n p u t  t o  a minimum, w i t h  i n -  
put  v a r i a b l e s  amenable t o  f o r e c a s t .  It i s  n o t  
r e a s o n a b l e  t o  a s k  a u s e r  t o  p r e d i c t  such  i n p u t  as 
s u r g e  boundary h e i g h t s  a s  a f u n c t i o n  of  time. 
The model bypasses  t h e  need for i n p u t  boundary 
v a l u e s  by p l a c i n g  a r t i f i c i a l  boundar i e s  f a r  from 
a r e a s  of  i n t e r e s t .  Computer s t o r a g e  c o n s t r a i n t s  
and economics ,  however,  canno t  p l a c e  boundar i e s  
s u f f i c i e n t l y  d i s t a n t  f o r  l a r g e ,  s low moving 
s t o r m s ,  p a s s i n g  a t  l a r g e  d i s t a n c e s  from i n l a n d  wa- 
ter b o d i e s .  

I f  b o u n d a r i e s  are p l a c e d  i n  deep  water 
( >  150 f e e t )  and f a r  from s h o r e  compared t o  s to rm 
s i ze ,  t h e n  s u p e r p o s i t i o n  of  h y d r o s t a t i c  h e i g h t s  
(g iven  by t h e  s to rm i t s e l f )  a t o p  t h e  q u i e s c e n t  or  
i n i t i a l  water l e v e l s  is g e n e r a l l y  s u f f i c i e n t  f o r  
a boundary c o n d i t i o n .  S t a t i c  h e i g h t s  are d e t e r -  
mined by t h e  s to rm as i t  t r a v e r s e s  a b a s i n .  The 
h y d r o s t a t i c  c o n d i t i o n  i s  s u f f i c i e n t  f o r  s m a l l  
s to rms  moving f a s t ,  but  n o t  a lways s u f f i c i e n t  f o r  
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l a r g e  s t o r m s  moving s lowly .  The r e s i d e n c e  t i m e  
o f  a l a r g e ,  s low moving s to rm ( such  as C a r l a  i n  
1961) i s  s u f f i c i e n t l y  l o n g  t o  t rea t  t h e  Gulf of  
Mexico as a s t o r a g e  area; much water can accumu- 
l a t e  i n s i d e  t h e  Gulf t o  raise deep-water bounda- 
r ies t o  l e v e l s  s i g n i f i c a n t l y  above h y d r o s t a t i c  
h e i g h t s .  Such rare s to rms  r e q u i r e  a s p e c i a l  i n i -  
t i a l i z a t i o n  t r e a t m e n t ,  d i s c u s s e d  in '  s e c t i o n  10. 

A r t i f i c i a l  boundar i e s  i n  s h a l l o w  water o r  low 
t e r r a i n  pose e n i g m a t i c  boundary c o n d i t i o n s .  How- 
e v e r ,  e m p i r i c a l  tests show i t  i s  s u f f i c i e n t  t o  
p l a c e  v e r t i c a l  w a l l  boundar i e s  on low-lying ter-  
r a i n  and t o  use  h y d r o s t a t i c  h e i g h t s  on s h a l l o w  wa- 
ter  b o u n d a r i e s  i f  t h e  f o l l o w i n g  h o l d s :  

1. The c o r e  of  t h e  s to rm p a s s e s  th rough  a deep 
water boundary,  and 

2 .  t h e  s to rm t h e n  t r a v e r s e s  t h e  i n t e r i o r  of 
t h e  b a s i n ,  and 

3. t h e  s to rm then  e x i t s  t h e  b a s i n  th rough  a 
boundary w i t h  h i g h  t e r r a i n .  

T h i s  se t  o f  c i r c u m s t a n c e s  o c c u r s  f o r  many s t o r m s  
p a s s i n g  th rough  a g i v e n  b a s i n .  

I f  a s t o r m  t r a v e r s e s  a boundary i n  s h a l l o w  wa- 
t e rs ,  o r  f a i l s  t o  p e n e t r a t e  a b a s i n ' s  i n t e r i o r ,  
t h e  above s imple  boundary c o n d i t i o n s  are inade-  
q u a t e .  Al though t h e  f a l s e  boundary s u r g e s  can a f -  
f e c t  much of t h e  b a s i n ' s  i n t e r i o r ,  a bay o r  e s t u -  
a r y  may n o t  be c o r r u p t e d  i f  t h e  boundar i e s  are 
s u f f i c i e n t l y  d i s t a n t .  For  small s to rms  moving 
f a s t ,  t h e  r e s i d e n c e  t i m e  o f  s u r g e s  i s  of  s h o r t  
d u r a t i o n .  The model s p i n s  up q u i c k l y  from t h e  
i n i t i a l  s ta te .  Hence, i n  t h e  b a s i n ' s  i n t e r i o r ,  
t h e  placement  of  a v e r t i c a l  wall a l o n g  a low te r -  
r a i n  boundary and t h e  h y d r o s t a t i c  h e i g h t  boundary 
c o n d i t i o n  i n  s h a l l o w  wa te r  is s t i l l  e f f e c t i v e .  
On t h e  o t h e r  hand,  i f  t h e  s to rm i s  l a r g e  and t r a v -  
e l i n g  s low,  t h e n  t h e  f a l s e  boundary s u r g e s  have  
s u f f i c i e n t  t i m e  t o  p e n e t r a t e  i n t o  t h e  i n t e r i o r  o f  
t h e  b a s i n  and can c o r r u p t  t h e  computa t ions  i n  t h e  
a r e a  o f  i n t e r e s t .  I n  t h i s  s p e c i a l  case,  i t  i s  de- 
s i r a b l e  t o  a l t e r  t h e  boundary c o n d i t i o n s  i n  s h a l -  
low water w i t h  a dynamic boundary c o n d i t i o n .  

The i n t e r i o r  of  a b a s i n  is  e v e n t u a l l y  a f f e c t e d  
by e x t e r i o r  e v e n t s  which p a s s  th rough  a boundary.  
I f  l i t t l e  o r  no s u r g e  a c t i v i t y  t a k e s  p l a c e  a t  a 
boundary,  t h e n  boundary c o n d i t i o n s  a r e  s imple .  
I n  deep  water removed from c o a s t a l  e f f e c t s ,  t h e  
s u r f a c e  stress creates momentum but  r a r e l y  any  
s u r g e s .  The p r e s s u r e  d r o p  creates h y d r o s t a t i c  
h e i g h t s  ; hence ,  t h e  a p p l i c a b l e  boundary c o n d i t i o n  
is t h e  h y d r o s t a t i c  boundary c o n d i t i o n ,  o r  t h e  in -  
v e r t e d  barometer  e f f e c t  a s  i t  i s  c a l l e d .  This  i s  
a D i r i c h l e t  boundary c o n d i t i o n  o f  p r e s c r i b e d  v a l -  
ues .  The h y d r o s t a t i c  h e i g h t s  a r e  p laced  a t  s u r g e  
p o i n t s  . (At t h i s  t i m e ,  t h e  a s t r o n o m i c a l  t i d e  i s  
ignored  on a boundary.  T ides  are g e n e r a l l y  small 
compared t o  s u r g e s  i n  t h e  Gulf o f  Mexico, a l -  
though t h e y  may be comparable  a l o n g  t h e  A t l a n t i c  
c o a s t l i n e s . )  

I n  s h a l l o w  water, i t  i s  u s e f u l  t o  p l a c e  t h e  
boundary n e a r l y  p e r p e n d i c u l a r  t o  t h e  c o a s t l i n e  
w i t h  one  end l o c a t e d  i n  deep  water and t h e  o t h e r  
end a t  h i g h  t e r r a i n .  Obse rva t ions  show much 
s u r g e  a c t i v i t y  can e x i s t  i n  s h a l l o w  w a t e r s ,  and 
s i m p l e ,  p r e s c r i b e d  boundary v a l u e s  a r e  no l o n g e r  
adequa te  f o r  many s to rm s i t u a t i o n s .  Many t y p e s  

o f  boundary c o n d i t i o n s  can be employed such a s  r a -  
d i a t i o n ,  a b s o r p t i o n ,  e t c  Some work w e l l  f o r  
s p e c i a l  c a s e s ;  none work s a t i s f a c t o r i l y  f o r  a l l  
c a s e s .  Compromises must be made. A f t e r  e m p i r i -  
c a l  t r i a l s  w i th  s e v e r a l  boundary c o n d i t i o n s ,  a 
conven ien t  method was adopted  f o r  t h e  s h a l l o w  wa- 
ter p o r t i o n s  of a boundary. Un l ike  the  deep  wa- 
ter  boundary,  an a r t i f i c i a l  boundary i s  p laced  
a long  momentum p o i n t s  of a g r i d ,  F ig .  1 1 .  The 
product  of  t h e  s u r g e  g r a d i e n t  and t h e  t o t a l  dep th  
i s  set  e q u a l  i n  v a l u e  t o  t h e  n e a r e s t  momentum 
p o i n t  i n s i d e  t h e  b a s i n .  T h i s  is  a p p l i e d  i n  s h a l -  
low w a t e r s  less than  75 f e e t  i n  d e p t h ,  w i t h i n  
about  20 miles  of  t h e  c o a s t .  The almost-Neumann, 
a lmost - f ixed  c u r v a t u r e  boundary c o n d i t i o n  is  n o t  
used d i r e c t l y  t o  compute s u r g e s .  I n s t e a d ,  t h e  
momentum e q u a t i o n  ( 3 3 )  , w i t h  t h e  almost-Neumann 
boundary c o n d i t i o n  s u b s t i t u t e d ,  i s  used t o  com- 
pu te  t r a n s p o r t s  on t h e  s h a l l o w  water  boundary. 
When a s to rm p a s s e s  th rough  s h a l l o w  w a t e r ,  t h e  
mixed boundary c o n d i t i o n  p e r m i t s  l a r g e  su rge  v a r i -  
a t i o n s  a l o n g  t h e  sha l low wa te r  boundary. I f  t h e  
almost-Neumann boundary c o n d i t i o n  is  a p p l i e d  
throughout  t h e  boundary i n t o  deep w a t e r ,  t h e  
boundary v i b r a t e s  s lowly  wi th  t ime. By l i m i t i n g  
t h e  s h a l l o w  wa te r  boundary c o n d i t i o n  to  about  
20 miles from the  c o a s t  (e .g . ,  s to rm s i z e ) ,  t h e  
o t h e r  boundary c o n d i t i o n s  c o n t r o l  t h e s e  v i b r a -  
t i o n s .  

I n  i n t e r m e d i a t e  dep th  w a t e r s  between 75 and 
150 f e e t ,  SLOSH'S boundary c o n d i t i o n  e q u a t e s  the 
s u r f a c e  g r a d i e n t  t o  t h e  h y d r o s t a t i c  g r a d i e n t  
( g i v e n  by t h e  s to rm i t s e l f ) ,  F ig .  11. The 
almost-Neumann boundary c o n d i t i o n  i s  no t  so lved  
d i r e c t l y .  l n s  t e a d  , t h e  moment um equa t ion  ( 3 3  ) , 
wi th  t h e  boundary c o n d i t i o n  s u b s t i t u t e d ,  I s  used 
t o  compute t r a n s p o r t s  on t h e  in te rmediaLe  d e p t h  
p o r t i o n  of t h e  water  boundary. 

A n o - s l i p  ( v e r t i c a l  w a l l )  boundary c o n d i t i o n  is  
used ove r  t e r r a i n .  The  D i r i c h l e t  o r  phys i ca l  
boundary c o n d i t i o n  could be abandoned f o r  an 
almost-Neumann c o n d i t i o n  a f t e r  s u f f i c i e n t  inunda- 
t i o n . *  However, t h e  inunda t ion  dep th  i s  u s u a l l y  
s m a l l .  Empi r i ca l  tests g i v e  l i t t l e  change i n  
s u r g e s  i n s i d e  t h e  b a s i n  wi th  e i t h e r  boundary con- 
d i t i o n .  For conven ience ,  t h e  no-flow c o n d i t i o n  
is  r e t a i n e d  a t  t h i s  time. 

The mixed boundary c o n d i t i o n s  work r easonab ly  
w e l l "  f o r  a lmost  a l l  s t o r m s ,  p r o v i d i n g  t h e  s torm 
traverses a b a s i n ' s  i n t e r i o r  and t h e  bas in  s i z e  
is  much l a r g e r  than  s torm s i z e .  The si ze  of a 
b a s i n  i s  de termined  from e m p i r i c a l  t es t  runs  wi th  
t h e  model f o r  a v a r i e t y  of h y p o t h e t i c a l  s to rms  
and a l t e r n a t e  b a s i n  s i z e s .  No hard and f a s t  
r u l e s  can be g iven  f o r  b a s i n  s i z e ,  but u s u a l l y  
about  200 m i l e s  of c o a s t l i n e  i s  s u f f i c i e n t  w i th  
t h e  o f f s h o r e  g r i d  s t r e t c h e d  out  p a s t  t he  con- 
t i n e n t a l  s h e l f .  

For t h e  r a r e  case  of a l a r g e  s to rm moving slow- 
l y ,  and t h e  t r a c k  e x t e r i o r  to  a b a s i n ,  t h e  bound- 
a r y  c o n d i t i o n s  have d e f i c i e n c i e s  r e g a r d l e s s  of 

* 
Tests a r e  underway f o r  a " l eaky"  boundary a f -  

t e r  s u f f i c i e n t  i n u n d a t i o n .  
** 

Not as wel l  f o r  r e s u r g e n c e s  forming e x t e r i o r  
t o  the  b a s i n  r e g i o n .  
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F i g u r e  11. There are f o u r  boundary c o n d i t i o n s  p r e s e n t l y  i n  use w i t h  t h e  SLOSH s u r g e  model: 

1 )  Over t e r r a i n ,  t h e  t r a n s p o r t  a t  momentum p o i n t s  is set t o  z e r o .  
2 )  I n  s h a l l o w  waters, t h e  s u r f a c e  g r a d i e n t  i n  t h e  e q u a t i o n s  o f  motion is r e p l a c e d  by t h e  

3 )  I n  i n t e r m e d i a t e  d e p t h  waters, t h e  s u r f a c e  g r a d i e n t  i n  t h e  e q u a t i o n s  of motion is 

4 )  I n  deep  waters, t h e  s t o r m ' s  h y d r o s t a t i c  h e i g h t  ( i n v e r t e d  barometer  e f f e c t )  i s  set  a t  

computed v a l u e  a t  a c o n t i g u o u s ,  i n t e r i o r  momentum p o i n t .  

r e p l a c e d  by t h e  s t o r m ' s  h y d r o s t a t i c  g r a d i e n t .  

h e i g h t  p o i n t s  of boundary s q u a r e s .  

t h e  b a s i n ' s  s i z e .  From t h e  i n i t i a l  s t a t e ,  t h e  
s u r g e  g e n e r a t e s  s l o w l y ,  r e q u i r i n g  a l o n g  
computat ion i n  real  time. E m p i r i c a l  tests w i t h  
t h e  mixed boundary c o n d i t i o n s  show i n a d e q u a c i e s  
d u r i n g  t h e  r i s i n g  s u r g e .  However, t h e  peak 
s u r g e s  on i n l a n d  water b o d i e s  are computed 
r e a s o n a b l y  well. The i m p l i c a t i o n  i s  n o t  t o  run 
t h e  model w i t h  such  s t o r m s  i f  an a c c u r a t e  
h i s t o g r a m  of  s u r g e s  i s  d e s i r e d .  An a l t e r n a t i v e  
i S  t o  r e -des ign  b a s i n s  t o  cove r  a s u f f i c i e n t l y  
large area t o  c o n t a i n  a l l  c o n c e i v a b l e  s t o r m  p a t h s  
a f f e c t i n g  a b a y ' s  i n t e r i o r .  

8. DATUMS 

Imposed on t h e  q u i e s c e n t ,  i n i t i a l  sea l e v e l  are 
P e r i o d i c  a s t r o n o m i c a l  t i d e s  and s t o r m  s u r g e s ,  
F ig .  12.  For commonality,  a l l  e l e v a t i o n s  of ter-  
r a i n ,  ba thymet ry ,  b a r r i e r s ,  and s u r f a c e  water 
h e i g h t s  m u s t  r e f e r  t o  t h e  same datum. Much confu-  
siOn e x i s t s  about  datums,  due pe rhaps  t o  a s i m -  
p l i s t i c  view of  Mean Sea Level  (MSL). MSL is  n o t  
t h e  i n - s i t u  sea l e v e l  at any s p e c i f i c  t i m e ,  n o r  
i s  i t  t i m e  i n v a r i a n t  w i t h  r e s p e c t  t o  " f i x e d "  
t e r r a i n .  I n  t h e  Un i t ed  S t a t e s ,  t h r e e  datums* are 
in common u s e :  

- 
- 

1. MSL - A long  term a v e r a g e  o f  h o u r l y  t i d e  
gage read i n g  s . 

2 -  MLW - Mean Low Water; a long  term a v e r a g e  - 
of low=astrXnomical t i d e  r e a d i n g s .  

3 .  NGVD - - N a t i o n a l  Geode t i c  Vertical  Datum; es- 
t a b l i s h e d b y  g e o d e t i c  s u r v e y s  and op- 
t i c a l  l e v e l i n g s  o r  t r a n s i t s .  

The MSL and MLW v a r y  t h r o u g h  t h e  y e a r s  w i t h  re- 
s p e c t  t o  non-subsiding t e r r a i n ;  t h e y  are n o t  used 
i n  t h e  SLOSH model. For example,  t i d e  l e v e l s  
a l o n g  t h e  East Coast have shown a s low,  but  
s t e a d y ,  rise o v e r  t h e  last  c e n t u r y .  NGVD is used 
as t h e  datum f o r  t he  SLOSH model because of i t s  
temporal  i n v a r i a n c e .  Also, l a n d  c o n t o u r s  on 
U. S. G e o l o g i c a l  Survey t o p o g r a p h i c  c h a r t s  are 
r e f e r e n c e d  t o  NGVD. Hence, i f  i n l a n d  i n u n d a t i o n  
o c c u r s ,  computed s u r g e s  r e l a t e  d i r e c t l y  t o  
p u b l i s h e d  l and  c o n t o u r s .  

To d e t e r m i n e  MSL o r  MLW a l o n g  c o a s t a l  r e g i o n s ,  
t i d e  gages are anchored a t  a water d e p t h  lower  
than  t h e  a n t i c i p a t e d  lowes t  water. Whatever t h e  
d e p t h ,  i t  i s  set  as gage l e v e l  " z e r o , "  F ig .  1 2 .  
A l ong  term a v e r a g e  of h o u r l y  gage r e a d i n g s  above 
gage - l eve l - ze ro  is c a l l e d  local MSL, r e l a t i v e  t o  
gage - l eve l - ze ro .  S i m i l a r l y ,  l o c a l  MLW is t h e  av- 
e r a g e  of a l l  low water r e a d i n g s  t a k e n  ove r  a l o n g  
p e r i o d .  Although i t  i s  p o s s i b l e  t o  r e f e r e n c e  s u r -  
round ing  t e r r a i n  h e i g h t s  t o  MSL or  MLW datum ( v i a  
gage - l eve l - ze ro  and i t s  e l e v a t i o n  t o  MSL o r  MLW), 
t h i s  i s  n o t  done on t o p o g r a p h i c  c h a r t s .  I n s t e a d ,  
g e o d e t i c  s u r v e y s  and o p t i c a l  l e v e l i n g s  f o r  t h e  
U.S. t e r r a i n  are accommodated, i n  a b e s t  f i t  man- 
n e r ,  t o  t h e  datum NGVD. The NGVD datum was f i x e d  
i n  1929 ,  once and f o r  a l l ,  by t y i n g  t o g e t h e r  
g e o d e t i c  l e v e l  l i n e s  t o  a g r e e  w i t h  l o c a l  MSL at: 

* 
There a re ,  of c o u r s e ,  o t h e r  t y p e s  o f  datums f o r  

d i f f e r e n t  pu rposes ;  e.g., MHW (Mean - - High - Water) 
under b r i d g e s  . 
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F i g u r e  12. The i n i t i a l  sea l e v e l  ( w i t h o u t  s t o r m  
s u r g e  o r  a s t r o n o m i c a l  t i d e )  r e l a t i v e  t o  v a r i o u s  
datums.  NGVD i s  t h e  b a s i s  f o r  i n l a n d  t e r r a i n  
c o n t o u r s  and e l e v a t i o n s  on t o p o g r a p h i c  maps. 
A l l  v e r t i c a l  d a t a ,  r e l a t i v e  t o  a n o t h e r  datum, 
must be t r a n s l a t e d  t o  conform t o  NGVD. 

26 gages a l o n g  t h e  U.S. and Canadian c o a s t s .  
S ince  1929, however, l o c a l  MSL h a s  d r i f t e d  from 
NGVD. The d i f f e r e n c e  i s  small i n  most cases. 

I f  l o c a l  s u b s i d e n c e  o c c u r s  i n  a r e g i o n ,  t h e  
l a n d  c o n t o u r s  change w i t h  r e s p e c t  t o  f i x e d  NGVD. 
To a d j u s t  s u b s i d e d  l a n d  c o n t o u r s  t o  NGVD, a re- 
l e v e l i n g  o r  s u r v e y  of t h e  area i s  t i e d - i n  t o  nea r -  
by, non-subsided r e g i o n s .  S i m i l a r  b a t h y m e t r i c  
changes  are made. The most s i g n i f i c a n t  example 
of  s u b s i d e n c e  i s  i n  t h e  G a l v e s t o n ,  Texas area. 
I n  some p a r t s  o f  t h e  area,  l a n d  h a s  s u b s i d e d  more 
thhn 5 f e e t  s i n c e  t h e  1929 l e v e l i n g .  

S i n c e  MSL and NGVD do n o t  n e c e s s a r i l y  c o i n c i d e ,  
a t i e - i n  of  gage - l eve l - ze ro  and i t s  e l e v a t i o n  t o  
MSL w i t h  r e s p e c t  t o  NGVD serves t o  d e t e r m i n e  any  
d i f f e r e n c e  between datums. A t a b l e  of d i f f e r -  
e n c e s  f o r  p a r t i c u l a r  epochs c a n  be o b t a i n e d  from 
t h e  N a t i o n a l  Ocean S e r v i c e  (NOS) f o r  t h e  gages i t  
m a i n t a i n s .  

For n a v i g a t i o n a l  p u r p o s e s ,  NOS b a t h y m e t r i c  
c h a r t s  are r e f e r e n c e d  t o  MLW, F i g .  12. Hence, 
t h e  d i f f e r e n c e  between NGVD and MLW m u s t  be added 
t o  NOS b a t h y m e t r i c  v a l u e s .  D i f f e r e n c e s  v a r y  
a c r o s s  a c h a r t  b u t  co r re spond  r o u g h l y  t o  l o c a l  
MLW d i f f e r e n c e s  a t  c o a s t a l  gages .  

The r e c o r d e r  of  a t i d e  gage can be se t  t o  any  
datum, be  i t  gage - l eve l - ze ro ,  MLW, MSL, o r  NGVI). 
To c o r r e s p o n d  w i t h  i n l a n d  i n u n d a t i o n  and t h e  
SLOSH o u t p u t ,  i t  i s  i m p e r a t i v e  t o  t r a n s l a t e  gage  
r e a d i n g s  t o  NGVD. Gages are owned and m a i n t a i n e d  
by government a g e n c i e s  and p r i v a t e  i n d u s t r y ;  da- 
tums are n o t  c o n s i s t e n t .  There i s  no s i n g l e  re- 
p o s i t o r y  t o  q u e r y  f o r  datum c l a r i f i c a t i o n  of  gage  
o b s e r v a t i o n s  I n s t e a d ,  a case by case s t u d y  i s  
u s u a l l y  r e q u i r e d  t o  a s s u r e  commonality i n  datums. 

Tide g a g e  r e p e a t e r s  i n  c o a s t a l  WS o f f i c e s  f r e -  
q u e n t l y  g i v e  r e a d i n g s  w i t h  r e s p e c t  to  MSL. How- 
e v e r ,  a few are r e f e r e n c e d  t o  MLW. 

A c o m p u t a t i o n a l  SLOSH model run f o r  s u r g e s  be- 
g i n s  w e l l  b e f o r e  t h e  n e a r e s t  approach t i m e  of a 
s t o r m  t o  a b a s i n ' s  o r i g i n .  (We se lec t  a r e f e r -  
ence p o i n t  w i t h i n  t h e  b a s i n ,  such as t h e  en t rance  
t o  a bay,  as t h e  b a s i n ' s  o r i g i n . )  I n  p r i n c i p l e ,  
i n i t i a l i z a t i o n  cou ld  beg in  a t  t h e  b i r t h  of  a 
s to rm.  For economic r e a s o n s  , however , t h e  p e r i o d  
from i n i t i a l i z a t i o n  t o  nearest approach shou ld  be 
as s h o r t  as p o s s i b l e .  Too long  i s  w a s t e f u l  of 
computer r e s o u r c e s ;  t oo  s h o r t  a p e r i o d  i s  i n s u f f i -  
c i e n t  f o r  t h e  sea t o  r e a c t  t o  s t o r m  d r i v i n g  
f o r c e s .  What i s  d e s i r e d  i s  an o p t i m a l  i n i t i a l i z a -  
t i o n  time f o r  computa t ions  t o  spin-up q u i c k l y  t o  
s i g n i f i c a n t  surge v a l u e s ,  r e p r o d u c i n g  s u r g e s  
r eco rded  on a real-time hydrograph.  A l s o ,  t h e  
computed enve lope  of  h i g h e s t  s u r g e s  i n  a n  area o f  
i n t e r e s t  shou ld  no t  be s e n s i t i v e  t o  i n i t i a l i  za- 
t i o n  time. I n  g e n e r a l ,  i n i t i a l i z a t i o n  t i m e  de- 
pends on t h e  s t o r m ' s  s i z e ,  t h e  d i s t a n c e  from t h e  
b a s i n ' s  o r i g i n  t o  t h e  s t o r m ' s  n e a r e s t  approach ,  
and t h e  s t o r m ' s  forward speed a long  i t s  t r a c k .  

Some p r e l i m i n a r y  t e s t i n g  was done t o  o p t i m j  ze 
t h e  i n i t i a l i z a t i o n  time. Based on t h e s e  l i m i t e d  
t e s t s  , t h e  SLOSH model a d o p t s  t h e  f o l l o w i n g  
scheme w i t h  a g i v e n  s t o r m ,  s t o r m  t r a c k ,  and b a s i n  
o r i g i n  : 

1. From t h e  t i m e  of  n e a r e s t  a p p r o a c h ,  t h e  
s t o r m  is  moved backwards a d i s t a n c e  s i x  
times t h e  r a d i u s  of  maximum winds o r  s i x  
times t h e  d i s t a n c e  from b a s i n  o r i g i n  t o  
n e a r e s t  approach whichever  i s  l a r g e r .  The 
p r e l i m i n a r y  i n i t i a l i z e d  t r a c k  p o s i t i o n  then  
g i v e s  t h e  time of i n i t i a l i z a t i o n .  

2. l f  t h e  s t o r m  i s  moving f a s t ,  t h e  i n i t i a l i z a -  
t i o n  time from ( 1 )  may be s h o r t .  A m i n i m u m  
t i m e  o f  18 hour s  b e f o r e  n e a r e s t  approach of 
t h e  s t o r m  i s  imposed by SLOSH. 

3. I f  t h e  s t o r m  i s  s low moving, t h e  i n i t i a l i z a -  
t i o n  time may be too long .  S i x t y  hour s  be- 
f o r e  n e a r e s t  approach of t h e  s t o r m  i s  t h e  
maximum al lowed by SLOSH. 

A f t e r  s t o r m  a r r i v a l  a t  n e a r e s t  a p p r o a c h ,  t h e  
s t o r m  c o n t i n u e s  a l o n g  i t s  t r a c k  f o r  a n o t h e r  
1 2  hour s .  Although t h e  peak s u r g e  g e n e r a l l y  w i l l  
be computed, t h e  a d d i t i o n a l  1 2  hour s  i s  inade-  
q u a t e  f o r  some s t o r m  s i t u a t i o n s  i f  t h e  r e c e d i n g  
stage f o r  wa te r  i n s i d e  a bay i s  r e q u i r e d .  Thus,  
t h e  s h o r t e s t ,  real-t ime run i s  30 h o u r s ,  t h e  
l o n g e s t  i s  72 h o u r s .  The t i m e  d u r a t i o n  is f o r  a 
p a r t i c u l a r  segment of  a s t o r m ' s  t r a c k ,  b e f o r e  and 
a f t e r  s t o r m  a r r i v a l  a t  nearest  approach .  The 
u s e r  must a s c e r t a i n  o r  f o r e c a s t  t h i s  p a r t i c u l a r  
72-h t r a c k  segment ,  but  need no t  be concerned 
w i t h  t h e  r ema inde r  of  t h e  , t r a c k .  

Th i s  method of  i n i t i a l i z a t i o n  i s  a u s e f u l  ap- 
p rox ima t ion  of  s u f f i c i e n t  g e n e r a l i t y  t o  h a n d l e  a l -  
most a l l  c o n c e i v a b l e  cases. However, i t  may no t  
be o p t i m a l  f o r  a l l  s t o r m s  and can be w a s t e f u l  of 
computer r e s o u r c e s  The SLOSH model r e q u i r e s  
l o n g e r  real-time r u n s  t h a n  s imple  s h e l f  models 
because SLOSH t r ea t s  wa te r  f l o w ,  f l o o d i n g  and 
r e c e d i n g  water w e l l  i n l a n d  from the  c o a s t l i n e .  
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The SLOSH model i n i t i a l i z e s  t h e  water l e v e l  
w i t h i n  a . b a s i n  i n  space  wi th  o b s e r v e d ,  q u i e s c e n t ,  
c o a s t a l  sea l e v e l s  b e f o r e  a s to rm r e a c h e s  n e a r e s t  
approach.  For most s t o r m  s i t u a t i o n s ,  i n i t i a l i z a -  
t i o n  t a k e s  place 18 hours  b e f o r e  n e a r e s t  ap- 
proach ,  w i t h  t h e  s to rm well out  t o  sea and ex ter i -  
o r  t o  t h e  b a s i n .  The s t i l l  w a t e r s  a long  c o a s t s  
do n o t  have  s i g n i f i c a n t  e l e v a t i o n  changes u n t i l  a 
few hour s  b e f o r e  s to rm a r r i v a l .  Hence, t h e  ave r -  
age  gage  r e a d i n g s  approx ima te ly  two days b e f o r e  
s to rm a r r i v a l ,  can be used f o r  t h e  i n i t i a l  w a t e r  
h e i g h t .  

An e x c e p t i o n  t o  t h e  above i n i t i a l i z a t i o n  o c c u r s  
i n  t h e  Gulf o f  Mexico f o r  l a r g e  s to rms  moving 
s lowly .  The i n i t i a l i z a t i o n  t i m e  may then  be 
60 hours  b e f o r e  nearest approach .  The long  dura-  
t i o n  of  t h e  s to rm can add s i g n i f i c a n t  amounts of 
water t o  t h e  Gulf and t o  t h e  b a s i n ' s  i n t e r i o r .  
I n  e f f e c t ,  t h e  Gulf a c t s  l i k e  a l a r g e  s t o r a g e  ba- 
s i n .  A f t e r  t h e  s t o r m ' s  pas sage ,  t h e  s t o r e d  wa te r  
remains i n  t h e  Gulf f o r  some pe r iod  of t i m e .  
Tide gage  r e a d i n g s  a t  i n i t i a l i z a t i o n  may be seve r -  
a l  f e e t  above normal ,  even i n  t h e  absence  of  any  
s to rm winds a l o n g  t h e  c o a s t .  I n i t i a l  wa te r  
he igh t  th roughout  t h e  b a s i n  is  t r e a t e d  a s  t h e  ob- 
se rved  e l e v a t i o n  a long  t h e  c o a s t  t h e  i n s i d e  bays 
a t  t h e  t i m e  o f  s to rm i n i t i a l i z a t i o n .  I f  t h e  pro- 
gram i s  s e n t  t o  t h e  computer ,  s a y ,  24 hours  be- 
f o r e  n e a r e s t  approach ,  t h e n  t h e  i n i t i a l ,  s t i l l -  
wa te r  h e i g h t  of  t h e  b a s i n  i s  o b t a i n e d  from pre-  
v ious  t i d e  gage r ead ings .  The u s e r  s u p p l i e s  t h e  
observed  sea l e v e l  48 hours  b e f o r e  n e a r e s t  ap- 
proach t o  conform wi th  most s to rm s i t u a t i o n s .  
There may be a problem i f  i n i t i a l i z a t i o n  i s  
60 hours  b e f o r e  n e a r e s t  approach .  However, i n  
most c a s e s ,  t h e  r i s i n g  s t a g e  between 60 t o  
48 hours  b e f o r e  n e a r e s t  approach  is  s m a l l .  

I n  a d d i t i o n  t o  t h e  i n i t i a l ,  q u i e s c e n t  water l ev -  
e l ,  s t a t i c  h e i g h t  e l e v a t i o n s  due t o  t h e  s t o r m ' s  
p r e s s u r e  d r o p  a t  t h e  i n i t i a l  time are added t o  
the  i n i t i a l  wa te r  h e i g h t  f o r  o c e a n i c  a r e a s ,  bu t  
no t  f o r  i n l a n d  water bod ies .  The i n i t i a l  s t a t i c  
he igh t  e l e v a t i o n s  are a lmost  non-ex i s t en t  f o r  
sma l l  s to rms  and o n l y  a v e r y  s m a l l  f r a c t i o n  of a 
f o o t  about  t h e  c o a s t  f o r  l a r g e  s to rms  moving 
s lowly .  I n  a lmost  a l l  c a s e s ,  t h e  s t a t i c  h e i g h t s  
can be ignored  i f  t h e  s to rm is  i n i t i a l i z e d  
o u t s i d e  a b a s i n ' s  i n t e r i o r .  

10. VERIFlCATlON 

V e r i f i c a t i o n  expe r imen t s  w i th  t h e  SLOSH program 
were performed i n  t h e  same manner as real-time 
o p e r a t i o n a l  r u n s .  The model i s  a p p l i e d  t h e  same 
way f o r  a l l  s to rms  and i n  a l l  b a s i n s .  I n i t i a l i z a -  
t i o n  time i s  a f u n c t i o n  of s to rm s i z e ,  speed 
a long  s to rm t r a c k ,  and d i s t a n c e  o f  bay t o  n e a r e s t  
approach of  t h e  s torm.  These s torm pa rame te r s  
are i n p u t  f o r  a s to rm wind model t o  g e n e r a t e  
d r i v i n g  f o r c e s .  No i n p u t  boundary v a l u e s  wi th  
time are r e q u i r e d .  I n i t i a l ,  q u i e s c e n t  w a t e r  
h e i g h t s  are  de termined  from t i d e  gages  48 hour s  
b e f o r e  t h e  s to rm a f f e c t s  t h e  b a s i n .  C a l i b r a t e d  
c o e f f i c i e n t s  f o r  t h e  model a r e  se t  u n i v e r s a l l y ;  
t h e y  a r e  i n v a r i a n t  f o r  any s t o r m ,  b a s i n  o r  l o c a l  
c o n d i t i o n s .  Although t h e  method appea r s  ob jec -  
t i v e ,  t h i s  i s  n o t  comple t e ly  t r u e  since s to rm 
c h a r a c t e r  and b a s i n  c o n f i g u r a t i o n  are not  pre- 
de te rmined  by an unbiased  a r b i t e r .  Some j u g g l i n g  
o r  r e f inemen t  of i n p u t  and b a s i n  d a t a  a lmos t  
a lways o c c u r s  b e f o r e  f i n a l i z i n g  a v e r i f i c a t i o n  
run .  

"Ad-hoc'' h i s t o r i c a l  s to rm pa rame te r s  were f i r s t  
assembled f rom v a r i o u s  s o u r c e s .  Such d a t a  i s  
a lmost  a lways t o o  c o a r s e ,  u s u a l l y  w i t h  p a r a m e t e r s  
p r e s c r i b e d  i n v a r i a n t  w i t h  t i m e  and w i t h  a h e a v i l y  
smoothed s to rm t r a c k .  I n  many cases, a 
"best-f  i t "  smoothed t r a c k  can d i f f e r  s u b s t a n -  
t i a l l y  f r o m  a "best-f  i t "  l a n d f a l l  p o i n t .  When 
deemed n e c e s s a r y  , f u r t h e r  a n a l y s i s  and s u b j e c t i v e  
d e c i s i o n s  amended t h e  s t o r m ' s  t r a c k  and 
p a r a m e t e r s ,  e s p e c i a l l y  su r round ing  s to rm l a n d f a l l  
time. 

During t h e  b a s i n  development s t a g e s  of SLOSH, 
p r e l i m i n a r y  e x p e r i m e n t a l  runs  w i t h  p a s t  h u r r i -  
canes  a r e  compared t o  a l l  a v a i l a b l e  observed  
s u r g e  d a t a .  The b a s i n  d a t a  are checked i n  areas 
of d i sag reemen t  and amended i f  necessa ry .  The 
amended d a t a  were n o t  des igned  t o  f o r c e  agreement  
w i t h  computed and observed  s u r g e s  but  r a t h e r  t o  
a f f e c t  f u l l e r  cogn izance  o f  b a s i n  geometry.  A s  
an example,  i f  w i t h i n  a b a s i n  t h e  computed s u r g e s  
appeared  r e a s o n a b l e  i n  one r e g i o n  but  n o t  an- 
o t h e r ,  t h e n  v e r t i c a l  b a r r i e r s  and b a s i n  geometry 
between t h e  r e g i o n s  are c l o s e l y  s c r u t i n i z e d .  I n  
some cases, t h e r e  are i r r e g u l a r i t i e s  and m i s s i n g  
v a l u e s  i n  b a t h y m e t r i c l t o p o g r a p h i c  c h a r t s ,  inaccu-  
r a t e  o r  m i s i n t e r p r e t e d  b a r r i e r  h e i g h t s ,  o r  even 
imprope r ly  e n t e r e d  i n p u t  d a t a .  Sometimes v i s u a l  
su rveys  sugges t ed  r e v i s i o n  of b a r r i e r  h e i g h t s  on 
c h a r t s ;  e .g . ,  a s o l i d ,  v e r t i c a l ,  c o n c r e t e  b a r r i e r  
between l a n e s  on a highway, w e l l  above crown 
h e i g h t .  I n  some cases, man-made barriers may n o t  
even be p r e s e n t  on t h e  l a t e s t  a v a i l a b l e  c h a r t s .  
Sometimes, s u b g r i d  s i z e d  c o n f i g u r a t i o n s  such a s  
c u t s  between b a r r i e r  i s l a n d s  are in t roduced  t o  
b e t t e r  d e s c r i b e  f l o w  i n  c e r t a i n  areas. 

The numerous jumps i n  t e r r a i n  e l e v a t i o n s  de- 
s t r o y  bot tom c o n t i n u i t y .  A s  a r e s u l t ,  many sub- 
j e c t i v e  d e c i s i o n s  such as t h e  amount of smoothing 
imposed are made wh i l e  composing i n p u t  b a s i n  d a t a  
i n  completed form. I n  most cases, t h e s e  dec i -  
s i o n s  have o n l y  a cosme t i c  e f f e c t  on t h e  computed 
su rge .  However, major  changes  i n  t h e  f l o o d i n g  
p a t t e r n s  can  o c c u r  whenever water l e v e l s  are a t  
o r  nea r  t h e  t o p  of  b a r r i e r s .  

The f o l l o w i n g  v e r i f i c a t i o n  expe r imen t s  were run  
wi th  b a s i n  d a t a  t h a t  approximates  t h e  b a s i n  condi -  
t i o n s  a t  t h e  time of  t h e  h u r r i c a n e .  Basin d a t a  
are c o n t i n u a l l y  updated  whenever new in fo rma t  i o n  
becomes a v a i l a b l e .  An example i s  subs idence  i n  
t h e  Galves ton  Bay a r e a  where bot tom c o n f i g u r a t i o n  
c o n t i n u o u s l y  changes wi th  time. Hence , p r e s e n t  ba- 
s i n  d a t a  f o r  o p e r a t i o n a l  r u n s  may d i f f e r  from 
t h a t  used f o r  v e r i f i c a t i o n  r u n s ,  e s p e c i a l l y  f o r  
h i s t o r i c a l  s to rms  f a r  back i n  time. 

D e t a i l e d  b a s i n  d a t a  (ba thymet ry l topography ,  bar -  
r iers  and t h e i r  p o s i t i o n s  on a g r i d ,  e t c . )  a r e  
no t  i l l u s t r a t e d  i n  t h i s  r e p o r t .  They can be made 
a v a i l a b l e  t o  i n t e r e s t e d  u s e r s  on r e q u e s t .  

a .  Surges  Over Lake Okeechobee, F l o r i d a ,  Using a 
C a r t e s i a n  Grid 

I t  i s  i n f o r m a t i v e  t o  i n i t i a l l y  t e s t  t h e  SLOSH 
model w i th  a s imple  b a s i n ,  u n a f f e c t e d  by e v e n t s  
i n  su r round ing  water bod ies .  I f  t h e  model o u t p u t  
does  n o t  compare f a v o r a b l y  wi th  s u r g e  obse rva -  
t i o n ,  t hen  performance i s  q u e s t i o n a b l e  w i t h  more 
compl ica ted  b a s i n s .  An e n c l o s e d ,  i n l a n d  l a k e  
would be i d e a l .  I n  t h i s  s p e c i a l  case,  boundary 
c o n d i t i o n s  w i t h  r e s p e c t  t o  time a long  t e rmin i  of  
t h e  mode l ' s  g r i d  sys tem need n o t  be s u p p l i e d .  
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There are no datum i n c o n s i s t e n c i e s  f rom t i e - i n s  
t o  ne ighbor ing  r e g i o n s ,  and t h e r e  are no astronom- 
ica l  t i d e s .  

Lake Okeechobee i n  F l o r i d a  i s  an  e x c e l l e n t  can- 
d i d a t e  b a s i n .  it i s  sha l low w i t h  maximum water 
deprhs  about  1 4  f e e t ,  and an average  d e p t h  less 
than  1 0  f e e t .  The s u r f a c e  h e i g h t  v a r i e s  season- 
a b l y ,  bu t  i s  between 14-17 f e e t  above NGVI) du r ing  
t h e  h u r r i c a n e  season .  The s u r f a c e  area i s  s i m i -  
l a r  i n  s i z e  t o  t h e  c o r e  area of most t r o p i c a l  
s torms .  There i s  no connec t ion  t o  t h e  A t l a n t i c  
Ocean o r  Gulf of Mexico, except  f o r  sha l low ca- 
n a l s  and waterways which have s m a l l  f l o w  rates,  
i n s u f f i c i e n t  t o  a p p r e c i a b l y  change t h e  l a k e  l e v e l  
du r ing  s torm passage .  These s p e c i a l  c o n d i t i o n s  
relax t h e  n e c e s s i t y  f o r  a l a r g e  area b a s i n .  I n  
t h i s  case a s imple ,  C a r t e s i a n ,  fine-mesh g r i d  can  
be used f o r  computations.  

F igure  13  i l l u s t r a t e s  t h e  l e v e e  system bounding 
t h e  lake as i t  ex i sced  i n  1974. The o p e r a t i o n a l  
SLOSH program f o r  Lake Okeechobee u s e s  t h e  l a t e s t  
a v a i l a b l e  inf ormat ion  on t h e  l e v e e  s y s  t e m ,  
(Na t iona l  Weather S e r v i c e ,  1978).  However, a 
test case f o r  t h e  SLOSH model i s  t h e  1949 s torm 
when a d i f f e r e n t  l e v e e  sys tem,  of lesser e x t e n t ,  
e x i s t e d .  

r i  

Figure  13. The p r e s e n t  l e v e e  system (1974) s u r -  
rounding Lake Okeechobee, F l o r i d a .  Cour tesy ,  
U.S. Army Corps of Eng inee r s ,  J a c k s o n v i l l e ,  
District ,  F l o r i d a .  

The l e v e e  system i n  1949 excluded the  no r th -  
wes te rn  boundary of t h e  lake where a iow road 

(highway 78) c r e s t e d  a f ew f e e t  above t e r r a i n .  
The n o r t h e r n  end of t h e  l e v e e  turned  t o  t h e  no r th -  
west and t h e  o t h e r  end t o  t h e  west. The low road 
running a long  the  nor thwes tern  boundary w a s  se t  
18-22 f e e t  above NGVD, o r  2-4 f e e t  h ighe r  than  l o -  
cal t e r r a i n .  Po r t ions  of t h e  l e v e e  system on t h e  
east s i d e  of t h e  i a k e  were a h i g h  road .  The 
l e v e e  crests were set ( a r b i t r a r i l y )  t o  32 f e e t  
above NGVD, even though t h e  c r e s t s  a t  t h e  South- 
e r n  boundary of t h e  Lake were h i g h e r .  The l e v e e s  
were n o t  overtopped du r ing  the  1949 s to rm,  a l -  
though t h e  low road on t h e  no r thwes te rn  boundary 
of t h e  Lake was over topped .  

A s t a i r - s t e p  d e p i c t i o n  of t h e  l e v e e  system on 
the  C a r t e s i a n  g r i d  and s t r a i g h t  l i n e  boundar ies  
€ o r  t h e  b a s i n  are i l l u s t r a t e d  by Fig .  14 .  The 
ins t rumented  p o s i t i o n s  on the  Lake a r e  shown as  
LS and HGS S t a t i o n s .  F igu re  1 4  i s  drawn on 
t r a n s p a r e n t  material and used as an o v e r l a y  t o  
f i t  over  numer ica l  ou tpu t  f rom a l i n e  p r i n t e r .  
The b a s i n  i s  covered by a 32x38 g r i d  wi th  
one-mile squa res .  
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Figure 14. A simple o v e r l a y  f o r  Lake Okeechobee, 
F l o r i d a ,  o u t l i n i n g  the  l a k e  i n  s t a i r - s t e p  f ash-  
i o n .  When l a i d  a t o p  a p r i n t e d  su rge  o u t p u t ,  
surge  con tour s  can be drawn f o r  v i s u a l  e f f e c t  , 
such as P igs .  15 and 16. Lake S t a t i o n  (LS) and 
Hurricane Gage S t a t i o n  (HGS) are ins t rumented  
i o c a t i o n s  on t h e  l a k e .  

The g r i d  l i n e s  bounding t h e  model b a s i n  are mod- 
e l e d  as v e r t i c a l  walls of: i n f i n i t e  h e i g h t ;  over- 
topping of t h e  walls i s  n o t  p e r m i t t e d .  If € l u i d  
s t r i k e s  a s y n t h e t i c  w a l l ,  i t  w i l l  s t a g n a t e  o r  r e -  
i l e c t  back i n t o  t h e  b a s i n ' s  i n t e r i o r .  For a 
t u l l y  o p e r a t i o n a l  model, i t  would be d e s i r a b l e  t o  
p l ace  the  walls s u f f i c i e n t l y  d i s t a n t  f o r  any con- 
c e i v a b l e  i n l a n d  i n u n d a t i o n .  The model b a s i n ,  how- 
e v e r ,  i s  s e v e r e l y  r e s t r i c t e d  i n  d e s i g n  wi th  o n l y  
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a l i m i t e d  area enc los ing  the  Lake It i s  a spe-  
c i a l  case, s u f f i c i e n t l y  complete t o  test  f o r  over- 
topping of l evee  systems i n  p a r t i c u l a r  f o r  t h e  
1949 s toim.  Flooding a c r o s s  t h e  low road of t h e  
Ancomplete 1949 l evee  can be computed f o r  on ly  a 
l i m i t e d  d i s t a n c e  i n l a n d .  If overtopping of le- 
vees o c c u r s ,  then t h e  model may no longer  perform 
p rope r ly  because of r e f l e c t i o n s  from nearby f a l s e  
boundaries enc los ing  the  bas in .  This r e s t r i c t i o n  
can be removed by expanding the model ' S  coverage. 

The Car t e s i an  g r i d  l i n e s  i n t e r s e c t  t o  form one- 
m i l e  squa res .  Depth va lues  oi t h e  l a k e ,  a t  t h e  
c e n t e r  of s q u a r e s ,  were v i s u a l l y  ex t r ac t ed  from 
NOS c h a r t  855-SC. Te r ra in  h e i g h t s ,  on g r i d  
squares  were e x t r a c t e d  from a v a i l a b l e  topographic 
c h a r t s .  A l t e r n a t e  p o r t r a y a l s  of s ta i r  s t e p s ,  o r  
d i f f e r e n t  o r i e n t a t i o n s  of t h e  g r i d  system, r e s u l t  
i n  some d i f f e r e n c e s  of: t he  computed surge near  
boundaries ,  provided the  boundaries are no t  over- 
topped. If boundaries are overtopped,  w i th  mas- 
s i v e  inunda t ion  i n l a n d ,  then the  o r i g i n a l  bound- 
a r y  i s  submerged and the l o c a l  area becomes a n  i n -  
t e r i o r  r eg ion  of a b a s i n .  Desp i t e  t he  presence 
Of s t a i r - s t e p s  boundaries ,  t h e r e  s t i l l  may e x i s t  
a u s e f u l  comparison with observed su rges  along 
rea l ,  unovertopped boundaries .  

t i m e  s t e p  of 75 seconds was r equ i r ed  f o r  t h e  
e x p l i c i t  f i n i t e  d i f f e r e n c e  scheme oi: t he  SLOSH 
model; t h i s  was determined by empi r i ca l  tests 
with extreme storms overtopping l e v e e s .  (With a 
two-level i n  time f i n i t e  d i f f e r e n c e  scheme, a 
150 second t i m e  s t e p  i s  r e q u i r e d . )  

The i s l a n d s  a t  t h e  southern end of t h e  l a k e  are 
about 1 6  f e e t  above NGVD and surrourided by low 
l e v e e s  o r  b a r r i e r s  two to f o u r  i ee t  h ighe r .  It 
i s  doub t fu l  t h a t  t he  b a r r i e r s  w i l l  hold du r ing  
storm c o n d i t i o n s ,  but so assumed i n  the  model. 
The s imula t ion  oi such i s l a n d s  on m i l e  squa res  i s  
a crude approximation. 

Gurricane of August 26-27, 1549 

Lake Okeechobee was f u l l y  instrumented f o r  mete- 
o r o l o g i c a l  and surge obse rva t ions  during 1948. 
Ln August 1949, a s torm passed the  n o r t h e a s t  
p o r t i o n  of t h e  Lake. No major s torm,  up t o  1989, 
has s i n c e  passed over t h e  Lake. TO d a t e ,  no 
o t h e r  water body has  such a dense a r r a y  of 
observed me teo ro log ica l  and surge d a t a  du r ing  a 
h u r r i c a n e ' s  passage. 

before  storm a r r i v a l ,  t he  s u r f a c e  h e i g h t  of t h e  
l a K e  w a s  j u s t  below 1 4  f e e t  NGVD. Afte r  storm 
passage,  t he  l e v e l  r o s e  t o  j u s t  above 1 4  f e e t .  
The small d i f f e r e n c e  may be a sc r ibed  t o  r a i n  and 
runoif . A convenient va lue  of' 1 4  f e e t  was used 
t o  r e p r e s e n t  the i n i t i a l ,  qu ie scen t  s u r t a c e  i n  
the model. No account was made of mass changes 
due t o  r a i n ,  r u n o r f ,  o r  admit tance through g a t e s .  

A 24-h v e r i f i c a t i o n  run was made with model 
"Lake" winds f o r  t he  1949 storm. Tests wi th  
s h o r t e r ,  18-h runs d i d  no t  a l te r  the  computed 
su rges  during storm t r a v e r s e  a c r o s s  t h e  l a k e  when 
Surges were h i g h e s t .  However, f o r  SlOW-mOVing 
s torms,  l onge r  runs may be necessary.  A 24-hour 
run proved adequate f o r  t h e  1949 storm Over Lake 
Okeechobee . 

A computed, hand-contoured , su r face  envelope Of 

minimum su rges  without  regard t o  t i m e  i s  d i s -  
played i n  Fig.  15.  A s i z a b l e  p o r t i o n  of t h e  l a k e  

Figure 15. A surf ace envelope of lowest waters, 
independent of t i m e  of occu r rence ,  computed by 
the SLOSH model f o r  t h e  1949 storm. The con- 
t o u r s  were hand-drawn on t h e  o v e i l a y  of Fig.  14 
which was placed a t o p  l i n e  p r i n t e r  o u t p u t .  

is exposed, but no t  s imultaneously i n  t i m e .  The 
model has  t h e  a b i l i t y  t o  s imula t e  a receding 
boundary. There are no obse rva t ions  t o  compare 
with t h e  minimum envelope, except f o r  no t ing  
which gages touched bottom. Notice how water 
s t a g n a t e s  i n  l o c a l i z e d  depres s ions .  

A similar s u r f a c e  envelope of maximum Water 
he igh t s  without regard t o  t i m e  i s  displayed i n  
Fig.  16. Only a s m a l l  region t o  the  northwest of 
t he  lake i s  inundated a f t e r  overtopping a low 
road.  None of t h e  l e v e e s  surrounding the  l a k e  
are overtopped but a l l  of t h e  i s l a n d s  on t h e  
southern end of: t h e  l a K e  are overtopped and 

There are no obse rva t ions  of i n l a n d  f looded . 
su rges  t o  compare wi th  model computations f o r  
i n l and  inunda t ion .  

There are e i g h t  gages with observed d a t a  on t h e  
lake.  S ix  of t h e  gages are along l a k e  bound- 
aries.  The c h a r a c t e r  of t h e  computed s u r g e s  
ag rees  wi th  o b s e r v a t i o n s ,  F ig .  16 .  There are 
some amplitude d i i f e r e n c e s ,  e s p e c i a l l y  on some 
t a i l  ends of t h e  su rge  p r o f i l e s .  This s u g g e s t s  
an incomplete p o r t r a y a l  oi winds by the  storm 
model, be fo re  and a f t e r  storm passage ,  which 
could be due t o :  

1. A complicated d i s t o r t i o n  of p r e s s u r e  i s o -  
bars du r ing  storm motion over  l a n d ,  The 
storm model u ses  a s i m p l e ,  crude c o r r e c t i o n  
f o r  p r e s s u r e  d i s t o r t i o n  overland.  This  
c o r r e c t i o n  may no t  be adequate .  

2. Large changes o r  jump d i s c o n t i n u i t i e s  of 
the s t o r m ' s  c e n t r a l  p re s su re  a t  l a n d f a l l  on 
the  east c o a s t  of F l o r i d a ,  be fo re  and a f t e r  
storm passage a c r o s s  t h e  l a k e ,  and l a t e r  
dynamic changes. The inpu t  p r e s s u r e  para- 
meter used had a smooth monotonic char-  
ac te r ,  Fig.  3; i t  may not  be r e p r e s e n t a t i v e  
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Figure 17 .  A p l a n e ,  p o l a r  coord ina te  system ( p r o j e c t e d  on a Mercator c h a r t ) ,  tangent  t o  the  
e a r t h  a t  New Orleans, Louis iana.  The g r i d  encompasses Lake Pon tcha r t r a in  , Louisiana.  

of t h e  s torm when i t  was pos i t i oned  away 
from t h e  l a k e .  

3.  Complicated v a r i a t i o n s  of s torm s i z e  as i t  
t r ave r sed  l a n d .  The s to rm parameters were 
va r i ed  con t inuous ly  w i t h  t i m e .  Such a s i m -  
p l i s t i c  v a r i a t i o n  i s  q u e s t i o n a b l e .  

These s u b c l e ,  onshore h u r r i c a n e  dynamics are 
less important  t o  a shelf  model when s torms land- 
f a l l  on a l o n g ,  unbroken c o a s t i i n e .  To a sha l low 
i n l a n d  l a k e ,  t hey  can be s i g n i f i c a n t .  A l a k e  has  
l i m i t e d  area, does no t  "see" the  e n t i r e  s torm a t  
any i n s t a n t  of t i m e ,  and reacts q u i c k l y  t o  sud- 
denly changing f o r c e  f i e l d s .  

A storm su rge  model cannot be  judged on t h e  re- 
s u l t s  from one s torm i n  one s imple b a s i n .  How- 
e v e r ,  the SLOSH model i s  a major ex tens ion  of t h e  
SPLASH model which was t e s t e d  f o r  c o a s t a l  su rges  
f o r  many s to rm s i t u a t i o n s  i n  many d i f f e r e n t  she l f  
b a s i n s .  The s u r f a c e  d r a g  c o e f f i c i e n t  and the  bot- 
tom stress c o e f f i c i e n t s  used i n  SLOSH are t h e  
s a m e  as those  used i n  SPLASH. No l o c a l  c a l i b r a -  
t i o n  o r  t un ing  w a s  performed t o  f o r c e  agreement 
wi th  observed s u r g e s  on t h e  l a k e .  

The SLOSH storm and su rge  models appear t o  be 
u s e f u l  f o r  f o r e c a s t i n g  su rges  i f  t h e  s t o r m ' s  c o r e  
pas ses  a b a s i n .  However, su rges  generated on a 
small body of water by t h e  t a i l  ends o r  pe r iphe ry  
of a s torm may no t  be adequa te ly  descr ibed by t h e  
model. 

b .  Surges Over Lake P o n t c h a r t r a i n ,  Lou i s i ana ,  
Using a Polar  Grid 

The geographical  placement oi. a po la r  g r i d ,  r e -  
p re sen t ing  the s u r f a c e  of a bas in  r eg ion  and 
transformed onto a map p r o j e c t i o n ,  i s  i l l u s t r a t e d  
by Fig.  1 7 .  The g r i d  expands lcon t r ac t s  cont inu-  
ous ly  along r ays  emanating from the o r i g i n  of t h e  
g r i d .  The areal e x t e n t  of t h e  g r i d ,  p o s i t i o n i n g  
of i t s  o r i g i n  o r  po le  on t h e  e a r t h ,  g r i d  expan- 
s i o n  r a t e ,  e t c . ,  are decided s u b j e c t i v e l y  by t h e  
modeler with due a t t e n t i o n  t o  r eg ions  of i n t e r -  
e s t ,  geographical  c o n s t r a i n t s  and populat ion cen- 
ters. The map i s  a Mercator p r o j e c t i o n  with 
s t r a i g h t  l a t i t u d e  and iong i tude  l i n e s .  The g r i d  
l ayou t  i s  eminent ly  s u i t e d  t o  modeling storm 
s u r g e s ,  but i s  inadequate  t o  d i s p l a y  computed 
surge va lues  wi th  an o r d i n a r y  l i n e  p r i n t e r .  Spe- 
c i a l i z e d  t r ans fo rma t ions  of t h e  e a r t h ' s  surf ace  
onto a p l ane  are adapted t o  s i m p l i f y  numerical  
computations,  t o  p o s i t i o n  the  g r i d  on a p a r t i c u -  
l a r  map p r o j e c t i o n ,  and t o  s i m p l i f y  output  f o r  a 
l i n e  p r i n t e r .  

The e l l i p s o i d a l  e a r t h  i s  f i r s t  transformed con- 
f o r m a l l y  onto a sphere and then p ro jec t ed  confor- 
mally onto a p l ane .  Sphe r i ca l  coord ina te s  a r e  
not used i n  su rge  computations.  The p l a n e ,  con- 
t a i n i n g  a p o l a r  coord ina te  s y s t e m ,  i s  tangent  t o  
the sphere a t  a s e l e c t e d  point--New Orleans on 
Pig.  1 7 .  The t angen t  p o i n t  i s  no t  t he  o r i g i n  of 
the p o l a r  g r i d ,  but i s  a r b i t r a r i l y  chosen t o  g i v e  
least  bas in  d i s t o r t i o n  a t  t he  r eg ion  of g r e a t e s t  
i n t e r e s t .  
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Figure 16. Observed and computed surge hydrographs at eight locations on Lake Okeechobee, Florida, for the 1949 hurricane. A surface envelope of highest waters, 
The contours were hand drawn with the overlay of Fig. 14 placed over printer output. regardless of the time of occurrence, is shown in the left center insert. 
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Figure 18 .  A t r ans fo rma t ion  o f  t h e  p o l a r  g i r d ,  F ig .  1 7 ,  on to  a n  
image p l a n e .  The transformed g r i d  l i n e s  i n t e r s e c t  as s q u a r e s ;  
hence,  e q u a l l y  spaced su rge  va lues  can be p r i n t e d  w i t h  a l i n e  
p r i n t e r .  The p r o j e c t e d  l a t i t u d e  and long i tude  l i n e s  a r e  d i s t o r t e d  
acco rd ing ly  on t h e  image p l ane .  

To process  i n p u t  d a t a  from s u r f a c e  map f ea- 
t u r e s ,  t he  p l ane  must be transformed back onto 
any given map p r o j e c t i o n ,  w i th  l a t i t u d e  and l o n g i -  
tude l i n e s  c o i n c i d i n g ,  s a y ,  on t h e  Mercator map 
of Fig.  1 7 .  The g r i d  l i n e s ,  of cour se ,  are d i s -  
t o r t e d  acco rd ing ly .  The g r i d  i n t e r s e c t i o n s  a l -  
ways f a l l  on the  same geographical  p o i n t s ,  no m a t -  
ter the  map p r o j e c t i o n  o r  scale s i z e .  A f t e r  
t r ans fo rma t ions  are d e f i n e d ,  an X-Y p l o t t e r  i s  
used t o  a c c u r a t e l y  place the  transformed g r i d  
l i n e s  onto p a r t i c u l a r  bathymetr ic  and topographic 
c h a r t s .  L i t e r a l l y ,  t he  g r i d  i s  posi t ioned a c r o s s  
hundreds of maps, d i f f e r i n g  i n  p r o j e c t i o n  and 
scale ,  t o  d i s c r e t i z e  s u r f a c e  map f e a t u r e s  f o r  
input  bas in  da ta .  

To output  computed su rges  on a l i n e  p r i n t e r ,  i t  
i s  u s e f u l  t o  t ransform the i n i t i a l  po la r  g r i d  on- 
t o  an image plane wi th  equa l  g r i d  spacing.  The 
image g r i d  has e q u a l l y  spaced l i n e s ,  s t r a i g h t  and 
p a r a l l e l ,  forming a squa re  g r i d .  N a t u r a l l y ,  t h e  
l a t i t u d e  and l o n g i t u d e  l i n e s  and a l l  su r f ace  fea- 
t u r e s  p ro jec t ed  on the  image plane become d i s -  
t o r t e d ,  Fig.  18.  The s u r f a c e  map f e a t u r e s  can be 
drawn with an x-y p l o t t e r  from a d a t a b a s e ,  o r  
else hand-drawn from published c h a r t s .  

Figure 1 9  i s  an example of a p r i n t e d  surge out-  
put on t h e  image p l ane .  Such output  can be an en- 
velope of maximum computed su rges  o r  a snapshot 
d i s p l a y  of su rges  a t  a given time. Computed 
surge va lues  are p r i n t e d  a t  t h e  c e n t e r  of g r i d  
squa res .  The special  symbols, ' .' and 'WET', 
mean d r y  land and water dep th  less than one f o o t  
above t e r r a i n ,  r e s p e c t i v e l y .  For l a t e r  geographi- 
cal a l ignment ,  d i s c r e t i z e d  symbols are p r i n t e d  t o  
i s o l a t e  geographical  f e a t u r e s .  Coas t l i nes  appear 
as ' + I  symbols. C i t i e s  are loca ted  with 

' * I  symbol and are a l p h a b e t i c a l l y  s p e l l e d  o u t .  
L a t i t u d e  and long i tude  l i n e s  are i n d i c a t e d  by 'TI 
and 'GI, r e s p e c t i v e l y .  A l l  t h e  symbols and t h e i r  
d i s c r e t e  placement on p r i n t e d  o u t p u t s  are p r e s e t  
as bas in  d a t a .  Their p r i n t  p o s i t i o n s  are d e t e r -  
mined by t ransforming Fig.  1 7  t o  Fig.  18. The 
storm t r a c k  a c r o s s  a bas in  i s  designated by I $ '  

symbols, w i th  ( symbols a t  hour ly  p o s i t i o n s .  1 
It i s  d i f f i c u l t  f o r  t he  eye t o  a p p r e c i a t e  map 

f e a t u r e s  with d i s c r e t i z e d  symbols. To a i d  o r i en -  
t a t i o n ,  a s p e c i a l  t r a n s p a r e n t  o v e r l a y ,  similar t o  
F i g ,  20, i s  prepared f o r  each b a s i n .  The o v e r l a y  
d i s p l a y s  map f e a t u r e s ,  hand drawn i n  va r ious  co l -  
o r s ;  e .g., c o a s t l i n e s ,  topographic  con tour s ,  bar- 
rier impediments, channe l s ,  l a t i t u d e  and long i -  
tude l i n e s ,  e tc .  E leva t ion  con tour s  over land 
and b a r r i e r s  are a l s o  d i s p l a y e d .  The o v e r l a y ,  
placed a t o p  t h e  p r i n t e d  o u t p u t ,  i s  a l igned  along 
l a t i t u d e  and long i tude  l i n e s ,  and o t h e r  d i s c r e -  
t i z e d  symbols. The o v e r l a y  not  o n l y  s e r v e s  t o  
o r i e n t a t e  t he  u s e r ,  but a l s o  a s c e r t a i n s  i n l a n d  
f l o o d i n g  on the  computed su rge  o u t p u t .  The d i f  - 
f e r ence  between p r i n t e d  su rge  h e i g h t s  and contour  
e l e v a t i o n s  on t h e  o v e r l a y  i s  t h e  t o t a l  depth of 
water above t e r r a in .  

The above procedures  were followed f o r  a l l  
v e r i f i c a t i o n  runs when us ing  a p o l a r  g r i d  wi th  
the  SLOSH model. 

The bas in  f o r  Lake Pon tcha r t r a in  w a s  o r i g i n a l l y  
encompassed with a Car t e s i an  g r i d  of 4 - m i l e  
spacing ( C r a d o r d ,  1979).  Even with such a 
Coarse g r i d ,  t h e  computed surge va lues  v e r i f i e d  
reasonably w e l l  Over the  l a k e  with f o u r  h i s t o r i -  
cal s torms.  The g r i d ,  however, i s  much too 
coarse f o r  many f e a t u r e s  of t h e  b a s i n  and a l s o  
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a c r o s s  small water bodies  such as S t .  Louis Bay,  
M i s s i s s i p p i .  The coarse-gr id  model d i d  compute 
an o v e r a l l ,  u s e f u l ,  s u r g e  p r e d i c t i o n  f o r  a weak 
s torm,  Hurricane Bob, 1979,  w i th  t h e  model 
running i n  a real-time, o p e r a t i o n a l  f o r e c a s t  
mode. 

1500 'I 

The model f o r  Lake Pon tcha r t r a in  has  now been 
updated with a p o l a r  g r i d  F ig .  1 7 .  The g r i d  
spacing i s  one t o  two miles a c r o s s  the  Lake and 
about one m i l e  a c r o s s  S t .  Louis Bay. It expands 
t o  s l i g h t l y  over  4 m i l e s  i n  t he  Gulf waters. 

Three deep-water p a s s e s ,  connect ing l a k e s  i n  
the model, are s imulated with the  fo l lowing  physi-  
cal s p e c i f i c a t i o n s  : 

Mean Depth 
Below NGVD Mean Width Length 

R i g o i e t s  30 f t  3000 f t  8.5 m i  
Chef Menteur 30 f t  1000 f t  7.5 m i  
Pass Manchac 20 f t  500 f t  6.0 m i .  

Levee systems and their  e l e v a t i o n s  surrounding 
New Or l eans ,  t he  M i s s i s s i p p i  f i v e r ,  and the Bon- 
n e t  Carre Floodway, were assembled from d a t a  sup- 
p l i e d  by t h e  Corps of Engineers ,  New Orleans D i s -  
t r i c t .  Other bas in  f e a t u r e s  and e l e v a t i o n s ,  were 
e x t r a c t e d  from NOS bathymetr ic  and storm-evacua- 
t i o n  c h a r t s  and USGS topographic  maps. 

h l a t i v e  t o  NGVD, t h e  gages i n s i d e  Lake Pont- 
c h a r t r a i n  c o n s i s t e n t l y  read higher  than NOS gages 
along c o a s t l i n e s .  This p r e s e n t s  a dilemma f o r  
i n i t i a l i z a t i o n  s i n c e  a d i f f e r e n c e  would pour wa- 
ter o u t  of t h e  Lake a t  t h e  beginning ot  a computa- 
t i o n a l  r u n .  Assuming inadequate  l e v e l i n g  along 
the  Lake, t h e  f o l l o w i n g  f ix-up procedure i s  
adopted f o r  use du r ing  computations and t o  re- 
c o r r e c t  computed su rge  va lues  f o r  ou tpu t  : 

F i r s t ,  t h e  e n t i r e  l a k e  i s  v i r t u a l l y  depressed 
by 1 .0  f e e t ,  and tapered t o  a zero dep res s ion  
j u s t  p a s t  t h e  t h r e e  channels .  The Lake 's  bed 
and s u r f a c e  e l e v a t i o n  i s  depressed r e l a t i v e  t o  
NGVL) but t h e  t o t a l  dep th  of water above the  
Lake's bed i s  n o t  a l t e r e d .  Second, t he  com- 
puted s t o r e d  su rge  v a l u e s  f o r  ou tpu t  are re- 
condi t ioned by removing the  v i r t u a l  depres-  
s i o n .  This procedure has  no s i g n i f i c a n t  e f f e c t  
on s u r g e  computations;  i t  o n l y  t r a n s l a t e s  
h e i g h t s  t o  r e f l e c t  t h e  d i sc repancy  i n  t i d e  gage 
r ead ings .  The reverse c o r r e c t i o n n  i s  a p p l i e d  
when computations are completed.  Ln t h i s  way, 
t h e  i n i t i a l ,  q u i e s c e n t  water s u r f a c e s  are near-  
l y  l e v e l  throughout t h e  b a s i n  and the f i n a l i z e d  
form of t h e  computed su rge  ou tpu t  corresponds 
with p r e s e n t  i e v e l i n g  of t i d e  gages and ob- 
served h igh  water marks. 

- 

Some low t e r r a i n  w i t h i n  New Orleans i s  below 
zero datum and is surrounded by l e v e e s .  The mod- 
e l  i n i t i a l l y  sets t h e  low t e r r a i n  d r y ,  even 
though the s u r f a c e s  of surrounding water bod ies  
are h ighe r  than t e r r a i n  h e i g h t .  The surrounding 
l e v e e s  p reven t  f l o o d i n g  i n t o  t h e  low t e r r a i n ,  un- 
less overtopped by a s u r g e .  

The g r i d  i s  too  coa r se  t o  r e s o l v e  B i l o x i  Bay, 
M i s s i s s i p p i .  When a p p l i c a b l e ,  however, one- 
dimensional f l o w  equa t ions  are a c t i v a t e d  t o  simu- 
l a te  s u r g e s  through t h i s  bay. 

The M i s s i s s i p p i  River i s  ignored ,  except f o r  
the l e v e e s  along each of i t s  s ldes  These l e v e e s  
act as barriers t o  overland t l o w .  L t  i s  p o s s i b l e  
f o r  a s u r g e  wave t o  t rave l  up t h e  Kiver between 
the two-sided l evee  s y s t e m ,  from the M i s s i s s i p p i  
Delta t o  Baton Rouge, Louisiana. Such f l o w  i s  
p r e s e n t l y  ignored i n  su rge  computations.  

The M i s s i s s i p p i  h v e r  Gulf Outlet Canal and the 
l n t r a c o a s t a l  Waterway are ignored.  These chan- 
n e l s  are important  f o r  long t e r m  e f f e c t s ,  but e m -  
p i r i c a l  experiments with t h e  SLOSH model show on- 
l y  minor effects dur ing  t h e  t r a n s i e n t  su rge  gene- 
r a t e d  by a t r o p i c a l  storm. 

Hurricane B e t s y ,  1965 

The most d e v a s t a t i n g  storm a f f e c t i n g  sou theas t -  
e r n  Louis iana i n  r e c e n t  t imes was Hurricane 
Betsy,  1965. The s torm t r a c k  p a r a l l e l e d  the 
M i s s i s s i p p i  Delta on the west s i d e ,  Fig. 21 .  
Be t sy ' s  t r a c k  and storm parameters were supp l i ed  
by t h e  a f i c e  of Hydrology ot the  Nat ional  
Weather Se rv ice .  Maximum winds of t he  s torm 
passed through the  v i c i n i t y  of the c i t y  oi New 
Orleans.  A s  t h e  storm made l a n d f a l l ,  t h e  
parameters were modified wi th  t i m e  according t o  
land s t a t i o n  obse rva t ions .  These modif i c a t i o n s  
are n e c e s s a r i l y  c o a r s e ,  even s u b j e c t i v e ,  because 
of t h e  skimpy d a t a  base.  Because of t he  s t o r m ' s  
l a r g e  s i z e ,  t he  t r a c k ,  l a n d f a l l  p o i n t ,  and storm 
s i z e  need not  be precise .  Tests w i t h  small  
changes i n  l a n d f a l l  p o i n t ,  s torm s i z e ,  and t r a c k ,  
a l l  w i th in  meteorological  accu racy ,  gave on ly  
small changes i n  the computed su rge .  The 
meteorology w a s  not  changed t o  g i v e  an op t ima l  
comparison of observed and computed su rges .  

The Pa r i shes  of C i t r u s  and New Orleans E a s L  
were f looded  i n  r e a l  l i f e ,  as we l l  as  the  no r th -  
e a s t e r n  p a r t  of New Orleans.  

- wk- 

klgure 21. Meteorological  i npu t  parameters f o r  
Hurricane be t sy  , 1965. 

34 



2 .  

I .  

c 
5 .  

G 

* .  C 

1 .  

I .  

e .  

I D  . 
11  . 
I 2  . 
I ,  . 
I. . 

L D  . 
I1 

I 7  . 
IS . 
,I . 

G 

20 . 
2 1  . 
22  10.6 

2 .  10.2 

1. ".. 
:I ..J 

?'I e.5 

R . I  

: I  l.D 

28 b.1 .. 
:Y h.6 ffi 

tu I,.< 
G 

I 
I. h.U 

I ..... 
T I  

Y "il  

57 E f T  

c 
3a " I T  

c 

4s . 
4" . 
. I  . 
.2 . 

3u . 
¶ I  . 
3 2  . 
5 3  . 
5. . 

IT 
1. 

5. 

1 ¶* . 
I 

Figure 190 An example of printed surge output from a computer line printer. 
hurricane 1s track is represented by the series of '$'-signs in the figure. 

The surge values are located at the center of the image squares shown in Fig. 17. 
The 
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Figure 20. An overlay to locate geographical features on an image plane, transfo-d from the polar grid as in Fig. 18. The coast, terrain contours, levees, 
roads, railroads, and spoil banks are positioned appropriately on this image plane. Barrier heights are also specified. Fbe 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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Figure 22. Contoured surface envelope of highest computed surges for Hurricane Betsy, 1965 and the extent of inundation. The contours are hand drawn from 
The Shaded area 

Tide and river gage maximum surges are shown within 
Fig. 19 with the Overlay, Fig. 20, placed over it. 
indicates inundation over land. 
circles: high water mark heights are shown within diamonds, 

The contours begin and terminate when the surge height reaches the local terrain height. 
Observed surge heights are also shown for comparision to computed values. 
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Figure 23. Comparison of observed and computed surge values at four gages for Hurricane Betsy, 1965. Gage 
Observed surges are shorn as solid lines; locations are shown in the upper right corner of the figure. 

dashed lines are used for the computed surge hydrographs. 
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Figure 22 d i s p l a y s  computed surge con tour s  f o r  
t he  envelope of h i g h e s t  s u r g e s .  The con tour s  
w e r e  hand-drawn on an o v e r l a y ,  based on p r i n t e d  
output  f rom t h e  SLOSH model, F igs .  19  and 20. 
The inundated t e r r a i n  i s  o u t l i n e d .  Measured 
high-water marks and maximum gage r ead ings  are 
shown on t h e  envelope f o r  v e r i f i c a t i o n .  AlLhough 
r e s u l t s  are f a r  f rom p e r f e c t ,  t hey  do ,  i n  gener-  
a l ,  correspond t o  o b s e r v a t i o n s  f o r  t h e  few s u r g e  
obse rva t ions  over  t e r r a i n .  Landward from the  sea 
the  s u r g e  drops i n  some cases and rises i n  o t h e r  
cases. 

The l e v e e  e l e v a t i o n s  f o r  New Orleans i n  1965 
were supp l i ed  by t h e  Corps of Engineers ,  New O r -  
l e a n s  Dis t r ic t .  For real-time f o r e c a s t i n g ,  pre-  
s e n t  day e l e v a t i o n  are used.  For such h indcas t -  
inti, r u n s ,  h i s t o r i c a l  e l e v a t i o n s  were used.  
Empirical  computations wi th  p r e s e n t  l evee  e l eva -  
t i o n s  imply t h e  P a r i s h e s  of New Orleans,  C i t r u s  
and New Orleans East would no t  be overtopped by 
Hurricane Betsy assuming, of cour se ,  t he  l e v e e s  
do no t  break.  

Figure 23 compares computed and observed* 
t ime-his tory s u r g e s  f rom gage r ead ings  (Corps of 
Engineers ,  1965). Notice t h e  i n i t i a l  v a l u e s  i n  
and nea r  Lake Pon tcha r t r a in  are h ighe r  than the  
B i l o x i ,  M i s s i s s i p p i  gage. The computed cu rves  
agree q u a l i t a t i v e l y  wi th  t h e  observed,  but w i t h  
amplitude d i f f e r e n c e s .  i n t r o d u c t i o n  of r a i n  as a 
source i n  t h e  c o n t i n u i t y  equa t ion  and r i v e r  f l o w  
i n t o  Lakes Pon tcha r t r a in  and Borgne does no t  
change t h e  cu rves  s i g n i f i c a n t l y .  Astronomical 
t i d e  does have a s m a l l  e f f e c t  , e s p e c i a l l y  f o r  
f l o w  through p a s s e s ,  but w a s  n o t  included i n  t h e  
model a t  t h i s  t i m e .  

Gage o b s e r v a t i o n s  show a su rge  wave t r a v e l i n g  up 
t h e  M i s s i s s i p p i  River between t h e  two-sided l evee  
system. These are n o t  d i s p l a y e d  s i n c e  t h i s  river 
flow is n o t  w i t h i n  t h e  p r e s e n t  province of  t h e  
su rge  model. 

Hurricane C a m i l l e ,  1969 

C a m i l l e  w a s  one of t h e  most powerful h u r r i c a n e s  
l a n d f a l l i n g  on the  United S t a t e s .  It produced a 
measured, record surge of over  24 f t  on the M i s -  
s i s s i p p i  c o a s t .  h r i n g  and a f t e r  l a n d f a l l ,  t h e  
storm parameters  are n o t  known with s u f f i c i e n t  
p r e c i s i o n  t o  f u l l y  v e r i f y  any s u r g e  model. The 
storm pa rame te r s ,  used as i n p u t  i n t o  t h e  SLOSH 
model, are i l l u s t r a t e d  on Fig.  2 4 .  The cho ice  of 
pa rame t r i c  v a l u e s  a f t e r  l a n d f a l l  i s  s u b j e c t i v e  
but guided by l i m i t e d ,  a v a i l a b l e  d a t a .  The t r a c k  
of t h e  s to rm dur ing  l a n d f a l l  w a s  erratic. There 
was a double  eye s t r u c t u r e  be fo re  l a n d f a l l  which 
coalesced a f t e r  l a n d f a l l .  The s torm was excep- 
t i o n a l l y  small  j u s t  b e f o r e ,  du r ing  and immediate- 
l y  af ter  l a n d f a l l .  During the  SLOSH model r u n s ,  
t h e  c e n t r a l  p r e s s u r e  held more o r  less cons t an t  
over t h e  Gulf of Mexico, but  d r a s t i c a l l y  f i l l e d  
inpnediately a f te r  l a n d f a l l .  A t r a c k  f o r  iowest  
p r e s s u r e  may have been t o  the  west of S t .  Louis 
Bay, M i s s i s s i p p i ,  but observed r ada r  obse rva t ions  
p l ace  t h e  h u r r i c a n e ' s  l a n d f a l l  t o  t he  east of t h e  
bay. 

* 
The publ ished West End gage obse rva t ions  

were c o r r e c t e d  by t h e  Corps Of Engineers ,  New O r -  
l e a n s  Dis t r ic t ;  pe r sona l  correspondence. 
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Figure 24.  Meteorological  i npu t  f o r  Hurricane 
C a m i l l e ,  1969. The p r e s s u r e  drops and storm 
s i z e s  are approximated from Fig.  2 4 .  

We do not know p r e c i s e l y  the  r a t e  of f i l l i n g  
f o r  c e n t r a l  p re s su re  a f t e r  l a n d f a l l .  Nor do we 
know the  s t o r m ' s  s i z e  o r  t r a c k  a t  l a n d f a l l .  Such 
imprecis ion p r e s e n t s  a major handicap with small 
s i zed  s to rms ,  s i n c e  s m a l l  e r r o r s  i n  t r a c k ,  s torm 
s i z e  and c e n t r a l  p re s su re  l e a d  t o  s i g n i f i c a n t  
e r r o r s  i n  su rge  g e n e r a t i o n ,  e s p e c i a l l y  i n s i d e  
bays. Our cho ice  of storm parameters  f o r  Camille 
w a s  n o t  p red ica t ed  on a good comparison between 
computed and observed su rges .  I n s t e a d ,  w e  r a n  
the SLOSH program, as users  would d o ,  w i th  
imprecise meteorological  d a t a .  Such runs  h e l p  t o  
a le r t  u s e r s  of su rge  models no t  t o  expec t  precise  
surge comparisons with oversimplif  i e d  , imprecise  
meteorological  i npu t  d a t a .  We cou ld ,  of cour se ,  
have chosen an a l t e r n a t e  s e t  of parameters--well 
w i th in  me teo ro log ica l  accuracy--to g i v e  a b e t t e r  
comparison of computed and observed su rges  € o r  
C a m i l l e .  

We chose s torm S i z e  as a f u n c t i o n  of t ime ,  l a y i n g  
between t h e  double wind maxima of Camille t h a t  are 
shown i n  Ho e t  a l .  (1975).  We have experimented 
with "double eyed" Storm parameters y i e l d i n g  two 
wind maxima. From t h e s e  formulat ions we obtained 
b e t t e r  r e s u l t s .  However, i t  i s  doub t fu l  t h a t  such 
storm parameters  could be f o r e c a s t  w i th  r e a l i s m .  
For  C a m i l l e ,  w e  changed t h e  c e n t r a l  p r e s s u r e  
d r a s t i c a l l y  w i t h  t i m e  af ter  l a n d f a l l  fo l lowing  
Schwerdt, e t .  a l ,  1979. Landfa l l  was assumed t o  
t h e  ea s t  of S t .  Louis Bay, M i s s i s s i p p i ,  based on 
r ada r  f i x e s .  The computed su rge  i n s i d e  t h e  bay i s  
h i g h l y  s e n s i t i v e  t o  bo th  l a n d f a l l  p o i n t  and storm 
s i z e .  

Figure 25  compares the  computed surge envelope 
of h ighes t  waters t o  surge obse rva t ions  f o r  
Camille (Corps OL Engineers ,  1970). Compared t o  
o b s e r v a t i o n s ,  t he  computed su rges  t o  the  r i g h t  of 
l a n d f a l l  are g e n e r a l l y  h igh ;  t o  t he  l e f t ,  general-  
l y  low. A s h i f t  i n  storm t r a c k  t o  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 F i g .  22. 
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Figure 26. Comparison of observed and computed surge values at six gages for Hurricane Canille, 1969. Gage 
Observed surges are shown as solid lines; locations are shown in the center right insert of the figure. 

dashed lines are used for the computed surge hydrographs. 
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Figure 27. A p l a n e ,  p o l a r  coord ina te  system (shown i n  a Mercator p r o j e c t i o n ) ,  
t angen t  t o  t h e  e a r t h  a t  t h e  e a s t e r n  t i p  of Sanibel  I s l a n d ,  F l o r i d a .  The g r i d  
encompasses C h a r l o t t e  Harbor,  F l o r i d a .  

g i v e  a b e t t e r  comparison. S i m i l a r l y ,  changes i n  
storm s i z e  and p r e s s u r e ,  and the  impos i t i on  of a 
storm model w i th  a double-eye s t r u c t u r e  o r  two 
maxima winds would improve these  comparisons. 
Over and a c r o s s  S t .  Louis Bay, M i s s i s s i p p i ,  t h e  
computed s u r g e s  appear o v e r l y  l a r g e .  This may 
r e s u l t  f rom a f a u l t  of t h e  inunda t ion  procedures  
i n  t h e  SLOSH model o r  t h e  s torm model w i th  s m a l l  
s i zed  s to rms ,  from imprecise  me teo ro log ica l  i n p u t  
parameters o r  even from inadequate  su rge  measure- 
ments. Throughout t h e  b a s i n ,  t he  su rge  compares 
w e l l  q u a l i t a t i v e l y  with o b s e r v a t i o n s .  A l s o ,  t h e  
g r a d i e n t  of observed su rges  a c r o s s  t h e  b a s i n  i s  
q u a i i t a c i v e l y  c o r r e c t .  Only a c r o s s  S t .  Louis Bay 
are t h e  ampli tudes e x c e p t i o n a l l y  i n a c c u r a t e .  It 
is  worth no t ing  how neighboring su rge  observa- 
t i o n s  can d i f f e r .  Such v a g a r i e s  are a guide f o r  
the confidence t o  be  placed on i s o l a t e d  observa- 
t i o n s .  

Figure 26 compares hydrographs of computed 
su rges  wi th  gage o b s e r v a t i o n s .  There i s  good 
agreement i n  a q u a l i t a t i v e  sense but  t h e  ampli- 
t udes  are off . The ampli tudes could be f o r c e d  
i n t o  b e t t e r  agreement by a l t e r i n g  s torm parame- 
ters and s torm track--well w i t h i n  me teo ro log ica l  
accuracy. We make no such a d j u d i c a t i o n .  

Surges over  C h a r l o t t e  Harbor. F l o r i d a .  Usine a 
Polar  Grid 

Figure 27 i l l u s t r a t e s  t h e  geograph ica l  place-  
ment of t h e  SLOSH p o l a r  g r i d  f o r  t h e  C h a r l o t t e  

Harbor,  F l o r i d a  b a s i n .  The p l ane  of t h e  g r i d  i s  
tangent  t o  t h e  e a r t h  a t  the  e a s t e r n  t i p  of 
Sanibel  I s l a n d .  The g r i d  spacing i s  1.5 miles a t  
the tangent  po inc ,  dec reas ing  t o  0.7 miles i n  t h e  
d i r e c t i o n  of t h e  p o l a r  o r i g i n  and expanding t o  
4.2 m i l e s  i n  t h e  Gulf.  

For convenience,  t he  p o l a r  g r i d  i s  transformed 
t o  an image p l ane  with equa l  g r i d  spacing f o r  
p r i n t e r  o u t p u t .  A c o l o r e d ,  t r a n s p a r e n t  o v e r l a y ,  
Fig.  2 8 ,  d i s p l a y s  va r ious  map f e a t u r e s  f o r  c h i s  
b a s i n ,  i nc lud ing  in l and  t e r r a i n  con tour s .  The 
ove r l ay  i s  used t o  o r i e n t  t h e  u s e r  and a s c e r t a i n  
the e x t e n t  of i n l a n d  f l o o d i n g .  

A d e f i n i t i v e  comparison of i n l and  inunda t ion  
along the  southwest F l o r i d a  c o a s t  w i th  SLOSH 
f o r e c a s t  va lues  i s  d i f f i c u l t .  Southwestern 
F l o r i d a ' s  t e r r a i n  i s  c h a o t i c  and d i f f i c u l t  t o  
r e p r e s e n t  by SLOSH bas in  d a t a .  Much of t h e  
c o a s t a l  area i s  covered by dense mangroves. The 
e f f e c t s  of mangroves are inco rpora t ed  i n t o  t h e  
SLOSH model by dec reas ing  the  stress l i n e a r l y  
from t h e  base t o  t he  t o p  of: mangroves. I n  
a d d i t i o n  t o  having problems with the  p h y s i c a l  
d e s c r i p t i o n  of t he  area,  documented surge 
obse rva t ions  are s p a r s e .  

Hurricane Donna. 1960 

Hurricane Donna, 1960, w a s  a powerful , v a c i l l a t -  
ing s torm a f f e c t i n g  the southwest F l o r i d a  c o a s t .  
It a f f e c t e d  the  c o a s t  and i n l a n d  t e r r a i n  sou th  of 
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Figure 28. An overlay for the Charlotte Harbor, Florida, SWSE baaln, similar to Fig. 20. 
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Char lo t t e  Harbor, but not  much of t h e  harbor  
i t s e l f .  

Figure 29 shows Donna's t r a c k  (Conover, 1961) ,  
along with s torm parameters determined by Ho 
(pe r sona l  communication). The s torm t r a c k  IS a 
"best-f i L * '  f rom rev i sed  r ada r  f i x e s .  The s torm 
parameters were f l e s h e d  ou t  i n  i d e a l i z e d ,  
continuous form from i s o l a t e d  meteorological  
obse rva t ions .  The r a d i u s  of maximum winds was 
a r b i t r a r i l y  es t imated t o  be 5 m i l e s  l a r g e r  t han  
the o p t i c a l  eye r a d i u s .  There may w e l l  have been 
s i g n i f i c a n t  o s c i l l a t i o n s  of s torm motion 
superimposed on t h i s  "best-f i t"  t r a c k .  Also,  
more r a p i d  changes i n  s torm parameters than 
those i l l u s t r a t e d  i n  Fig.  29 may have occurred 
due t o  land e f f e c t s .  

Figure 29. 
Hu r r i c ane 

1800\ 

Meteorological  i n p u t  parameters f o r  
Donna, 1960. 

The t r a c k  was c l o s e  t o ,  and p a r a l l e l e d ,  the 
southwest F l o r i d a  c o a s t .  Storm s i z e  va r i ed  from 
small t o  moderate,  Such a s i t u a t i o n  i s  demanding 
oi any su rge  model s i n c e  small changes i n  t r a c k  
and storm s i z e  g i v e  s i g n i f i c a n t  changes i n  su rge  
computations as well as t h e  p o s i t i o n  of s u r g e s .  
However, such a s i t u a t i o n  enab le s  a modeler t o  
b i a s  t r a c k  and s torm parameters  f o r  a n  i d e a l  v e r i -  
f i c a t i o n .  We r a n  t h e  SLOSH program with t h e  
" b e s t - f i t ' '  track and s torm parameters ,  i n  t h e  
b l i n d ,  as u s e r s  would do wi th  imprecise  meteoro- 
l ogy ,  r a t h e r  than t r y i n g  t o  opt imize the v e r i f i c a -  
t i o n  agreement. 

Fig.  30 i s  t h e  su rge  envelope of h ighes t  comput- 
ed su rges  f o r  t h e  s torm of Fig.  29. The su rge  
contours  were drawn on an o v e r l a y ,  l a i d  a t o p  
SLOSH su rge  o u t p u t .  Some high-water marks and 
one gage reading are shown on t h e  envelope f o r  
v e r i f i c a t i o n .  The v e r i f i c a t i o n  corresponds i n  
gene ra l  t o  o b s e r v a t i o n s .  Landward from the G u l f ,  
t h e  su rge  drops i n  some areas and rises i n  
o t h e r s .  Notice how some neighboring water marks 
d i f f e r  . This aga in  i s  an i n d i c a t i o n  of confi-  
dence f o r  i s o l a t e d  observat ions.  

* 
The maximum surge contour  of 1 5  f e e t  , east 

of Cape Romano near  26"N, i s  s e n s i t i v e  t o  t r a c k  
and storm s i z e .  A small track o s c i l l a t i o n  about 
the Cape, a change i n  storm s i z e ,  o r  both can 
d r a s t i c a l l y  change and r e p o s i t i o n  t h e  computed 
surge.  East of t h e  Cape, t he  few in l and  high- 
water marks are about 2-3 f e e t  lower than t h e  
computed v a l u e s .  We can no t  s ay  d e f i n i t i v e l y  
whether t he  computations are too high because of 
inadequate mangrove t r ea tmen t ,  imprecise  t r a c k  
and s torm parameters ,  inadequate  inundat ion 
procedures o r  t h e  q u a l i t y  of obse rva t ions .  The 
6 . 2  f t  measurement east of Cape Romano i s  about  
one inch  above a conc re t e  apron. Such h i g h  water 
marks are of ques t ionab le  accuracy and probably 
do n o t  r e p r e s e n t  t h e  su rge  as would a t i d e  gage. 

From Cape Romano t o  26"20'N, t he  computed 
su rges  are s l i g h t l y  lower rhan obse rva t ions .  
Again, t h e  cause f o r  t h i s  disagreement i s  n o t  
known. 

The i s o l a t e d  3 . 6  f o o t  high-water mark, near  the 
en t r ance  t o  t h e  Peace River i s  unexplained by t h e  
SLOSH computations.  

a. Surges f o r  Galveston Bay, Texas, Using a 
Polar Grid 

Figure 31  shows t h e  placement of t h e  SLOSH po- 
lar  g r i d  f o r  Galveston Bay, Texas. The plane of 
the g r i d  i s  t angen t  t o  the  e a r t h  a t  t h e  e n t r a n c e  
to  the  bay. The g r i d  spacing i s  1.5 miles a t  t h e  
tangent  p o i n t  and dec reases  t o  0.7 m i l e s  a t  t h e  
the g r i d  squares  n e a r e s t  t he  po le  p o i n t .  The 
g r i d  expands t o  3.4 miles i n  the  Chlf of Mexico. 

For p r i n t e r  output  purposes ,  t he  p o l a r  g r i d  i s  
transformed onto an image plane with equa l  g r i d  
spacing.  A colored t r a n s p a r e n t  o v e r l a y ,  Fig.  32, 
d i s p l a y s  va r ious  map f e a t u r e s  inc lud ing  in l and  
t e r r a i n  con tour s .  The o v e r l a y  o r i e n t a t e s  t h e  
use r  and a i d s  him i n  d e l i n i a t i n g  in l and  f l o o d i n g  
when used with SLOSH computer o u t p u t .  

Two deep water passes connecting water bodies  
are s imulated with t h e  fo l lowing  phys ica l  speci-  
f i c a t i o n s :  

mean d e p t h  
below NGVD mean width l eng th  

Galveston Channel 30 f t  1250 f t  4.5 m i  
Sabine Pass 25 f t  2400 f t  7.5 m i .  

Levee systems and t h e i r  e l e v a t i o n s  shown i n  
Fig.  3 2 ,  surrounding Texas C i t y ,  Texas and Free- 
p o r t ,  Texas were assembled from d a t a  supp l i ed  by 
the  Corps of Engineers ,  Galveston District .  
Other bas in  f e a t u r e s  and e l e v a t i o n s  were ex- 
t r a c t e d  from NOS marine and storm evacuat ion 
c h a r t s  and from USGS topographic c h a r t s .  

The t e r r a i n  northwest of Galveston Hay has  been 
subs id ing  through the  years, and topographic 

* 
The Nat ional  Hurricane Center l a t e r  consid- 

ered in l and  meteorological  d a t a  and r ev i sed  t h e  
t r a c k  of Fig.  27 t o  l i e  3 miles east  of Cape 
Romano with a smaller r a d i u s  of maximum winds. 
Computing with the  r ev i sed  track, the  maximum 
surge contour  was 12 fee t  with corresponding 
changes nearby. Elsewhere, t h e  computed s u r g e s  
were no t  a f f e c t e d .  
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Figure 31. A p l a n e ,  p o l a r  coord ina te  system f o r  Galveston Bay, Texas dep ic t ed  
on a Mercator c h a r t .  The g r i d  i s  Langent t o  t h e  e a r t h  a t  t h e  e n t r a n c e  of 
Galveston,  Bay, Texas. 

maps, i f  n o t  c o r r e c t e d  by r e c e n t  s u r v e y s ,  may be 
s e r i o u s l y  i n  e r r o r .  For v e r i f i c a t i o n  r u n s ,  t h e  
SLOSH t e r r a i n  e l e v a t i o n s  and su rge  o b s e r v a t i o n s  
correspond t o  t h e  survey n e a r e s t  t o  t h e  t i m e  of 
t he  h u r r i c a n e .  For f u t u r e  o p e r a t i o n a l  f o r e c a s t -  
i n g ,  t h e  l a tes t  t e r r a i n  e l e v a t i o n s ,  a d j u s t e d  f o r  
t h e  1973 su rvey ,  are used .  E leva t ions  between 
1959-1973 have subsided as much a s  6 f e e t  no r th -  
w e s ~  of t h e  bay. Topographic maps, a d j u s t e d  f o r  
t he  1973 su rvey ,  exis t  f o r  o n l y  p o r t i o n s  of 
t e r r a i n  surrounding the  bay. Bathymetry f o r  t h e  
bay has  n o t  been sounded t o  correspond t o  t h e  
1973 survey.  Ad-hoc adjustments  were made f o r  
the o p e r a t i o n a l  b a s i n ,  r e l a t i v e  t o  nearby,  
measured land subsidence.  

Although F reepor t  and Sabine Lake, Texas are i n -  
cluded i n  t h e  Galveston Bay b a s i n ,  they are pos i -  
t ioned too c l o s e  t o  computat ional  boundar i e s ,  
Fig.  31 .  Computed r e s u l t s  are suspec t  i n  such 
areas. Lf t h e  s torm l a n d f a l l s  i n  t h e  v i c i n i t y  of 
e i ther  b a s i n  boundary, nearby computed s u r g e s  are 
suspec t .  

The 1949 Hurr icane 

The 1949 s torm made l a n d f a l l  t o  t h e  w e s t  of  G a l -  
ve s ton  Bay near F r e e p o r t ,  Texas. The i n p u t  t r a c k  
and me teo ro log ica l  parameters  are based on Graham 
and Hudson (1960)  su r round ing  l a n d f a l l .  The re-  
mainder o f  t h e  i n p u t  t r a c k  w a s  f l e s h e d  o u t  t o  
72 hour s  of  t o t a l  t r a c k  from a g r o s s  t r a c k  a n a l y s i s  
(Neumann e t  a l . ,  1978) .  

The s torm parameters  were held c o n s t a n t  up t o  

l a n d f a l l  time. Af t e r  l a n d f a l l ,  t h e  s torm was sub- 
j e c t i v e l y  allowed LO weaken s l i g h t l y  and dec rease  
i n  s torm s i z e .  Small changes i n  l a n d f a l l  p o i n t ,  
s torm s i z e ,  o r  b o t h ,  change t h e  computed ampli- 
tude and r e p o s i t i o n  t h e  h i g h e s t  s u r g e s  i n s i d e  t h e  
bay. 

- 

Hand-drawn con tour s  of t h e  h ighes t  computed 
su rge  f o r  t h e  1949 storm are displayed i n  
Fig.  33 .  The inundated t e r r a i n  i s  o u t l i n e d .  For 
v e r i f i c a t i o n ,  measured high-water marks and m a x i -  
mum gage readings* are l o c a t e d  on t h i s  d i s p l a y .  
V e r i f i c a t i o n  f o r  t h e  computed envelope co r re -  
sponds q u a l i t a t i v e l y  t o  obse rva t ions .  Landward 
from t h e  sea, t h e  computed su rge  drops I n  some 
areas, rises i n  o t h e r  areas. Better r e s u l t s ,  of 
cour se ,  could be obtained by a l t e r i n g  the  t r a c k ,  
storm s i z e ,  and c e n t r a l  p r e s s u r e  of t h e  s to rm,  
a l l  w i th in  a n a l y s i s  e r r o r  o r  accuracy w i t h  t h e  
a v a i l a b l e  me teo ro log ica l  d a t a .  No a t t empt  w a s  
made t o  op t imize  t h e  s torm c h a r a c t e r  w i th in  meteo- 
r o l o g i c a l  accuracy f o r  b e t t e r  r e s u l t s .  Lnstead, 
t he  program was run i n  the  t h e  same mode as u s e r s  
would d o ,  u s i n g  imprecise me teo ro log ica l  d a t a .  

Hurricane Carla. 1961 

Carla was a n  e x c e p t i o n a l  storm. It was power- 
f u l ,  l a r g e ,  slow moving and meandering. For sev- 
eral  days before  and up t o  l a n d f a l l ,  i t  generated 
su rges  a long t h e  e n t i r e  Texas c o a s t  and as f a r  

* 
Personal  correspondence, Corps of Engineers ,  

Galveston Di s t r i c t .  
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Figure 30. Computed and observed surge he ights  for Hurricane Donna, 1960, in the Charlotte Harbor SLOSH basin,  similar to F i g .  22. 
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Carla, 1961 

I osai  
I 

F i g u r e  3 4 .  Meteoro log ica l  i n p u t  pa rame te r s  f o r  
Hur r i cane  Carla,  1961 . 

east as t h e  F l o r i d a  panhandle .  No o t h e r  l a n d f a l l -  
i n g  s to rm has  a f f e c t e d  such  a long  c o a s t l i n e  f o r  
such  a l o n g  p e r i o d  of time. 

Carla's t r a c k  and s to rm parameters  have been 
ana lyzed  (Ho and Miller, 1982) .  Th i s  work i s  a 
s p e c i a l  a n a l y s i s  t o  a s c e r t a i n  an i n p u t  t r a c k ,  f o r -  
ward s to rm speed ,  and i n p u t  m e t e o r o l o g i c a l  d a t a  
va ry ing  w i t h  t i m e ,  F ig .  3 4 .  The s to rm moved er- 
r a t i c a l l y  ove r  t h e  Gulf w i t h  an  ave rage  speed of 
less t h a n  10  mph. A t  times, Carla remained near -  
l y  s t a t i o n a r y .  The p r e s s u r e  d r o p  of t h e  s to rm 
changed s u b s t a n t i a l l y  af ter  l a n d f a l l .  The s to rm 
s i z e  changed s u b s t a n t i a l l y  b e f o r e ,  d u r i n g ,  and af - 
ter l a n d f a l l .  The i n p u t  t r a c k  and s to rm parame- 
ters are s u b j e c t i v e l y  smoothed v e r s i o n s  of n o i s y  
and s p a t i a l l y  d i s t r i b u t e d  d a t a .  An a t t e m p t  was 
made t o  f i t  t h e  d a t a  f o r  a b e s t  l a n d f a l l  p o s i t i o n  
as w e l l  as a b e s t - f i t  t rack.  

The s t o r m  d i d  n o t  t r a v e r s e  t h e  i n t e r i o r  of t h e  
model b a s i n .  I n s t e a d ,  i t  made l a n d f a l l  about  
120 miles southwes t  of t h e  e n t r a n c e  t o  Galves ton  
Bay. Such a t r a c k  w i l l  no t  normal ly  g e n e r a t e  
l a r g e  s u r g e s  i n s i d e  most bays.  However, t h e  
s t r e n g t h ,  s i z e ,  and c h a r a c t e r  of Carla, as w e l l  
as s u r g e  r e sponse  i n s i d e  t h e  wes te rn  G u l f ,  are un- 
u s u a l  e x c e p t i o n s .  

The d r i v i n g  f o r c e s  a c r o s s  t h e  bay are a t  t h e  
p e r i p h e r y  of t h e  s t o r m ,  w e l l  away f rom t h e  
s t o r m ' s  c o r e .  The s to rm model was n o t  des igned  
f o r  u s e  i n  such  c o n d i t i o n s  and may be inadequa te  
t h e r e .  No s t o r m  model i s  l i k e l y  t o  g e n e r a t e  
adequate  d r i v i n g  f o r c e s  a t  t h e  p e r i p h e r y  of a 
t r o p i c a l  s torm.  Background s y n o p t i c ,  d r i v i n g  
f o r c e s  f r o m  o t h e r  m e t e o r o l o g i c a l  sys tems over -  
whelm t h e  wind model r e s u l t s  i n  t h e s e  areas. A t  
t h e  b a s i n ' s  open boundary n e a r e s t  t o  t h e  s to rm 
t r a c k ,  t h e  d r i v i n g  f o r c e s  are s t r o n g e r  than  i n  

o t h e r  r e g i o n s  of t h e  model b a s i n .  This  i s  
p r e c i s e l y  where boundary computa t ions  may be 
inadequa te .  For v e r i f i c a t i o n  w e  d i d  no t  u s e  
'af t e r - the -even t  ' analyzed  wind f i e l d s ,  
Hurr icane  Carla p r e s e n t s  an  extreme tes t  f o r  any 
su rge .  moael. 

l n s i d e  t h e  bay,  t h e  o b s e r v e d ,  moderate s t r e n g t h  
winds v a r i e d  o n l y  s l i g h t l y  i n  space  exc lud ing  t h e  
nea r  s h o r e  r e g i o n s .  Temporal changes were s low 
preceeding  l a n d f a l l .  For such changes ,  t h e  
s u r g e s  i n s i d e  t h e  bay are s e n s i t i v e  no t  o n l y  t o  
coastal .  s u r g e s  gene ra t ed  a t  the  b a y ' s  e n t r a n c e  
but a l s o  t o  t h e  g r a d u a l l y  va ry ing  s torm d r i v i n g  
f o r c e s  a c r o s s  t h e  bay. Almost t h e  e n t i r e  bay was 
g r a d u a l l y  and c o n t i n u o u s l y  e l e v a t e d  u n t i l  l and -  
f a l l ,  t hen  receded g r a d u a l l y  a f t e r  l a n d f a l l .  For 
Carla, a long  real- time run b e f o r e  l a n d f a l l  i s  
r e q u i r e d  t o  g e n e r a t e  t h i s  s i g n i f i c a n t  volume of 
water i n s i d e  t h e  bay. 

The observed water e l e v a t i o n s  a long  t h e  no r th -  
west Gulf Coast remained s i g n i f i c a n t l y  above t h e  
monthly mean water l e v e l  even though t h e  observed 
winds were weak f o r  s e v e r a l  days  p r i o r  t o  l and-  
f a l l .  Gage r e a d i n g s  d u r i n g  o t h e r  h i s t o r i c a l  
s torms  show t h e  same s u r g e  phenomena a t  Galves ton  
Say and a long  t h e  su r round ing  c o a s t .  

Seve ra l  days  b e f o r e  and a f t e r  t h e  h u r r i c a n e ,  wa-  
ter l e v e l s  were approx ima te ly  equa l  t o  t h e  month- 
l y  mean water l e v e l .  For s e v e r a l  days  b e f o r e  
l a n d f a l l ,  water l e v e l s  s lowly  r o s e  t o  l e v e l s  
s i g n i f i c a n t l y  above t h e  monthly mean. Af ter  t h e  
s t o r m ' s  pas sage ,  wacer l e v e l s  s lowly  receeded t o  
approximate ly  t h e  monthly mean l e v e l .  Within 
t h i s  t a p e r i n g  p e r i o d ,  t h e  water l e v e l s  were 
quas i - s t eady  s t a t e  f o r  l ong  d u r a t i o n s .  This  was 
e s p e c i a l l y  t r u e  a long  t h e  no r thwes t  c o a s t  of t h e  
Gulf and t h e  co r re spond ing  i n l a n d  water bod ies .  
Gene ra l ly ,  t h e  d i f f e r e n c e s  above t h e  monthly mean 
dur ing  t h e  t a p e r i n g  p e r i o d s  are n o t  l a r g e ,  but 
f o r  a l a r g e ,  Ca r l a - type  s t o r m ,  they  can exceed 
2 f e e t .  

This  phenomena can be a s c r i b e d  t o  t h e  semi- 
c i r c u l a r  shape of t h e  wes te rn  Gulf ; e .g . ,  t h e  
bu i ldup  of a quas i - s t eady ,  s t a n d i n g  wave and 
water s t o r a g e  when a s to rm l i e s  i n  t h e  middle  of 
t h e  Gul f .  With a l i m i t e d  area b a s i n  having no 
i n p u t  boundary v a l u e s  and the  s u r g e  program run 
t o r  o n l y  a l i m i t e d  time d u r a t i o n ,  t h e  model 
cannot  r e a d i l y  spin-up t o  a proper  i n i t i a l  s t a t e  
if t h e  monthly mean water l e v e l  is used as i n p u t  
d a t a .  

The SLOSH program a u t o m a t i c a l l y  i n i t i a l i z e d  t h e  
Carla s to rm 60 hour s  b e f o r e  l a n d f a l l .  However, a 
u s e r  of t h e  SLOSH model does  n o t  know t h e  i n i t i a l -  
i z a t i o n  t i m e  when he submi ts  t h e  program. He a l -  
ways i n p u t s  observed t i d e  gage v a l u e s  ( l e s s  a s t r o -  
nomical t i d e )  48 hours  b e f o r e  l a n d f a l l .  Usual ly ,  
t h e  f o r e c a s t e r  submi ts  t h e  program 24 hours  o r  
less b e f o r e  l a n d f a l l ,  and knows t h e  a c t u a l  t r a c k  
and s to rm parameters  up t o  submiss ion  t i m e .  From 
48-60 hour s  b e f o r e  l a n d f a l l ,  a l l  t i d e  gages  i n  
Galves ton  Bay and su r round ing  c o a s t s  were r e a d i n g  
over  3 f e e t  above NGVD w i t h  a s t r o n o m i c a l  t i d e  
removed. The change i n  gage r e a d i n g s  d u r i n g  t h i s  
1 2  hour  pe r iod  was small. The monthly mean water 
e l e v a t i o n  about  Galves ton  Bay was 1 t o  1 .5  f e e t .  
To cor respond t o  u s e r ' s  methodology,  we chose  a 
3 f o o t  i n i t i a l  water h e i g h t  above NGVD f o r  i n p u t  
a c r o s s  t h e  e n t i r e  model b a s i n .  The e n t i r e  b a s i n  
was assumed t o  be 3 f e e t  above NGVD a t  
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i n i t i a l i z a t i o n  t i m e ;  no d a t a  are a v a i l a b l e  t o  
v e r i f y  t h i s  assumption. 

Despite t h e  many p o s s i b l e  o b j e c t i o n s  t o  Carla' s 
SLOSH s i m u l a t i o n  w i t h i n  t h e  Galveston Bay b a s i n ,  
t h e  SLOSH model computes some u s e f u l  surge 
v a l u e s ,  Fig.  35 and 36. The computred su rges  are 
a l l  low t o r  September 12.  This may be due i n  
p a r t  t o  an inadequacy of t h e  s torm wind model. 
The wind model treats the  s torm as a series of 
s t e a d y  s ta te  c o n d i t i o n s  w i t h  t i m e .  J u s t  b e f o r e  
and a f t e r  l a n d f a l l  (1400 CST, 11 S e p t ) ,  t he  
s to rm ' s  c o r e  c o n t i n u a l l y  decreased i n  i n t e n s i t y  
and s i z e  w i t h  t i m e .  The model s torm assumes 
changes occur  s imultaneously throughout t h e  
e n t i r e  storm. It i s  doub t fu l  i f  changes a t  t h e  
s to rm ' s  c o r e  are r e f l e c t e d  immediately a t  t h e  
s t o r m ' s  per iphery.  The s t o r m ' s  l a n d f a l l  p o i n t  i s  
o u t s i d e  t h e  model b a s i n ;  Galveston Bay i s  l o c a t e d  
on the  pe r iphe ry  at t h e  storm. 

The observed surge r e c o r d s  ( 7 2  hours)  have re- 
s i d u a l  o s c i l l a t i o n s  due t o  as t ronomical  t i d e .  
However, t h e  d u a l  peaks du r ing  September 11 may 
be due t o  t h e  s t o r m ' s  s t a l l i n g  motions i n  t h e  
Gulf of Mexico. Astronomical t i d e  i s  n o t  set i n  
the  model. For NOS gages, t h e  p red ic t ed  a s t r o -  
nomicai t i d e ,  w i t h  a range of about one f o o t  , w a s  
s u b t r a c t e d  from the  gage r ead ings .  For o t h e r  
gages,  t h e  a s t ronomica l  t i d e  remains i n  t h e  
r eco rd .  

Gage r eco rds  on r i v e r s  o r  along i n t r a c o a s t a l  wa- 
terways o f f e r  s p e c i a l  o p p o r t u n i t i e s  f o r  v e r i f i c a -  
t i o n .  Rivers  are por t r ayed  c o a r s e l y  i n  t h e  SLOSH 
model a t  t h i s  t i m e ,  wi thout  d e t a i l s  about t he  
width of t h e  r i v e r ' s  channel o r  i t s  depth.  This 
i s  t r u e  a l s o  f o r  waterways. Zn p a r t i c u l a r ,  a t  
H i - b l a n d ,  t h e  waterway i s  t r e a t e d  as d ry  t e r r a i n  
u n t i l  t h e  a r r i v a l  of i n l a n d  inunda t ion  from the  
sea. Here, t h e  computed su rge  r e s u l t s  f rom i n -  
land i n u n d a t i o n ,  n o t  waterway f low.  

The Brazor i a  and Texas C i t y  gages are l o c a t e d  
on a r i v e r  and c a n a l ,  both extending i n s i d e  an 
area bounded on both s i d e s  by a l e v e e  system. 
The gages are l o c a t e d  a t  t h e  head of t h e  r i v e r  
and c a n a l .  Since inunda t ion  d i d  not ove r top  t h e  
two-sided l e v e e s  of t h e  r i v e r  and c a n a l ,  t h e  com- 
puted su rges  a t  t h e  e n t r a n c e  t o  t h e  r i v e r  and ca- 
nal are compared w i t h  t h e  observed su rge  a t  t h e  
head of t h e  r i v e r  and c a n a l .  Surge l e v e l s  may be 
higher  a t  the heads than  a t  the e n t r a n c e s .  The 
e n t r a n c e  t o  Brazor i a  i s  l o c a t e d  on the  r i v e r  ba- 
s i n  on d r y  t e r r a i n ,  j u s t  i n  f r o n t  of t h e  encompas- 
s i n g  l e v e e  system of F r e e p o r t ,  Texas. 

l n s i d e  t h e  Houston s h i p  channe l ,  t h e  computed 
su rge  a t  Baytown i s  too low*. The peak su rge  oc- 
curred after s torm l a n d f a l l ,  when the  pe r iphe ry  
of t h e  s torm model may be inadequate .  A l so ,  t h e  
gage may r e f l e c t  a n  imprec i se  datum due t o  t h e  
s t r o n g l y  subs id ing  t e r r a i n  i n  t h e  r eg ion .  The 
high water marks, F ig .  35, i n  t h i s  r e g i o n  may be 
contaminated by t h i s  same l a c k  of a r e f e r e n c e  
datum. 

e. Overall SLOSH Accuracy 

Observed s torm su rge  h e i g h t s  were compared i n  
Fig.  37 t o  SLOSH computed va lues  f o r  h i s t o r i c a l  
storms i n  n i n e  d i f f e r e n t  b a s i n s .  A t o t a l  of 570 
surge o b s e r v a t i o n s  were included i n  t h i s  f i g u r e .  
These o b s e r v a t i o n s  were t aken  throughout areas 

a f f e c t e d  by t h e  surge--around i n l a n d  water bodies  
and over f looded  i n l a n d  t e r r a i n .  Weak s torms 
with i n s i g n i f i c a n t  surge p o t e n t i a l  were no t  
considered so as not  t o  compromise v e r i f i c a t i o n  
of che s i g n i f i c a n t  su rges .  

Before a SLOSH s imula t ion  wi th  a h i s t o r i c a l  
storm i s  performed, t h e  s t o r m ' s  t r a c k  i s  deter- 
mined as p r e c i s e l y  as p o s s i b l e .  Published " b e s t  
f i t "  t r a c k s  are f r e q u e n t l y  in su f f  i c i e n r l y  accu- 
rate t o  p inpo in t  a h u r r i c a n e ' s  t r a c k  and l a n d f a l l  
p o s i t i o n .  Even though a meticulous s t u d y  of 
a v a i l a b l e  me teo ro log ica l  d a t a  w i l l  of t e n  l e a v e  am- 
b i g u i t i e s  i n  t h e  a c t u a l  storm p o s i t i o n ,  t h i s  b e s t  
analyzed t r a c k  i s  used.  I n  a d d i t i o n  t o  the 
s t o r m ' s  t r a c k ,  an estimate i s  made, as p r e c i s e l y  
as t h e  d a t a  a l low,  f o r  t h e  h u r r i c a n e ' s  r a d i u s  of 
maximum wind and c e n t r a l  p r e s s u r e  as f u n c t i o n s  of 
t i m e  . 

Only h u r r i c a n e s  with adequate  o b s e r v a t i o n a l  da- 
t a  d e s c r i b i n g  the  s t o r m ' s  me teo ro log ica l  parame- 
ters and the  r e s u l t i n g  storm su rges  are used r o r  
v e r i f i c a t i o n  purposes .  Tide gage obse rva t ions  
are i n h e r e n t l y  more a c c u r a t e  than are high water 
marks. High water marks are b e s t  when they  are 
taken w i t h i n  a bu i ld ing  which acts as a t i d e  
g a g e ' s  s t i l l i n g  w e l l .  The bu i ld ing  then damps 
out wave a c t i o n .  Unfo r tuna te ly ,  most s t r u c t u r e s  
w i l l  over  o r  underdamp t h e  water l e v e l .  Often a 
dense c l u s t e r  of h i g h  water marks w i t h i n  a few 
r e s i d e n t i a l  blocks vary by more than +/-20%. 
Note a l s o  t h a t  t he  t i d e  gage d a t a  i n  Fig.  36 i s  
l i m i t e d  t o  lower observed va lues .  Tide gages f re- 
quen t ly  t o p  out  o r  f a i l  during a major su rge  
even t .  Only h i g h  water marks remain t o  d e s c r i b e  
the  upper v a l u e s .  V e r i f i c a t i o n  u s i n g  t i d e  gage 
d a t a  o n l y  w i l l  g e n e r a l l y  no t  c a p t u r e  the  s i g n i f i -  
c a n t ,  higher  s u r g e s .  

V e r i f i c a t i o n  wi th  h i g h  water marks along the  A t -  
l a n t i c  seaboard i s  complicated due t o  the  l a r g e  
t i d a l  amplitude.  Gene ra l ly ,  t h e  t i m e  of h i g h e s t  
surge i s  unknown, r e s u l t i n g  i n  t h e  t i d e s  being un- 
known a t  t h a t  t i m e .  Since astronomical  t i d e s  
have a small range along the  Gulf of Mexico and 
i n s i d e  Pamlico Sound, s torms t h e r e  were chosen t o  
avoid seve re  t i d a l  contamination of v e r i f y i n g  
high water marks o r  su rge  h e i g h t s .  Astronomical 
t i d e  w a s  removed from the  t i d e  gage o b s e r v a t i o n s  
whenever t i d a l  p r e d i c t i o n s  were a v a i l a b l e .  The 
l e v e l  of e r r o r  f o r  computed s torm su rge  h e i g h t s  

* 
A s p e c i a l  r u n ,  a l lowing crests of monochroma- 

t i c  wind waves t o  ove r top  barriers was a t t empted .  
The h e i g h t  of t h e  wind waves (surf ) along bar- 
riers w a s  assumed 50% of t h e  c o a s t a l  su rges .  
T h a t  i s ,  su rge  and crest h e i g h t  1.5 t h e  s u r g e  
he igh t  w i th  su rge  and t rough 0.5 t h e  su rge  
h e i g h t .  Only those  P o r t i o n s  of t h e  wind waves 
between barrier and crest  h e i g h t  were allowed t o  
overtop b a r r i e r s  The c o n d i t i o n s  f o r  wave 
overtopping are su rge  below b a r r i e r ,  o r  else 
su rge  p l u s  t rough  above b a r r i e r ,  The p e r i o d i c ,  
p u l s a t i n g ,  s h e e t  f l o w  a c r o s s  c o a s t a l  b a r r i e r s  
from wind wave, computed by elementary means, 
i nc reased  the  su rge  envelope i n  t he  bay about 
112 f o o t  on t h e  average and about 314 f o o t  i n  t h e  
s h i p  channel .  For o r d i n a r y  s torms wi th  much 
s h o r t e r  r e s idence  t i m e  i n  t he  b a s i n ,  t h e  envelope 
changes were much smaller. A t  t h i s  s t a g e  of 
model development, Overtopping of b a r r i e r s  by 
wind waves is no t  Considered. 
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Figure 35. Computed and observed surge heights for Burricane Carla, 1961 in the Galveston Bay SLOSB basin, similar to  Fig. 22. 
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Figure 37. Observed su rge  h e i g h t s  ve r sus  su rge  h e i g h t s  f o r e c a s t  by t he  SLOSH 
model f o r  n ine  s torms i n  n ine  b a s i n s .  A t o t a l  of 570 t i d e  gage,  s taff  gage,  
and high water mark obse rva t ions  a r e  shown wi th  the  corresponding SLOSH 
f o r e c a s t .  Gene ra l ly ,  t h e  model i s  wi th in  + 20% f o r  s i g n i f i c a n t  su rge  h e i g h t s .  - 

depicted by Pig.  37 i s  g e n e r a l l y  w i t h i n  + 20% f o r  
t he  s i g n i f i c a n t  su rges .  A f e w  obse rva t ions  f a l l  
o u t s i d e  t h a t  range. For "real-time" su rge  
f o r e c a s t i n g ,  t hese  e r r o r s  can i n c r e a s e  s i g n i f i -  
c a n t l y  due t o  imprecise s torm t r a c k s  and storm 
parameters .  

A l l  v e r i f i c a t i o n s  i n  t h i s  r e p o r t  are f o r  inde- 
pendent d a t a ,  without  "tuning" f o r  p a r t i c u l a r  
s torms i n  p a r t i c u l a r  b a s i n s .  Since "un ive r sa l "  
s p e c i f i c a t i o n s  are used f o r  model c o e f f i c i e n t s  
such as d rag  and bottom s t ress ,  SLOSH may be 
adapted t o  any geographical  l o c a t i o n  f o r  u s e f u l  
surge computations,  provided adequate bathymetr ic  
and t e r r a i n  d a t a  are a v a i l a b l e .  

Figure 38 d e p i c t s  geograph ica l ly  t h e  27 c u r r e n t -  
l y  o p e r a t i o n a l  SLOSH b a s i n s ,  i nc lud ing  the n i n e  
basins  used i n  Pig.  37. The remaining 13 bas ins  
were each v e r i f i e d  with a t  least  one storm event  
a g a i n s t  t i d e  gage o b s e r v a t i o n s ,  with ast ronomical  
t i d e  removed; high water marks were a l s o  used f o r  
v e r i f i c a t i o n  Ff t hey  were minimally a f f e c t e d  by 
astronomical  t i d e .  The accuracy of t hese  addi-  
t i o n a l  v e r i f i c a t i o n s  were comparable t o  Fig.  37. 
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APPENDIX A 

Equations of Motion 

The SPLASH equa t ions  of motion i n  l i n e a r  form 
Piatzman (1963) and J e l e s n i a n s k i  (1967) are re- 
v ised  f o r  t h e  f in i te -ampl i tude  e f f e c t  when dep ths  
are small, This  occurs  f o r  i n l and  inunda t ion ,  es- 
p e c i a l l y  as i t  begins  and ends.  F igure  A 1  
i l l u s t r a t e s  t h e  t o t a l  depth  (DI-h), where h i s  t h e  
he ight  of t h e  s u r f a c e  above the  r e fe rence  datum, 
D i s  t h e  dep th  measured from the  bottom s u r f a c e  
t o  datum, and z '  is  a v e r t i c a l  he igh t  v a r i a b l e ,  
p o s i t i v e  above the  datum. This v a r i a b l e  i s  
primed in a n t i c i p a t i o n  of la ter  r e - sca l ing .  The 
l e f t  s i d e  of t h e  f i g u r e  i s  f o r  a n  ocean o r  sea;  
t h e  r i g h t  s i d e  shows t h e  v a r i a b l e s  over  l and .  

The complex form of t h e  momentum equat ion  wi th  
the  h y d r o s t a t i c  approximation,  but  wi th  no 
advec t ive  terms and no h o r i z o n t a l  v i s c o s i t y ,  can 
be w r i t t e n  fo l lowing  Welander (1961) as 

a 2w - aw = q - i f w  + v- 
a t i  a d 2  

where 

[a(h-ho) ax  a (h-ho)l a Y  
+ i  w = u + i v ,  9 " - g  

u,v = h o r i z o n t a l  components of cu r ren t  
ho = h y d r o s t a t i c  h e i g h t  from s u r f a c e  

V = eddy v i s c o s i t y  c o e f f i c i e n t  (assumed 

f = C o r i o l i s  parameter 
g = g r a v i t y  
t '  = t i m e  (primed i n  a n t i c i p a t i o n  of 

z' = v e r t i c a l  coord ina te  

p re s su re  f i e l d  

t o  be c o n s t a n t )  

l a te r  re -sca l ing)  

Equation (Al) is  n o t  i n  t r a n s p o r t  form. To e l i m i -  
n a t e  t h e  presence  of h when i n t e g r a t i n g  from a 
b a s i n ' s  bottom t o  t h e  s u r f a c e ,  t h e  fo l lowing  
t r ans fo rma t ion  i s  used 

2 * e' t = t '  ; z = z ( z ' , t ' ; x , y )  
D + h '  

(A2 1 D + z'  ah 
(D + h ) 2 a t  

- - ,dt '  , d t '  =I d t  dz ' 
D + h d z = - -  

o r  

dz'  = ( D  + h)dz  - z g d t  , d t '  = d t  (A31 

a l s o ,  

a az a a t  a z ah a a ,,I=--r-+---=-- a t  az a t  a t  M . h a t ' z + a t  

but 

a az a + - - = - -  a t  a i a  
az'=-- a z i  az  a z f  a t  m-h a z  

(A5 ) 

I 
h 

D 

Figure A l .  Water leve ls  above t e r r a i n  and sea 
bottom r e l a t i v e  t o  a datum. 

Applying (A4) and (A5) on (Al)  g ives  

The second t e r m  on t h e  l e f t  hand s i d e  i s  assumed 
t o  be of t h e  same o r d e r  as t h e  advec t ive  terms and 
hence i s  ignored ,  Equation ( A 6 )  can  then  be w r i t t e n  
a s  

a V 
u 2  = nv- '( if  + 'lv = - 

(D+hl2 

€or  O<z<l. The ope ra to r  u2 opera t e s  on w ,  and 
s p e c i f i c a l l y  does n o t  o p e r a t e  on z and rlv . The 
s e p a r a t e  term i n  U2, i n  g e n e r a l ,  do n o t  commute. 
Since t h e  h y d r o s t a t i c  assumption i s  used ,  v e r t i c a l  
v e l o c i t y  can  be neg lec t ed  and t h e  terms then  do 
commute. Henceforth,  it w i l l  be  understood t h a t  u2 
w i l l  n o t  Operate  on Z o r  7 7 ~ .  Following (Platzman, 
1 9 6 3 ) ,  ( A 7 )  i s  formal ly  so lved  as 

TO s o l v e  f o r  A and B , t h e  fo l lowing  boundary 
cond i t ions  from J e l e s n i a n s k i  (1967) are assumed 

z ' =-D a swIz'=-D S 

or 

where 

s = s l i p  c o e f f i c i e n t ,  

R = x~ + i y T  , x T , Y T  s u r f a c e  stress components 

Taking t h e  d e r i v a t i v e  of  (A8) w / r  t o  z ,  and no t ing  
because h i s  independent of z and 2'. 

ao,,/az =0,  then 
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u-l = (cosh  z o ) A  + ( s i n h  za)B az 

a t  z = 0, u s i n g  ( A 9 1  

a t  z = 1, u s i n g  (A9) 

csch  o)R - s ( c o t h  c ~ ) w l ~ = ~ ] ( A 1 2 )  

t h e n  f r o m  ( A 8 )  

1 (D+h)a2w = - [ s a ( s i n h  za)wI + a ( c o s h  za) 
Q V  z=o 

where Q = (T)+h)q. It i s  assumed u d o e s  n o t  
o p e r a t e  on (M-h) . 
L e t  

1 
M = Ihw dz '  = (D+h)/ w dz  

-D , o  

From (A7) 

o r  

(A16 ) 

and f rom (A91 

n,o'M = Q + R - sw I z=o (A171 

Solv ing  (A13) f o r  w I z  = s u b s t i t u t i n g  i n t o  
(A17),  and s e p a r a t i n g  t h e  (I o p e r a t o r  from Q ,  
g i v e s  

1 - (I c s c h  u 
H ( u )  [ v U 2 / s ( M h > l  (I c o t h  - 1 

T h i s  i s  t h e  same f o r m  g i v e n  by J e l e s n i a n s k i  
(1967)  e x c e p t  t h a t  t h e  t o t a l  d e p t h  (Df-h) r e p l a c e s  
D. If t h e  o p e r a t o r  (A19? i s  expanded f o r m a l l y  as 
a T a y l o r ' s  series about  (I:= if(JH-h)2/v, t h e n  

i s  a s i m p l e  approximat ion  f o r  (A19). Plugging 
(A20) i n t o  (A18) g i v e s  

a M  - a t  = - i f M l  + BQ + (C  + La-) ,  i f  a t  

where 

(A22 ) 

By dropping t h e  J term, ( J e l e s n i a n s k i ,  1967) ,  t h e  
real  and imaginary  p a r t s  of (A22) y i e l d  t h e  
momen t u m  e q u a t i o n s  

where 

(A23 ) 

M = U i i V  = complex f o r m  of t r a n s p o r t  

These are t h e  same momentum e q u a t i o n s  developed 
by Platzman (1963)  and modif ied by a s l i p  c o e f -  
f i c i e n t  ( J e l e s n i a n s k i ,  1 9 6 7 ) ,  e x c e p t  t h a t  t h e  
t o t a l  d e p t h  (M-h) r e p l a c e s  D ,  and t h e  s i x  c o e f -  
f i c i e n t s  A ,...., Ci are  f u n c t i o n s  of t h e  
t o t a l  d e p t h  f D + h ) .  

If (A23) were l i n e a r i z e d  o v e r  l a n d  and (Dfh) 
r e p l a c e d  by I), t h e  e q u a t i o n s  are  no l o n g e r  
h y p e r b o l i c .  However, o v e r  t h e  ocean  areas,  1) i s  
always p o s i t i v e  and t h e  e q u a t i o n s  remain 
h y p e r b o l i c .  

APPENDlX B 

Advect ive and C o r i o l i s  Terms 

Storm s u r g e  i s  n o t  s e n s i t i v e  t o  a d v e c t i v e  terms 
i n  t h e  e q u a t i o n s  of mot ion ,  e x c e p t  i n  l o c a l i z e d  
areas w i t h  s t r o n g  f l o w  g r a d i e n t s .  U s u a l l y ,  such  
l o c a l i z e d  areas are  f i x e d  i n  s p a c e  because of 
g e o g r a p h i c a l  c o n s t r a i n t s .  A t  l o c a l i z e d  p o i n t s  of 
a b a s i n ,  s p e c i a l i z e d  computa t ions  can t h e n  b e  
u s e d ,  such  as c lass ical  h y d r a u l i c  t e c h n i q u e s ,  f o r  
h i g h l y  n o n - l i n e a r  f l o w .  Accord ingly ,  t h e  
a d v e c t i v e  terms i n  t h e  s t o r m  s u r g e  e q u a t i o n s  of 
motion are g e n e r a l l y  i g n o r e d .  A q u e s t i o n  then  i s  
t h e  impor tance  of t h e  C o r i o l i s  terms. 

From dimens iona l  a n a l y s i s ,  t h e  a d v e c t i v e  and 
C o r i o l i s  terms can be compared. This  i n v o l v e s  
t h e  Kossby number, R = U/(L R ) ,  where U i s  a 
t y p i c a l  speed such  as flow c u r r e n t ,  L i s  a 
t y p i c a l  l e n g t h ,  and 52 i s  t h e  a n g u l a r  v e l o c i t y  of 
t h e  e a r t h ' s  r o t a t i o n .  Sometimes t h e  l e n g t h  i s  
taken  as t h e  d e p t h  of t h e  sea. Then, i f  K i s  
small (deep  w a t e r )  t h e  C o r i o l i s  terms dominate .  
Because s h e l f  models are  g e n e r a l l y  d e e p ,  t h i s  i s  
one b a s i s  f o r  keeping t h e  C o r i o l i s  terms and 
d i s c a r d i n g  t h e  a d v e c t i v e  terms. For bay models 
where d e p t h s  may be s h a l l o w ,  t h e  C o r i o l i s  terms 
are sometimes d i s c a r d e d  and t h e  a d v e c t i v e  terms 
may o r  may n o t  be d i s c a r d e d .  
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Sometimes, i t  i s  more a p p r o p r i a t e  t o  cons ide r  
h o r i z o n t a l  l e n g t h  scales i n  t h e  Rossby number 
because t h e  advec t ive  terms invo lve  h o r i z o n t a l  
i n t e r a c t i o n .  These would be wave l e n g t h  i n  the 
open sea, bay d i ame te r ,  c a u s t i c  d i s t a n c e  of 
trapped waves, e tc .  For deep water i n  t h e  open 
sea t h e  wave l e n g t h  i s  L = 6 T , where D i s  
dep th  and T pe r iod .  A t y p i c a l  v e l o c i t y  f o r  a 
shal low water wave of amplitude A i s  U = gAT/L. 
The Rossby number i s  then  

If n o n - l i n e a r i t i e s  are weak, t hen  t h e  pe r iod  "T" 
of t h e  wave w i l l  be r e l a t i v e l y  unchanged from one 
r eg ion  t o  ano the r .  Comparing R i n  deep and 
sha l low water i s  n o t  a s imple procedure because 
the  ampl i tude ,  A,  i n c r e a s e s ,  o r  s h o a l s ,  i n  
shal low water. Advective terms may then have 
some importance i n  sha l low c o a s t a l  waters where A 
i n c r e a s e s  and D dec reases .  

LB , Suppose t h e  diameter  of a c i r c u l a r  bay, 
i s  smaller than the  wavelength. Then 

Thus, Rossby num- 2 where D/L < LB/(gT ). 
b e r s  may i e  h igh  i n  bays n o t  merely because of 
sha l low dep ths  and s h o a l i n g ,  but a l s o  because i t  
may n o t  be wide enough t o  c o n t a i n  a n a t u r a l  wave 
l e n g t h  f o r  t h e  per iod d e a l t  w i th .  For odd shaped 
b a s i n s  t h e  Rossby number v a r i e s  f rom one p a r t  of 
t he  b a s i n  t o  ano the r .  The ampli tude i n  a bay i s  
with r e s p e c t  t o  a datum that i s  changing w i t h  
t i m e  due t o  s t o r a g e  of water from the  sea. .If 
i n l a n d  inunda t ion  t a k e s  p l a c e ,  t hen  LB can be 
l a r g e  and t h e  C o r i o l i s  terms w i l l  dominate. 

Rossby numbers g i v e  a broad overview of t h e  
importance of t h e  advec t ive  and C o r i o l i s  terms. 
They are n o t  a s u b s t i t u t e  f o r  empirical  t e s t i n g  
of models,  w i t h  and without  t h e  advec t ive  and 
C o r i o l i s  terms. Because of l a r g e  t r a n s i e n t  
v a r i a t i o n s  of A and LB and s p a t i a l  changes i n  
D ,  the C o r i o l i s  terms are r e t a i n e d  i n  the  SLOSH 
model, throughout deep and sha l low waters of an 
i n p u t  b a s i n .  

APPENDIX C 

Smoothing 

The SLOSH model d e a l s  w i th  moving, i r r e g u l a r  
land boundaries  and sub-grid f e a t u r e s  such as  
b a r r i e r s ,  narrow p a s s e s ,  and channels .  Two- 
g r i d - i n t e r v a l  n o i s e  f r e q u e n t l y  r e s u l t s  and 
a p p e a r s  i n  t h e  computed su rge  f i e l d  near  such 
compl i ca t ions .  Such n o i s e  i s  non-physical.  It 
is  d e s i r a b l e  t o  remove o r  suppres s  i t  whenever i t  
grows s i g n i f i c a n t l y  i n  magnitude. 

form of c y c l i c a l  boundary cond i t ion  f o r  comple- 
t i o n .  The domain i n  ou r  a p p l i c a t i o n  has  complex, 
n o n - c y c l i c a l .  time-dependent, boundary condi- 
t i o n s .  Hence, smoothing must  be extended up t o  
the boundary t o  conserve mass, an e s s e u t i a l  
p rope r ty  near  c o a s t a l  boundaries where high 
surges occur .  

In  ou r  b a s i n s ,  simple and cons t an t  geometry 
r e l a t i n g  the domain f o r  smoothing does not  
e x i s t .  Each g r i d  c e l l  must be examined a g a i n s t  

After surrounding g r i d  ce l l  c o n d i t i o n s .  
smoothing, t he  water should not  move a c r o s s  
b a r r i e r s  which have n o t  y e t  been submerged by 
f l o o d i n g .  We a l s o  want t o  avoid smoothing over 
t h i n  s h e e t s  of water a c r o s s  corrugated t e r r a i n .  
The smoothing d i scussed  here  a p p l i e s  on ly  t o  two 
dimensional f l ow.  

For the  smoothing procedure,  w e  i n t roduce  the 
fo l lowing  n o t a t i o n .  L e t  hi . be Lhe water 
l e v e l  of a c e l l  before  smoofi ing,  hi a f t e r  
smoothing, and ( i , j )  the  c e n t e r  c e l l  sudounded  
by neighbor c e l l s ,  Pig.  C 1 .  

J+lfj$ 1 

I -1  + 
I- 1 I I+1 

Figure C 1 .  Center c e l l  and neighbor c e l l s  f o r  
Catesian and po la r  g r i d  systems. 

A smoothing formula i n  mass f l u x  form f o r  a 
C a r t e s i a n  g r i d  of cons t an t  ce l l  area i s ,  

4 

k= 1 
E i , j  = h i , j  + C F k  

where 

\ i s  one of t h e  neighboring cel ls ,  hikl, j51 * 

Conventional smoothing procedures are u s e f u l  a t  
i n t e r i o r  g r i d  ce l l s  of a domain ( i . e . ,  a t  least  
one g r i d  p o i n t  away f rom a boundary) with some 

01: i n  o p e r a t o r  f o r m ,  
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t o  ad jo in ing  ce l l  (P+l,Q) wi th  he igh t  d i f f e r e n c e  

(hp+i,Q-hp,Q)* 

1 
h i , j  = 8 

0 1 0  

1 4 1 h i , j  

0 1 0  

a convent ional  f i v e  po in t  smoother f o r  Cartesian 
g r i d s .  Sometimes, however, w e  wish t o  set 
Fk= 0 i n  ( C l ) .  This occur s  when 

1. a b a r r i e r  exis ts  between contiguous 
ce l l s .  That i s ,  a b a r r i e r  i s  h ighe r  than 
e i t h e r  hi o r  h,, 

, j  

2. when ce l l  % has water less than 
1 f o o t  over  t e r r a i n ,  

o r  3 .  one dimensional f l o w  is  a c t i v e  between 
h and %. 
i , j  

R2e2PAe(hp+l,Q- hP ,Q) AM = BP,Q 0 

Now advance P t o  P+1, f o r  t h e  c e n t e r  c e l l  l o c a t e d  
a t  (P+l ,Q),  and the  ad jo in ing  ce l l  a t  (P,Q),  f o r  
mass t r a n s f e r  

+ 

Accordingly t h e  mass t r a n s f e r s ,  a c r o s s  a c i r c u l a r  
side which j o i n s  two a d j a c e n t  r a y s ,  cancel  when 

S i m i l a r l y ,  a c r o s s  a r a y  s i d e  between two a d j a c e n t  
c i rc les ,  y i e l d s  t h e  mass t r a n s f e r  as 

- + 
aP,Q = ap+l ,Q 

In t hese  s i t u a t i o n s  no mass i s  allowed to  pass i n  If t h e  above forms are t o  be independent of 
t o  the  c e n t e r  ce l l  o r  ou t  from ad jacen t  cel ls .  p o s i t i o n  (P,Q),  then 
For Car t e s i an  g r i d s ,  ( C l )  can be r e -wr i t t en  i n  a 
more d i r e c t  form f o r  computer use a s ,  

-A 8 - + + 
a p , Q  =ap,Q = a , ~ p , q  = BeAe , B ~ , Q  = 

4 f o r  some a and 8 . - - 'h *+ 'E [6khk+ ( 1 - 6 k ) h i , j I  . (C4) 
We can r e a r r a n g e  (C5) i n  o p e r a t o r  form as h i , j  - 2 i,J 

8k= 1 

(C6) 
The r e s u l t  i s  t o  i n c r e a s e  the  c e n t e r  c e l l  weight 
by 118 whenever 6k = 0, i n  equivalence wi th  
( C l ) .  In  such cases, smoothing a t  ( i , j )  does no t  
depend on the  ignored \ c e l l .  

a h p , ~  

0 

For the  p o l a r  g r i d ,  F ig .  C 1 ,  smoothing i s  no t  
as clear cu t  and some a n a l y s i s  i s  r e q u i r e d .  
Empirical  tes ts  show t h a t  t he  fo l lowing  s impli-  
f i e d  approach, while  incomplete ,  s e r v e s  ou r  
purposes f o r  the SLOSH model. 

Consider t h e  po la r  ( P , Q ) * c e l l  through a s i d e  of 
t he  ce l l  according t o  the  he igh t  d i f f e r e n c e  
between ad jo in ing  ce l l s .  The fo l lowing  two 
p r o p e r t i e s  are t o  be s a t i s f i e d :  

1. a cons t an t  f i e l d  must be smoothed t o  the  
same c o n s t a n t .  

This form conserves mass and mass f l u x  from 
height-diff  e r ence  and r e t a i n s  t h e  zero- 

If a = B =  118, and g r a d i e n t /  zero-f l u x  p rope r ty .  
A0 = O(or The 
choice of a and 6 , however, i s  r e s t r i c t e d  
because i t  i s  p o s s i b l e  t o  end up wi th  an 
"unsmoothing" o p e r a t o r  which conserves  mass. The 
ope ra to r  (C6) i s  a necessa ry  and s u f f i c i e n t  
cond i t ion  f o r  mass conse rva t ion  and the  zero- 
g r a d i e n t / z e r o - f l u x  p rope r ty ,  but i t  i s  no t  
s u f f i c i e n t  t o  damp s h o r t  wave o s c i l l a t i o n s .  For 
i n s i g h t ,  f u r t h e r  a n a l y s i s  according t o  behavior  
of p a r t i c u l a r  c o n d i t i o n s  i s  appealed t o .  

Ro + cu ),  then form (C3) r e s u l t s .  

2 .  mass moved i n t o  a c e l l  by a he igh t  d i f f e r -  H 'worst  case' f i e l d  r e q u i r i n g  smoothing could 
ence moves Out of an ad jo in ing  c e l l  SO as be , 
t o  conserve mass. ...... -1 +1 -1 +1 -1 +1 ...... 

From the f i r s t  p r o p e r t y ,  (C1) can be w r i t t e n  ...... +1 -1 +1 -1 +1 -1 ...... 
as 9 ...... -1 +1 -1 +1 -1 +1 ...... 

- 
h P , Q  = h p ~ Q  and one r e q u i r e s  the  smoothed f i e l d  t o  be ze ro .  

When t h i s  f i e l d  i s  plugged i n t o  (C5), t h e n ,  
4- 

+ a~ , Q ( ~ P  , Q + ~ + P  ,Q)*i , Q  (hp , ~ - i - h p  ,Q) ( c 5 )  - hp ,Q  = 1- 4 a - 4 8  coshA8 = 0 , 
o r  

+ G, Q (hp+l ,q+p ,Q)+B,, Q(hp-1, Q-hp, Q )  1 - 4a 
4 coshAe B -  + -  

where a ,  a , e+, 8- are assigned weights .  

* 
The mass i n  a ce l l  ( r e l a t i v e  t o  datum) i s  ( P , Q )  i s  the  non-dimensional coord ina te  

Area hp,Q , but area i s  p r o p o r t i o n a l  t o  system i n  an image plane ai ter transformed of t h e  
the  ' 9 Q' square of t h e  r a d i u s ,  o r  ( R , Q )  p o l a r  sys tem.  

main t e x t .  Ro;O s a t i s f y  t h e  second p r o p e r t y ,  
consider  t he  mass change i n  c e l l  (P,Q) r e l a t i v e  

= 2 2Pae , see Eq. (19 )  Of t h e  Area I?, CC 
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g i v i n g  6 i n  terms of a and reducing the  deg rees  
of freedom. A symmetric c h o i c e ,  g iv ing  equa l  
e f f e c t  t o  a and f3 (e.g A6 + O), is  

then (C6) becomes 

e-A 0 lo coshA0 

which becomes (C3) when A8 +O. 

Suppose one o r  more of t h e  f o u r  neighboring 
cel ls  surrounding a c e n t e r  c e l l  i s  t o  be 
ignored.  Writing (C7) i n  a form s imilar  t o  (C4), 
a more d i r e c t  form f o r  computer a p p l i c a t i o n ,  can 
be 9 

where hk' h p + l , q t l  9 

Gk= 1 ,+A0 

0 , f o r  ce l l s  (P,Q+l) ,  where a s i d e  
between c e n t e r  and a d j o i n i n g  
cel ls  i s  on a r a y ,  

-1, f o r  ce l l s  (P+l,Q), where a s i d e  
coshA8 between c e n t e r  and ad jo in ing  

cells  i s  on a c i rc le .  

For (Cl) and i t s  complementary forms (C4) and 
(C8), wi th  some Fk = 0 i n s i d e  a f i e l d ' s  domain 
(e.g. ,  boundary c e l l s ) ,  i t  can be shown t h e  t o t a l  
mass i s  conserved. That i s  ( a r e a l p  ,Q= 

= c (area)p,Qhp,Q,  f o r  t he  e n t i r e  f ' l e l d  
( n o t e  : f o r  C a r t e s i a n  g r i d s ,  areap = 
c o n s t a n t ) ;  t h i s  f o l l o w s  s i n c e  du r ing  summa)rion, 
% i s  encountered twice wi th  o p p o s i t e  s i g n s ,  o r  
else no mass f l u x  between ce l l s  when d k  = 0 .  

APPENDIX D 

S t a b i l i t y  of t h e  Polar  Grid ' s  Dif fe rence  Scheme 

There are a wea l th  of s t a b i l i t y  s t u d i e s  on 
e x p l i c i t  f i n i t e  d i f f e r e n c e  schemes f o r  Car t e s i an  
g r i d s ,  Mesinger and Arakawa, (1976) f o r  example. 
We d i d  n o t  a t t e m p t  a deep a n a l y s i s  f o r  s t a b i l i t y  
on c u r v i l i n e a r  g r i d s ,  such as the  polar  g r i d  
scheme. I n s t e a d ,  we t a k e  l i b e r t i e s  f o r  a 
s i m p l i f i e d  v e r s i o n  guided by e m p i r i c a l  resul ts  
with computer runs .  

Conforming t o  s t anda rd  approaches,  cons ide r  t he  
equa t ions  of motion i n  p o l a r  c o o r d i n a t e s  
(Eq. (16) of t h e  main t e x t ) ,  without d r i v i n g  
f o r c e s  and without bottom stress. The f i n i t e  
d i f f e r e n c e  n o t a t i o n  of ( 3 3 ) ,  then becomes 

where 

(D2) 

a=2Atf,  b=gAt/As, P= ln ( r /Ro)=dO,  Q=0=nA0, 

t=kAt 

and (m,n) refers t o  a he igh t  p o i n t  while ( m ' , n ' )  
r e f e r s  t o  a momentum p o i n t ,  see Fig.  4 of t h e  
main t e x t .  The (m' , n ' )  n o t a t i o n  v a r i e s  from the 
main t e x t  but i s  convenient € o r  a n a l y s i s  by 
s e t t i n g  m '  = m-1/2, n '  = n-1/2. 

We cannot d i r e c t l y  use t h e  convent lonal  Fourier  
method f o r  a s t a b i l i t y  a n a l y s i s  because of: t h e  
Jacob ian ,  l / r  , and the  n 'on-linearity of t h e  
( D 2 )  term. However, assuming (DZ) known ( t h e  

D,,, are preassigned and the  he igh t  o r  depths  
surge h m,n cakes on some upper max v a l u e )  
and r t i x e d  l o c a l l y  a t  a g r i d  p o i n t ,  then a l o c a l  
s t a b i l i t y  c r i t e r i a  can be a s c e r t a i n e d  when (D2) 
and r are f i x e d .  Thus, the Four i e r  method can be 
used f o r  an approximate l o c a l i z e d  s t a b i l i t y  
c r i te r ia .  Ln our  scheme, r grows monotonically 
with i n c r e a s i n g  s u b s c r i p t  m. If ( B 2 )  i s  con- 
s t a n t ,  t h e  s t a b i l i t y  c r i t e r i a  does not  change 
along a c i r c l e .  Because (D2)  v a r i e s  r a d i c a l l y  in 
space ,  then each g r i d  po in t  must be explored.  
A€ t e r  determining A t  , through the l o c a l i z e d  
s t a b i l i t y  Cri ter ia  a t  each g r i d  p o i n t ,  one 
chooses t h e  smallest A t  as t h e  t i m e  s t e p  f o r  the 
e n t i r e  g r i d .  The p a r t i c u l a r  g r i d  po in t  w i th  
smallest A t W i l l  not  n e c e s s a r i l y  occur i n  deep 
water and can Occur anywhere i n  the g r i d  system 
depending on d e p t h ,  D ,  t h e  maximum surge he igh t  
hk and r. 

2 

k 

m,n 
Using a s t anda rd  approach, consider  wave forms 

two-dimensional space with wave numbers   cy,^), i n  
t h e n ,  

so t h a t  

(05) 

To avoid exponen t i a l  growth, i .e.,  s t a b i l i t y  , 
[ x I 1 ( I means t h e  modulus i f  A is complex). - 

The va r ious  d e r i v a t i v e s  i n  ( D l )  can now be 
w r i t t e n  as 
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S u b s t i t u t i n g  ( D 5 ) ,  (D6) i n t o  ( D 1 )  g i v e s  t h e  
fo l lowing  matrix form,  

where u' p 4 sin&jaAe cosJjBA0,V" = 4 coskA0  sin%BAe - 
and H i s  shorthand f o r  % K m ~ n ~  . To 
a l low a non-zero s o l u t i o n ,  t h e  determinant  of t h e  
m a t r i x  must be z e r o ,  o r ,  

o r ,  x 2  = 1 ( t r i v i a l  c a s e ) ,  and 

~ 4 - ( 2 - ~ ) ~ ~ + 1  = 0 , 

The s t a b i l i t y  requirement ,  1x1 _L 1, i s  s a t i s f i e d  
when (US) has complex r o o t s ,  t h a t  i s ,  when 
(2-S)2 -4 - < 0 ,  o r  S - < 4. Hence, 

o r  9 

2rA0 
At ' @I ( v ~ ~ + v " ~ )  + 4f2r2(A0I2'  C D l O )  

The smallest upper bound f o r  ( a ,  B ) varying i s  
given by t h e  upper l i m i t  of v t 2 +  Afte r  some 
a l g e b r a ,  

V I 2 +  v'I2 - 8[sin2%(a+B)A0 + sin24(a-B>A01 4 16 

s i n c e  t h e  upper l i m i t s  aLe re a die d w i t h 
( c l A 0 , B )  = (+IT,O) o r  when (or ,BA0)  = (O,*T ) .  
Consequently, we o b t a i n  t h e  upper bound of t 

rA8 A t  6 
2 C/ga + f2r2(A0)2 / 4 '  

Ignoring C o r i o l i s  e f f e c t s  , then 

rA0 A t  < - 
2 @  

I n i t i a l l y ,  w i th  no su rge  p r e s e n t ,  the upper 
bound v a r i e s  according as r / 5  depending on the 
po la r  g r i d  of a p a r t i c u l a r  b a s i n .  I n  g e n e r a l  
(bu t  no t  a lways ) .  t h e  g r i d  expands from i n l a n d  
water bodies  toward the  deep sea. In  most 
b a s i n s ,  t he  c r i t i c a l  n t  l i es  i n i t i a l l y  a t  sea, 
but no t  n e c e s s a r i l y  a t  the  deepes t  g r i d  dep th  i n  
the bas in .  However, when su rge  i n c r e a s e s  a c r o s s  
in l and  water bodies  as a s torm approaches,  t h e  
c r i t i ca l  A t can now occur ac ross  i n l a n d  water 
bodies .  To avoid i n s t a b i l i t y  during a run with a 
p a r t i c u l a r  s to rm,  one needs t o  assess t h e  
smallest p o s s i b l e  A t  r equ i r ed  € o r  s t a b i l i t y  
a c r o s s  t h e  e n t i r e  b a s i n  du r ing  the  r e s idence  t i m e  
of a storm. By i t s e l f ,  (D12) i s  u s e f u l  when 
designing g r i d s  and analyzing depths  i n  a bas in  
during the  d a t a  processing s t a g e .  Later empir- 
i ca l  test  runs wi th  a cad re  of s torms w i l l  g i v e  a 
working estimate of t h e  smallest A t  i n  each bas in  
f o r  a given storm. These estimates are preset by 
the modeler f o r  each bas in  and the  u s e r  need n o t  
be concerned with t i m e  s t e p s .  

For economy, i t  i s  u s e f u l  t o  change t h e  time 
s t e p  a t  d i s c r e t e  t i m e  i n t e r v a l s  du r ing  a computer 
run. This t ac t i c  is e a s i l y  accomplished with a 
f i n i t e  d i f f e r e n c e  scheme us ing  two-steps i n  t i m e  
(Eq. ( 3 5 )  of t h e  main text i s  an example). The 
computations are forward i n  t h e  c o n t i n u i t y  equa- 
t i o n  then backward i n  t h e  momentum equa t ions .  
After i n i t i a l i z a t i o n  with t h e  l a r g e s t  p o s s i b l e  
A t ,  t h e  t i m e  s t e p  i s  a l t e r e d  t o  smaller va lue  
whenever H i n  a l o c a l i z e d  region approaches a 
maximum va lue  f o r  s t a b i l i t y  f o r  a given A t . ff 
a two-step i n  t i m e  scheme i s  u s e d ,  a s t a b i l i t y  
s tudy  similar to  the  one above g i v e s  a s t a b i l i t y  
c r i te r ia  of 

That i s ,  t h e  c r i t i ca l  A t  i s  twice as g r e a t  com- 
pared to  (D12) e 

7 1  
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The National Oceanic and Atmospheric Administration was established as part 
of the Department of Commerce on October 3 ,  1970. 
bilities of N O M  are to assess the socioeconomic impact of natural and 
technological changes in the environment and to monitor and predict the 
state of the solid Earth, the oceans and their living resources, the 
atmosphere, and the space environment of the Earth.’ 
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Reports prepared by contractors or 
grantees under NOAA sponsorship. 
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data generally in the form of maps 
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ionospheric conditions, etc. 

TECHNICAL SERVICE PUBLICATIONS - 
Reports containing data, observa- 
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