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FOREWORD 

The Federal Insurance Administration ( FIA) of the Department of Housing 
and Urban Development (HUD) is charged to promote the public welfare 
by providing Insurance protection against the perils of flood and mud
slide losses and to stimulate the development of sound land-use 
practices by local communities. To obtain assistance in the effort 
to formulate and implement the most effective FIA programs possible 
for reducing the tremendous annual losses of property resulting from 
floods and mudslides, HUD entered Into a contract with the National 
Academy of Sciences (NAS) . Thus, the National Research Council ( NRC) , 
through its Science and Engineering Program on Prevention and Mitigation 
of Flood Losses, administered by the NRC Building Research Advisory 
Board, has provided the FIA with guidance and assistance on various 
aspects of FIA technical programs, practices, and plans. 

This report has been prepared by the Panel on Coastal Surges from 
Hurricanes in response to one specific problem posed by the FIA--how 
best to estimate the height of coastal surges from hurricanes. The 
report has been reviewed by representatives of the Assembly of 
Mathematical and Physical Sciences and the Commission on Sociotechnical 
Systems as well as the Board and is approved for transmittal to HUD. 

The Board gratefully acknowledges the work of the panel members and 
sincerely appreciates the contribution of the Individuals to the total 
effort. 

v 

Herbert H.  Swinburne, Chairman 
Building Research Advisory Board 
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A. BACKGROUND 

I 
INTRODUCTION 

Established by the National Flood Insurance Act of 1968 (as amended), the 

Federal Insurance Administration (FIA) of the U.S. Department of Housing 

and Urban Development (HUD) is responsible for promoting the public 

welfare by ensuring the availability of Insurance protection against the 

perils of flood and mudsllde losses and by encouraging sound land-use 

practices by local communities as a condition for the Insurance pro

tection. In the context of its responsibilities, the FIA has considerable 

opportunity to formulate programs that will reduce the annual property 

loss resulting from floods and mudslides. 

To aid It in making the maximum feasible technical and scientific Input 

to disaster mitigation, the FIA r equested that the National Academy of 

Sciences-National Academy of Engineering-National Research Council (NAS

NAE-NRC) provide It with continuous, objective review of and advice on 

its current technical programs, practices, and plans. In response to 

this request, the NAS entered Into a contract with HUD and charged the 

Building Research Advisory Board (BRAB) with administration of the NRC 

Science and Engineering Program on Prevention and Mitigation of Flood 

Losses. 

B. PURPOSE AND SCOPE OF THIS REPORT 

This report was prepared in response to th• FIA1s request (Task 1, 

Contract No. H-3568) for an assessment of the adequacy, for National 

Flood Insurance Program purposes, of methods used by the National 

Oceanic and Atmospheric Administration (NOAA), Corps of Engineers (CE), 

U. S. Geological Survey (USGS), and others to determine the height of 
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coastal surges from hurricanes. This report focuses only on hurricane

induced surges at the open coast or at the shores of bays and estuaries. 1 

Specifically, it: 

I. Reviews hurricane parameters and surge and coastal-water character

istics, in addition to height, that can influence the height and 

areal extent of inland flooding. 

2. Describes various methods available for use In estimating the 

characteristics of hurricane-Induced coastal surges. 

3. Recommends a method for estimating the characteristics of coastal 

surges from hurricanes to be used for purposes of the National Flood 

Insurance Program during the Immediate future. 

4 .  Identifies fundamental areas In need for further stady and research 

to improve the adequacy of the recommended methods for predicting 

the characteristics of coastal surges from hurricanes. 

C. CONDUCT OF THE STUDY 

This study was conducted by the Panel on Coastal Surges from Hurricanes 

under the NRC Science and Engineering Program on Prevention and Mitigation 

of Flood Losses. As part of Its study, the Panel examined the available 

literature on methods for predicting characteristics of hurricane-induced 

coastal surges and considered state-of-the-art material presented to it 

by the NOAA, CE, and USGS. All Information obtained was reviewed and 

discussed by the Panel as it developed the conclusions and recommendations 

presented in this report. 

1Whi1e related, hurricane-induced surges that occur on enclosed lakes and 
reservoirs and coastal surges resulting from 11northeasters,11 earthquakes, 
or any natural phenomenon other than hurricanes are beyond the scope of 
this report. Similarly, a number of topics significantly related to 
the problem of coastal-surge effects ( e. g. , how, to what extent, and at 
what height hurricane-induced storm waters run up and over dry land; 
the effects of waves associated with the storm waters; and the effects 
of rainfall accompanying hurricanes) are not considered here either 
because they are under study by others or because they are beyond the 
scope of the assigned task. 

2 
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D. ORGANIZATIOt� OF THE REPORT 
The remainder of this report Is divided Into two major sections: Con

clusions and Recommendations, In which the conclusions and recommendations 

of the Panel are presented without elaboration; and Discussion, in which 

the conclusions and recommendations of the Panel are supported and 

further substantiated. 

3 
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II 
CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

1 .  The current approach to determining the height and areal extent 

of Inland flooding having probabilities of annual occurrence of 

0.100, 0.020, 0. 0 10, and 0. 002--l.e. , of determining the height 

of storm waters (the surge caused by a hurricane plus height of 

astronomical tide) having the same probabilities of annual 

occurrence at the coastline and of projecting these waters 

Inland--is Inadequate. 

2.  A more adequate approach involves establishing the areal extent 

and height of inland flooding having a given probability of 

annual occurrence on the basis of flooding that would be caused 

by individual hur ricane-induced surges (with astronomical tide 

superimposed thereon) whose temporal and spatial (height and 

alongshore spread) characteristics and attendant wind fields are 

defined probabilistically. 

3 . The SPLASH models of the NOAA currently provide the soundest 

basis for determining the temporal and spatial (height and 

alongshore spread) characteristics of a hurricane-induced surge 

along open, unbroken coastlines of the Atlantic and Gulf coasts. 2 

4 .  The method of joint probabilities provides the soundest basis 

for assigning a pr obability of occurrence to the temporal and 

spatial characteristics of a surge produced by a hurricane and 

to the total height of the resulting storm waters (i. �. ,  surge 

plus astronomical tide). 

2Whlle beyond the scope of the Panel1s study, It should be noted that the 
ability to model and predict hurricane-surge heights within estuaries, bays, 
lagoons, and other semlenclosed tidal waters and In adjacent low-lying lands 
must be improved. Required are not only general models but specific ones 
for each separate body of water for which such a model would be needed. 

5 
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5 .  Substantial improvement in the accuracy currently attainable by 

application of the SPLASH models and the joint probability 

approach in estimating the temporal and spatial characteristics 

of a hurricane-induced surge requires an expanded oceanographic 

and meteorological data base that can be used to gain better 

understanding of the relationship among hurricane parameters, 

surge characteristics, and on-shore and near-shore geographic 

features. 

B. RECOMMENDATIONS 

1 .  To obtain the Input needed for the conduct of a Federal Insurance 

Study implementing the approach Involving establishing the height 

and areal extent of Inland flooding on the basis of flooding caused 

by Individual surges, the FIA should request the NOAA to: 

a. Publish, in the form of nomograms, the relationships among 

the temporal and spatial characteristics of surges and 

hurricane parameters for various reaches of the Atlantic and 

Gulf coasts. The surge characteristics to be considered are: 

peak surge height, position of peak surge on the shore relative 

to position of storm center, time of peak surge on the shore 

relative to time the storm center Is closest to the point of 

peak surge, the standard deviation (distance spread parameter) 

of the surge profile alongshore at the time peak surge occurs, 

the standard deviation (time spread parameter) of the surge 

hydrograph at the position alongshore at which the peak surge 

occurs, and the trace speed of the surge crest alongshore. 

The hurricane parameters to be considered are: central pressure 

anomaly, r adius to maximum winds, forward speed, and path (angle 

of incidence on coast of landfalling storms or distance from 

shore of alongshore-moving storms). 

b. Publish, in the form of graphs, the variation of the shoaling 

factor along the length of the reaches of the Atlantic and 

Gulf coasts for which nomograms are prepared. 

6 
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I 

c. Publish, In the form of tables or graphs, the probabilities of 

annual occurrence of various values of the above hurricane 

parameters In the reaches of the Atlantic and Gulf coasts for 

which the nomograms are prepared. 

d. Publish, in the form of tables or graphs, the probabilities of 

annual occurrence of various heights of the astronomical tide 

above and below standard mean sea level for various communities 

selected by the FIA within the reaches of the Atlantic and 

Gulf coasts for which nomograms are prepared. 

e. Document and publish the programs and subprograms of its 

SPLASH models. 

2. To provide the basis for substantial Improvement In the accuracy 

currently attainable In estimating the temporal and spatial 

characteristics of surges, the FIA should encourage the NOAA, CE, 
USGS, and other appropriate agencies and Institutions to undertake 

an expanded meteorological and oceanographic data collection program 

In coastal areas In order that the engineering and scientific 

community can further study and research: 

a. The assumption of Independence among storm parameters. 

b .  The assumption of independence among surge, astronomical tide, 

and other initial water conditions. 

c. The 11feedback11 effect of flooding of low-lying coastal areas 

on surge height and growth at shore. 

d. The effect of the presence of bays and estuaries on the surge 

at points along the coast away from the entrance to the bays 

and estuaries. 

7 

Copyright © National Academy of Sciences. All rights reserved.

Methodology for Estimating the Characteristics of Coastal Surges From Hurricanes
http://www.nap.edu/catalog.php?record_id=20169

http://www.nap.edu/catalog.php?record_id=20169


Copyright © National Academy of Sciences. All rights reserved.

Methodology for Estimating the Characteristics of Coastal Surges From Hurricanes
http://www.nap.edu/catalog.php?record_id=20169

http://www.nap.edu/catalog.php?record_id=20169


A .  BACKGROUND  

II I 
DISCUSSION 

Purs uan t to the Nat i ona l F l ood  I nsu rance Act of 1968 (as amended ) and 

the Nat i ona l F l ood D i s as ter Protect i on Act of 1973 , f l ood (Inc l ud i ng tha t 

res u l t i ng f rom hurr i canes) and muds l tde I nsu rance p rotect i on I s  ava i l ab l e  

to owners and occup i ers  of bu i l d i ngs I n  l oca l commun i t i es choos i ng to 

pa r t i c i pate i n  the Na t i ona l  F l ood  I ns u rance P rog ram adm i n i s tered by the 

FlA . To part i c i pate I n  the prog ram , f l ood-p rone commun i t i es mus t  adopt 

and enfo rce land-use and contro l meas u res to avo i d  or red uce future 

l os ses . These meas ures are based on f l ood frequency , a rea l exten t , and 

he i ght data furn i shed and used by the F I A  to determ i ne wh i ch of the 

es tab l i shed i n surance rate categor i es a re app l i cab l e  to b u i l d i ngs i n  

the par t i cu l a r  commun i ty . 

To obt a i n  these data for coas tal  commun i t i es s ubj ect to hurr i cane- I nduced 

f l ood i ng ,  the FIA cont racts  for conduct of F l ood I nsurance Stud i es (FIS) 

w i th  e i ther p ub l i c  or pr i va te o rgan i za t i ons; however , on l y  a few s uch 
s t ud i es act ua l l y have been comp l e ted and thus far the F I A  has used ma i n l y  
the Corps of Eng i neers (CE), the Nat i ona l Ocean i c  and Atmospher i c  Adm i n

I s t rat i on (NOAA) , and the U . S .  Geo l og i ca l  Survey (USGS). Among the tasks 
to be pe rformed , I n  cond uct i ng a F I S  of a hur r i cane-s uscept i b l e  coa s t al 
commun i ty are : (1) determ i n i ng s urge he i ghts hav i ng recur rence I n terva l s  
of 1 0 ,  50 , 1 00 ,  and 500 yea rs ( I . e . , surges hav i ng p robab i l i t i es of annua l 

occur rence of 0 . 100 , 0 . 020 ,  0 . 010 and  0 . 002) 8; (2) est i ma t i ng the areal 

extent and he i ght (f l ood e l evat i ons) of over l and f l ows assoc i ated w i th 

these s u rge he i gh ts; and (3) comput i ng the f l ood-haza rd factors app l i cable 
to d i fferen t pa rts of the commun i ty s ubj ect to f l ood i ng by the 100-year 

s u rge . The F I A  does not s pec i fy what methodo l ogy shou l d  be used by the 

3 R i go rous l y s peak i ng ,  the su rge hav i ng a pa rt i cu l ar probab i l i ty of annua l 
occur rence I s  the surge he i ght tha t  has a par t i cu l ar p robab i l i ty of not 
be i ng exceeded annua l l y . 
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o rgan i za t i on conduct i ng a F I S  to determ i ne hurr i cane s urges or a rea l 
exten t and he i gh t of ove r l and f l ood i ng ,  but  i t  does requ i re tha t the 

he i gh t  of ove r l and f l ood i ng be determ i ned to an accuracy of � 0 . 5  foot .  

The res u l ts  of an F I S  a re t ransm i t ted by the FIA to the commun i ty i n  a 
techn i ca l  report  that i dent i f i es and ca tegor i zes those a reas potent i a l l y  

i nunda tab l e  by t i da l  f l oods . The l and a reas In t he commun i ty a re 
designa ted as be i ng i n :  ( 1 ) Zone V ( I . e . , an a rea of spec i a l  f l ood 
haza rd d ue to the poten t i a l  for i nunda t i on by t i da l  f l ood s  w i th  veloc i ty) 

o r  Zone A ( i . e . , an a rea of s pec i a l  f l ood haza rd d ue to the poten t i a l  for 

I n unda t i on by tid a l  f l oods w i thout  ve l oc i ty) If they are below the p re

d i cted 1 00-yea r s u rge f l ood e l evat i on; (2 ) Zone B ( i . e . , an a rea of 

moderate f l ood haza rd) i f  they l i e between the f l ood eheva t i on pred i cted 

for the 1 00-yea r s u rge and that  p red i cted for the 500-year surge; (3 ) 

Zone C ( i . e . , an a rea of m i n i ma l  f l ood haza rd)  i f  they l i e above the 

pred i cted 500-yea r s urge f l ood e l evat i on .  Zones V and A a re fur the r 

d i v i ded i n to 30 s ubcategor i es each depend i ng upon the d i ffe rence between 

the 1 0-yea r and 1 00-yea r f l ood e l evat i on p red i cted fo r a pa r t i cu l ar  a re a, 

the d i ffe rence be i ng dete rm i ned to the nea res t 0 . 5  foot when the d i fference 

i s  1 0  feet or l es s  and to the nea res t 1 foot when the  d i ffe rence i s  mo re 
than 1 0  feet . 

The a reas des i gnated as be i ng I n  Zones A- 1 th rough A- 30 or V- 1 th rough 

V- 30 a re of part i cu l a r  i n te res t to the commun i ty s i nce its part i c i pat i on 

i n  the Nat i on a l  F l ood I ns u rance Prog ram (and thereby I t s access  to f l ood 

I ns urance p ro tect i on as  we l l as  any fede ra l f i nanc i a l  as s i s tance for 
acqu i s i t i on or  con s t ruct i on purposes ) requ i res  that i t  enact and enforce 

l and-use , cons t ruct i on , and o the r regu l a t i ons  fo r those areas to d i s 
cou rage fu r the r  deve l opment and to encou rage f l oodprooflng of ex i s t i ng 

o r  pe rmi t ted new deve l opmen t .� Add i t i ona l l y ,  p roper ty owners i n  those 
a reas mus t pu rchase f l ood Ins urance fo r the i r b ui l d i ngs . 

� The he i gh t  of the l owes t f l oor (Inc l ud i ng t he basement )  of new bu i l d i ngs 
con s t ructed I n  s uch a reas mus t  be a t  l east  equa l to the p redicted 1 00-
yea r f l ood e l evat i on ,  un l es s  a s pec i f i c  va riance i s  granted by the FlA . 
Even i f  a s pec i f i c  va r i ance i s  g ran ted , the p rem i um fo r the compu l sory 
f l ood i ns u ran ce fo r the new b u i l d i ng may be ext reme l y  h i gh .  

1 0  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

M e t h o d o l o g y  f o r  E s t i m a t i n g  t h e  C h a r a c t e r i s t i c s  o f  C o a s t a l  S u r g e s  F r o m  H u r r i c a n e s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 2 0 1 6 9
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G i ven the s i gn i f i cance to a commun i ty of the F I A des i gna t i on of the area l 
exten t and he i ght of 100-year su rge f l ood i ng, It Is to be expected tha t a 

commun i ty w i ll scrut i n i ze the data resu l t i ng from an FIS. I ndeed, a l 

though on l y relat i ve l y  few s t ud i es of coastal commun i t i es s uscept i b l e  to 

h ur r i cane- I nduced s u rges have been comp l eted ,  some a l ready a re be i ng 

cha l l enged . Pa r t i cu l a r l y d i st u rb i ng to the F I A Is that I n  more than one 
case a commun i ty I s  con test i ng the F I A1s des i gnat i on of f l ood-prone l ands 

e i the r  on the g rounds tha t a s tudy pe r formed by a d i fferen t organ i za t i on 
than the one wh i ch conducted the off i c i a l  F I S  res u l ted I n  a ma ter i a l l y  
d i f fe ren t es t i mate of the area l extent and he i ght  of  1 00-yea r s u rge 

f l ood i ng o r  on the g rounds that the a rea l extent and he i gh t  of  h i s to r i ca l  
s torms s ugges t major depa rtures from the off i c i a l  F I S  est i mates . Further  

compound i ng the s i t ua t i on I s  that I n  mo re than one Ins tance when d i fferent 

organ i zat i ons per fo rmed F I S  on adjacent commun i t i es , the s u rge he i ght 

pred i cted for a common bounda ry by one o rgan i zat i on d i f fered meas u rably 

from the he i ght p red i cted by the other organ i zat i on .  

Even though the th ree organ i zat i ons  (CE, NOAA, and USGS) that have 

been c_onduct i ng F I S  of coasta l commun i t i es for the F I A  use s ubs tan

t i a l l y  d i ffe rent methods to est i mate the .character.fstfcs of the s torm 
wate rs tha t cou l d  cause f l ood i ng ,  a l l three o rgan i za t i ons focus on 

est i mat i ng the he i gh t  of s torm water ( i . e . , the comb i ned he i gh t  of 

h ur r i cane s urge and I n i t i a l  coasta l wa te r cond i t i ons) hav i ng a g i ven 
prob ab i l i ty of occur rence . 5 

The basic method used by the USGS to dete rm i ne the tota l he i gh t  of s torm 
wate r a l ong the open coa s t  as we l l  as beh i nd barr i er i s l ands and i n  bays 

and es t ua r i es i s  re l ated to the agency's respons i b i l i ty fo r record i ng 

h i s tor i ca l  nat u ra l  phenomena and the i r effects and i s  essent i a l l y  a 
s t at i s t i ca l  ana l ys i s  of s torm t i des i n  the reg i on of the a rea unde r 

i nves t i ga t i on .  I t  I nvo l ves : ( 1 )  determ i n i ng the he i gh t  and f requency 
of occu r rence of h i s tor i cal s torm t i des (as t ronom i ca l  p l us s u rge ) by 

exam i n i ng ava i l ab l e  t i da l  gauge records I n  the subject area , I dent i f i ed 

5Thus fa r ,  the USGS and  CE have been the organ i zat i ons  p r i n c i pa l l y  
i nvo l ved I n  conduct i ng F I S  for b ay and es t uary  commun i t i es .  
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h i gh water ma rks , and other h i s tor i ca l  reco rds (e . g . , newspape r  accoun t s  

and pub l i c  documen t s ) ; (2 ) recons t ruct i ng the h i s to r i ca l  s u rge he i gh t s  

(s to rm t i de m i nus a s t ronom i ca l  t i de )  b y  deduct i ng the known or pres umed 

as t ronom i ca l  t i des a t  the t i me of the s to rms; and (3) ext rapo l at i ng th i s  

h i s tor i ca l  surge he i gh t  to the des i red freq uenc i es by comb i n i ng the s u r ge 

he i ght of des i red f req uen cy w i th  a s t ronom i ca l  t i des i n  a random manne r 
and  a ssum i ng a l og-Pea rson Type Ill d i s t r i but i on for the comb i nat i on .  
The method ass umes that : ( 1 ) s to rm- s u rge occur rence and ef fec ts  a re un

r e l ated to ast ronom i ca l  t i da l  even ts  and ef fect s ,  and (2) h i s tor i ca l  
data ava i l ab l e  on l y  fo r a re l at i ve l y  s ho r t  per i od from remote l y  l oca ted , 

of ten p ro tect i ve l y  s i t ua ted t i da l  gauges (wh i ch i n  fact f req uen t l y do no t 

func t i on at  the c l i max of s to rm effects )  can be used as  base l i ne data  
for  the  a rea under s t udy . 

The method used by the CE  to determ i ne the tota l he i gh t  of s torm water on 

the open coas t  as we l l  as  i n  ba r r i er I s l and  and bay and es t ua ry s i tuat i ons 
i s  re l a ted to the agency's res pons i b i l i ty for eff i c i en t l y  des i gn i ng safe 

coas ta l s t ruct ures and re l i es on the use of a one- d i men s i ona l mode l pre

dicated on the b athys t roph i c  s torm t i de theory deve l oped by F reeman , 

Bae r , and J ung6 and evo l ved by B retschne i de r  and Co 1 1 1ns ,7 Ma r i nos and 

Woodwa rd ,8 and Bod i ne9 to es t i ma te the s u rge he i gh t  on the open coas t ,  

seawa rd of b a r r i e r  i s l ands , and a t  the mouths of bays and es t ua r i es .  The 
method i nvo l ves se l ect i ng the character i s t i cs (cen t ra l p res s u re i ndex , 
rad i us of max i mum w i nds , and forwa rd s peed)  of a theoret i ca l  h u r r i cane 

whose cent ra l  pres s ure Index has one ha l f  the f requency of occu r rence i n  

6J . C . Freeman , J r . , L .  Baer , and G . H .  J ung , "The Bathys t roph i c  S torm T i de,11 
Journa 1 of Ma r I ne Resea rch , XV I , 1 ( 1 957)  . 

7C . L .  B rets chne i der , and J . l .  Co l l i ns , P red i ct i on of H u r r i cane Surge : An 
I nves t i gat i on for Corpus Chr i s t i ,  Texas and VIcinity , Na tional Enginee ring 
Sc i ence Co . Tech n i ca l  Report SN - 1 20 for  U . S .  Army Corps of Eng i neers Galvestl 
Dis t rict (Pasadena , Ca l i f . : Na t i ona l Eng i nee r i ng Science Co ., 1 963 ) .  

8C. Ma r i nos , and J . W .  Woodwa rd , 1 1Es t i ma t i on of H ur r i cane Su rge Hyd rographs ,11 
ASC E  Jou rna l of the Waterways and Ha rbors D i v i s i on ,  XCIV· ( 1 968) : 1 89-216. 

9B . R . Bod i ne ,  1 1S torm S u rge on the Open Coas t :  Fundamenta l s  and S i mp l i f i ed 
P red i ction , "  U . S .  Army Corps of Eng i nee rs Coas ta l Eng i nee r i ng Resea rch 
Cente r Techn i ca l  Memorandum 35 , 1 971. 
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the geograph i cal reg i on w i th i n  wh i ch the s tudy a rea l i es as the frequency 
of  hurr i cane des i red (e . g . , the 1 00-year h urr i cane ) . 10 The s urge he i gh t  

res u l t i ng from the hypothet i cal h urr i cane-- t ravel i ng shoreward from the 

Con t i nenta l Shelf a l ong a l i ne pe rpend i cular to the coas t and offset 

to the l eft (fac i ng land )  from the po i n t  to be s tud i ed a d i s tance eq ual 

to the rad i us of max i mum w i nds --Is ca l cu l ated by the s teady-s tate 
i nteg ra t i on of the w i nd s t res s a t  d i s crete po i n ts along the locus of the 

rad i us of maximum w i nds us i ng a one d i mens i ona l model . The method t akes 
i n to account the i n i t i a l  r i se of wa ter leve l above mean sea leve l (wh i ch 

often occurs pr i o r to the arr i val of a hurr i cane and us ua l l y  i s  taken 

from h i s to r i ca l  records ) ,  the as t ronom i cal t i de ,  and a tmosphe r i c  p res s ure 

setup . The CE  method as s umes tha t: ( 1 ) the s urge he i gh t  hav i ng the 

des i red freq uen cy of occurrence res u l ts  from a s l ow-mov i ng landfa l l lng 

h urr i cane wh i ch s t r i kes the coas t to the left (fac i ng land) of the l and 

po i nt under s tudy; (2 ) on-shore water volume transport , advect i on of 
momentum , and  p rec i p i ta t i on can be neg l ected; ( 3 ) the a l ongshore sea s u r face 

is un i form and pa ral l e l  to the bot tom con tours; and (4) astronom i cal t i de 

and i n i t i al wave setup can be l i nea rly s uper i mposed on s torm s urge he i gh t . 

The CE  has , I n  add i t i on ,  s tud i ed a n umber of s pec i f i c  bays and es tuar i es 

us i ng e i ther phys i ca l  or  two-d i mens i ona l ma thema t i ca l  hyd rodynam i c  

mode l s  to s i mu l ate w i nd and s urge dynam i cs w i th i n the bays and es tuar i es 

under s pec i f i ed i nput  wa te r l evel var i a t i on s  a t  the mouths . Ex i s t i ng a t 

10 The select i on i s  made us i ng Na t i ona l Weathe r Serv i ce (NOAA) Draft Mem
orand um HUR7- 1 20 (Rev i sed S tanda rd P roject H ur r i cane C r i te r i a  for the 
At l an t i c  and Gu l f  Coas ts of the Un i ted S tates) , June 1 972 . Th i s  draft  
document upda tes the res u l ts of  s tat i s t i ca l  ·ana l yses of  h i s tor i ca l  
hurr i canes expe r i enced i n  var i ous de l i nea ted zones a l ong the At l an t i c  
and Gu l f  coas ts  as repor ted by H . E .  Graham and D . E .  Nunn i n  Meteorolog
Ica l Cons i derat i ons  Pert i nent  to S ta ndard Pro ect Hurr i cane At l ant i c  
and Gu Coas ts o the Un ted S tates , U . S .  Wea ther Bu reau and U . S .  Army 
Corps of Engineers Na t i onal Hurr i cane Research P roject Report 3 3  
(Wash i ng ton: U . S .  Department  of Commerce , 1 959) . A l though these 
references p rov i de f requency d i s tr i but i on data about the othe r s torm, 
parameters are g i ven i n  rep resentat i ve (e . g . , representat i ve sma l l 
rad i us of max i mum w i nds , representat i ve mean rad i us ,  and  represen ta t i ve 
l a rge rad i us )  not p robab i l i s t i c te rms . 
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the C E  Watenways Expe r i men t Stat i on ,  V i cksb u rg , H i s s . , a re phys i cal 
mode l s  for the fo l l ow i ng po i nts on the At l an t i c  and Gulf Coas ts: 

Newb u ryp�rt  Harbor , Mass . ;  Jama i ca Bay (New York Ha rbor ) , N . Y . ; Barneg a t  

I nle t , N . J . ;  De l aware R i ver , De l ;  James R i ve r ,  Va . ;  Hasonboro I n l et and 

Bay, N . C . ; George town Harbor , S . C . ;  Cha rles ton Ha rbor, S . C . ; Savannah 

Harbor , Ga . ;  and Mob i l e  Bay , A l a .  Ma thema t i ca l  models have been created 

fo r the fo l l ow i ng po i n ts on the At l ant i c  and  Gulf Coas ts: Hasonboro I n l e t 
and Bay , N . C . ;11 Tampa Bay , F l a . ;12 Jama i ca Bay , N . Y . ;13 Sarasota Bay and 

Lake Worth , Fla . 1� Fur ther , the CE  Coasta l Eng i nee r i ng Resea rch Center , 

Ft . Be l vo i r ,  Va . , has been proceed i ng w i th ca l i bra t i on of the ma themat i cal 

model deve l oped by Re i d  and Bod i ne for Galveston Bay15 for use i n  stud i es 

of Cha rles ton Harbor and Bay, S . C . ,  wh i le the CE  Ga l ves ton D i s tr i ct has 

been p roceed i ng w i th ca l i b rat i on of the same mode l for use i n  stud i es of 

Corpus Ch r i s t i  Bay, Copano Bay , Matagorda Bay , San Anton i o  Bay , Aransas 
Bay, Lavaca Bay , Baff i n  Bay , Laguna Mad re, and Sab i ne Lake , Texas . 

The method used by the NOAA to dete rm i ne the tota l he i gh t  of s torm wa ter  

on  the open coas t i s  re l a ted to  the  agency's respons i b i l i ty for p red i ct i ng 

s u rge he i ghts  f rom spec i f i c  h u r r i canes that  are be i ng tracked by the 

11Th i s  mode l was deve l oped by Hasch based on prev i ous  work repor ted i n  
Frank D. Has ch , et a l . , A Nume rica l Hode l for the S i mu l a t i on of Tida l 
Hld rodynam i cs i n  Sha l l ow  I rregu l a r  Estua r i es (Aust i n :  The Un i vers i ty 
o Texas , 1969). 

by Leende rs te based on p rev i ous work reported 

on prev i ous work repo rted I n  R . G. 
Beh i nd Ba rr i er I s l ands (Ga i nes -

15Th i s  mode l i ng i s  proceed i ng b ased on the work reported by R . O .  Re i d ,  and  
B . R .  Bod i ne, "Nume r i ca l  Hode l for S torm S urges I n  Ga l ves ton Bay , "  ASC E 
Journa l of the Wa terways and Harbor D i v i s i on ,  XC I V  (1968). 
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Nat i on a l  H u r r i cane Center and I s  based on app l i cat i on of the j o i nt 
probabi l ity theory used by Hyers in s t udy i ng t i de f requencies i n  At l ant i c 
C i ty and Long Beach I sland , N . J . 16 The method i nvo l ves: ( 1 )  ana l yz i ng 

the behavior and cha racter i s tics of h i storica l l andfa l l l ng and a l ongshore 
hurricanes nea r  the a rea under study to dete rm i ne the frequency of l and
fa l ling h urr i canes , the probab i l i ty distr i but i on of fo�ard speeds of 
al l the h urr i canes, the probabi l i ty d i st r i b ut i on of rad i us of max i mum 
w i nds  of a l l the h ur r i canes , the probab i l i ty d i strib ut i on of the centra l 
p res s u re anoma l y  of a l l the h u rr i canes , and the p robab i l i ty d i s t r i b ution 

of the d i rection of mot i on of the l andfa l l l ng h u rr i canes; (2) ca l cu l ating 

the freq uency of occurrence of s u rge he i ghts  p roduced by theore t i ca l  

h urricanes embrac i ng a l l comb i na t i on s  of the cha racte ris t i cs of h i s torica l 

storms app l y i ng the method of j o i nt probabi l i t i es and Je l es n l ansk l 's two

d i mensional dynam i c mode l us i ng eithe r  precomputed nomog rams or computa

t i ona l runs of s pecia l l y  written compute r prog rams 1 7 ; and ( 3) using the 

method of j o i nt probabi l i t i es to ca l cu l ate the frequency of occu r rence 

of pos s i b l e  max i mum tota l he i ghts of h u rr i cane s urge and astronom i ca l  
tide . The NOAA has , I n  add i t i on ,  deve l oped mathemat i ca l  mode l s for 

Apa l ach i co l a  Bay and St . George Sound , F l or i da . 18 

16V . A .  Hye rs , "Join t Probab i l i ty Me thod of T i de F req uency Ana l ys i s  App l i ed 
to At l a nt i c  C i ty and Long Beach I s l and , N . J . , "  ESSA Techn i ca l  Memorandum 
WBTM HYDRO 1 1 , 1 970 . 

17 Ches te r  P .  Je l es n l ans k l , "SPLASH (Spec i a l  Program to L i st Amp l i tudes of 
Surges from H u r r i canes}, Pa rt 1 - - Land fa l l  Storms , " NOAA Techn i ca l  Mem
orandum NWS TDL-46, 1 972 and "SPLASH (Spec i al Prog ram to L i st Amp l i tudes 
of Su rges f rom Hurr i canes) , Part 1 1- -Gene ra l Track and Var l ent Storm 
Cond i tions , "  NOAA Memorandum NWS TDL-52, Mar . 1974 . These works a re a 
re f i nement of the fo l l owing two pub l i cat i ons i n i t i a l l y  used by Mye rs: 
C.P. Je l esn i ans k i , "Nume r i ca l  Computations of S torm Surges W i thout Bottom 
S t ress , 1 1  Month l y  Wea ther Rev i ew, XC I V  ( June 1 966) : 379-94, and "Nume rica l 
Computations of Storm Surges w i th Bottom Stres s , "  Mon th l y Weathe r Review, 
XC I V, (Nov . 1 967): 740- 56 . The compu ter p rog ram for Je l esnl ansk i 1 s  method 
i s  s pec i fica l ly written for the NOAA CDC 6600 computer , makes ex tens i ve 
use of othe r  NOAA p rogram s ub rout i nes , i s  not compat i b l e  w i th the soft
ware of other computers , and h as not been documented . 

18James Ove r l and , E s t i mat i on of Hurr i cane S to rm Su r e i n  A alachl co l a  Ba , 
F l or i da, NOAA Technica l Report NWS 1 7  i n  p ress  ; F . P .  Ho and· V . A  • .  Hyers , 
Jo i nt · P robab i l ity Heth9d of T i de F requency Analys i s  App l ied to Apa l achico l a 
Bay and St . Geo rge Sound , F l a . , Janua ry 1 975 draft of a NOAA Off i ce of 
Hydro l ogy Repo r t . 
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B .  METEOROLOG I CAL AN D OCEANOGRAPH I C  BAS I S  OF  FLOOD I NSURANCE STUD I ES 

H u r r i canes a re s pawned ove r the oceans nea r the equator i al zones , us ually 
dur i ng the pe r i od from J une through October ,  and are m i gratory cyc l ones 

hav i ng max i mum s us ta i ned w i nd s peeds equal to or  g reater than 75  m i l es 
per hou r .  O f  the eigh t o r  s o  h u r r i canes s pawned each yea r i n  the At l ant i c  

Ocean, Gulf of Mex i co ,  and Ca r i bbean Sea, about 50 percent a re l andfal l i ng 

h u rr i canes ( i . e . ,  they c ros s the At l ant i c  or Gulf coas ts  of the Un i ted 

States ) ,  and of the s i x h ur r i canes spawned each year off the wes t coa s t  

of Cen t ra l  America, about 1 pe rcent c ross the Pac i fic coast o f  the Un i ted 

Sta tes and then only i n  Ca l i fo rn i a . Wh i l e the re i s  l i ttle l i ke l i hood 

of a h urr i cane l andfal l i ng a t  any one s pec i f i c l ocat i on g i ven the 

i n freq uency of occu r rence and the thousands of m i les of coastl i ne, a 

h urr i cane i s  a maj or  meteo rolog i cal phenomenon (meas ur i ng as much as 500 

m i les acros s to the ga l e  force w i nds  of 40 m i l es pe r hour and  1 00 m i les 
acros s to the h ur r i cane force w i nds ) and, therefore , can affect a l arge 

number of coasta l  commun i t i es no matter whether or where i t  landfa l l s .  

A h urr i cane moving ove r  the Cont i nental Shelf p roduces a b u i l d up of  wa te r 

at  the coast that  can i nundate near-s hore dry lands . Fo r a g i ven set of 

nea r-shore geog raph i c  fea tures (e . g . , bottom topog raphy [bathymet ry] and 

roughness  of the Con t i nenta l Shelf and coas tl i ne curvatu re ) , the nat u re 
of the s to rm wa te rs depends upon the character i s t i cs of the s urge p rod u ced 

by the h urr i cane and the i n i tial coas tal wate r cond i t i ons p reva i l i ng at 

the t i n� of the h urricane . The i n i t i al coas tal water cond i t i ons a re an 

impo rtant dete rm i nant of the total he i ght of storm waters  above mean sea 

level because a s urge a rr i v i ng i n  phase w i th h i gh t i de obv i ously wou l d 

res ult i n  a total sto rm wate r he i ght greate r than wou l d  a s urge a r r i v i ng 

i n  phase w i th low t i de .  

The storm s u rge cha racte r i st i cs of he i gh t , d urat i on, and spat i a l  s p read 

along the shore are affected to var i ous deg rees by d i ffe rent parameters 
of the h urr i cane (e . g . , centra l p res s u re anomaly , rad i us of max i mum 

w i nds , forward speed , max i mum s us ta i ned w i nds, d i rec t i on of the s torm 

relati ve to the coast) . The s urge he i ght res u l t i ng f rom a l andfa l l i ng 

h urr i cane i s  most close l y  related to the centra l p ressure anomaly but i s  
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a l so i nfluenced by the forwa rd s peed of p ropagat i on and d u ra t i on of the 

s torm; howeve r, the durat i on and s pat i a l  s pread a l ongshore of the storm 

wate rs depend  main l y on the forward s peed , d i rect i on of the storm re l at i ve 
to the coast ( i . e . , ang l e  of app roach ) , and rad i us of the max i mum w i nds 

of the s torm . In the case  of a hurr i cane movi ng a l ongshore , the s u rge 

he i gh t , i n  add i t i on to be i ng strong l y  re l a ted to the centra l p res s ure 
anoma l y  alone , i s  qu i te sens i t i ve to the s peed of the sto rm and i ts 
d i stance f rom the coast re l at i ve to the rad i us of max i mum w i nds  (e . g . ,  

the s urge he i ght rap i d l y  dec reases when the d i s tance f rom the shore i s  

more than twice the rad i us o f  max i mum w i nds ) . Surge d u ra t i on for the 

alongs ho re-moving h urri cane i s  aga i n  c l ose l y  re l a ted to the forwa rd s peed 

and rad i us of max i mum w i nds .  

A h urr i cane w i th given pa rametr i c va l ues approach i ng the coas tl i ne norma l ly 

creates t he h i ghes t s u rge he i ght  at a po i nt on the coas t to the right 

( fac i ng l and) of i ts l and fa l l . The d i s tance of th i s  po i nt from the location 
of the landfa l l of the s torm center i s  about equa l to the rad i us of max i mum 

w i nds of the h urricane . However, the peak s urge he i gh t  of a landfa l l i ng 
s torm us ua l l y  i s  expe r i en ced on l y  over a re l at i ve l y  sho r t  d i stance along 

the coas t ( the he i ght of  s u rge i s  red uced s i gn i f i cant l y  w i th i n  seve ra l 

t i mes the rad i us of maximum w i nds to the r i ght and w i th i n  a coup l e  of 
rad i i to th e left of  the storm cente r ) a nd a l l but  d i sappea rs within 1 0 times 
the rad i us to the r i ght and a th i rd of that  d i s tance to the l ef t  of the 

s torm cen ter . On the othe r hand, an a l ongsho re-mov i ng h urr i cane w i th the 

same pa ramet ric values as a land fal l i ng h ur r i cane may p roduce at  the same 

point on the coas t a s u rge only abou t 50 percen t  as h i gh as that p roduced 

by the land fa l l i ng h urr i cane1 9 b ut that he i gh t  extends over a s ub s tant i a l ly 

greate r d i s tance a l ong the coas t .  

The a rea l extent and he i gh t of  f l ood i ng that will occur  i n l and from a 

s urge on the open , unbroken coas tl i ne w i th known cha racter i s t i cs i s  

19A pos s i b l e  except i on to th i s  i s  the h urr i cane genera t i ng resonance wh i le 
mov i ng southwa rd on the At l antic coast or northwa rd off the west coa s t  
of F l or i da .  The former c i rcumstance i s  a l l but i mpos s i b l e  to env i s i on, 
the l a tte r wou l d  be exceed i ng l y  rare . 
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inf l uenced by the wind f i e l d  attendant the h urr i cane . I t  i s  poss i b l e, 

for examp l e, for a g reater  degree of i nlarid f l ood i ng to res u l t  from a 

s u rge hav i ng  a re l a t i ve l y  l ow  he i ght and a strong w i nd f i e l d  than from 
a h i ghe r s urge hav i ng a weake r w i nd f i e l d  or  a w i nd f i e l d  act i ng i n  a 
direct i on oppos i te the f l ow  of the storm waters . The i n teract i on and 

effects  of the w i nd f i e l d  a re even g reater as the open coas t s urge crosses 
barrie r i s l ands or  funne l s  through bays and estua r i es to i n undate norma l l y 
dry l ands beyond . I n  these i ns tances , as i n  a lake , loca l w i nds  can i nd uce 

a s urface current i n  the gene ra l d i rect i on of the w i nd movemen t, thus caus i ng 

an i ncrease or decrease i n  water l evel above or be l ow  tha t  an t i c i pated by 

considera t i on of s u rge cha racte r i s t i cs a l one . Th i s  cu r rent res u l ts 

p r i nc i pa l l y  from tangent i a l  s t res ses at the wa te r s u r face be tween w i nd 

and water , and  i t  prod uces a p i l i ng up of water at the l eeward s i de and 
a l owe r i ng of water l eve l at the w i ndwa rd s i de w i th a return f l ow a l ong  the 
bot tom .  Hau row i tz ,  Sav i l l e ,  S i bu l , and T i ckne r draw atten t i on to this e ffect 

i n  the i r s tud i es of the pas sage of the h urr i cane of August 26-27, 1949 over the 
northe rn pa rt of Lake Okeechobee . 20 Dur i ng th i s  h ur r i cane, afte r the l ake 

level was i n c l i ned by the w i nd ,  the w i nd d i rect i on sh i fted 180° i n  a period 
of three hours . Th i s  turn i ng of the w i nd res u l ted i n  a tu rn i ng of  the he i ght 

contours of the l ake s u rface, but the t u rn i ng of the con tours l agged behind 
the t urn i ng of  the w i nd so  th at for a per i od of time the w i nd blew para l l e l  

to, rathe r than pe rpend i cu l ar to the wa ter  l eve l con tours . 

The i mpl i ca t i on of these commen ts on oceanograph i c  and  meteoro l og i ca l  
conside rat i ons i s  that the degree to wh i ch a h u r r i cane affec ts a coas tal 

commun i ty ( i . e . , the exten t of and he i ght  to wh i ch l ow- l y i ng l ands are 

20B .  Haurowitz, 1 1The S l ope of Lake Su rfaces Unde r Va r i ous W i nd S t resses,•• 
u.s. Army Co rps of Eng i nee rs Beach Eros i on Boa rd Techn i ca l  Memorand um 25, 
Nov . 195 1 ; T .  Sav i l l e, J r . , "W i nd Set-Up and Waves i n  Sha l l ow Water , 1 1 
U . S .  Army Co rps of  Eng i neers Beach E ros i on Board Techn i ca l  Memorandum 
27, J une 1 952; 0 . S i b u l , "Laboratory Study of W i nd T i des i n  Sha l low Wa ter,11 
U . S .  Army Corps of Eng i nee rs Beach E ros i on Boa rd Techn i ca l  Memorandum 6 1,  
Aug . 1 955 ; E . G . T i ckner, "Effect of  Bottom Roughness  on  W i nd T i de i n  
Sh a l l ow  Water, 1 1  U . S . A rmy Corps of Eng i nee rs Beach Eros i on Board  Tech n i ca l  
Memorandum 95, May 1 9 57 .  
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f l ooded) i s  a fun ct i on not on l y  of the severa l cha racter i s t i cs of  the 

surge at the coas t l i ne, but a l so of the act i on of the s to rm's w i nd on 

th i s  wate r as i t  is dr i ven i n l and . The cu rrent approach used by the F IA 

for determ i n i ng the he i gh t  of a s urge having a given p robabi l ity of annual 
occurrence at the coast l i ne and of p roj ect i ng the assoc i a ted wa ter inland 
to de term i ne the he i gh t  and a rea l exten t  of f l ood i ng hav i ng the same 

probab i l i ty of occurrence does not take i n to account the effect of wind 
f i eld on extent and he i gh t  of I nland f l ooding nor any cha racte rist i c  of the 
s u rge othe r than height . Th us , It Is conc l uded that s uch an  approach is 
inadequate fo r purposes of the F I A  and tha t  a more adequa te approach 

in vo l ves estab l i shing the a rea l ex tent a nd he i ght  of i n l and  f l ooding having 
a given probabi l i ty of annua l occu r rence on the bas i s  of flood i ng that 
would be ca used by i nd i v i dua l h urr i cane- i nduced s urges (with as t ronomical 

t i de s uper i mposed thereon) whose tempora l and spat i a l (he i gh t  and a l ongsho re 

s pread) characte r i s t i cs and a ttendant w i nd f i elds are def i ned probabilistically. 

C. APPL ICAT ION OF THE SPLASH MODELS 

The app roach d i s cus sed above to pred i ct i ng the a rea l extent and he i gh t  of 
i nland f l ood i ng of a coas ta l commun i ty hav i ng a g i ven p robab i l i ty of 

occur ren ce req u i res study i ng the poten t i a l  effects of a l a rge n umbe r of 

wate r and w i nd cond i t i ons of i nd i v i dua l storms as contras ted w i th the 
cu r rent p rocedure of study i ng the potent i a l  e ffect of a s urge h av i ng a 
g i ven p robab i l i ty of occu r rence . To study the poten t i a l  effec ts of 
i nd i v i dua l s to rms req u i res that  the character i s t i cs of a particu l ar s u rge 

an d wind f i eld of a h u rr i cane be re l a tab l e  i n  t i me and s pace . One way 

this can be achieved i s  to describe the tempora l and s pat i a l  (he i ght and 

a l ongshore s p read) character i s t i cs of the s u rge i n  te rms of va r i ous pa ramete rs 
that , i n  turn, can be cor re l ated w i th the paramete rs  cha racter i z i ng the 

h urr i cane prod uc i ng the s urge at a g i ven locat i on. The s urge pa rameters  to 
con s i de r  a re: ( 1 )  peak s u rge  he i ght, ( 2) pos i t i on a l ongs hore a t  wh i ch the 

peak s urge occurs , ( 3 ) the t i me  at wh i ch the peak s urge occu rs, (4) the 

s tanda rd dev i at i on {d i stance s pread parameter) of the s u rge prof i l e a l ong

shore at the t i me  the peak s urge occurs, {5) the s tanda rd dev i a t i on (t i me 

spread pa rameter) of the s u rge hydrog raph at  the pos i t i on a l ongshore whe re 

the peak s u rge occu rs , and (6 ) the trace s peed of the s u rge c rest a l ongsho re. 
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A reasonab l e  app rox i ma tion of the tempo ra l  and s patial distr i bu tion of  

the surge e l evat i on a t  the sho re can  be ach i eved by as s um i n g  a b i - variate 

Gaus sian (no rmal) dis t ribu t i on characte r i zed by the s i x  pa rameters  
iden t i f i ed above . The genera l b i - var i a te Gauss i an d i s t r i but i on for 
the s urge e l evat i on (S) at a posit i on (x ) a l ongsho re a t  a t i me  (t) can be 
rep resented as : 

S (x, t )  • SP ex{- ! [(?Y - 2p (?)�) +(2)jJ . (I) 

whe re 

S Is the peak s urge he i ght, p 
x i s  the pos i t i on alongshore at wh i ch the peak s u rge occu rs p 

(meas ured pos i tive to the r i ght fac i ng shore) , 

tp i s  the time a t  which the peak s urge occurs,  

a ·  is  the standa rd dev i at i on (d i stance s pread parameter) . of t he X 
s u rge p rof i l e  a l ongshore a t  t • tp' 

at Is the s tandard dev i at i on (t i me s pread pa rameter) of the s urge 

hyd rograph a t  x • x , and p 
P is the rat i o  ax/Cat whe re C Is the t race speed of the s urge 

cres t a l ong shore .  

The refe ren ce po i nts for x and t a re the s ame as  those fo r x and t . .  p p 
Fo r l andfa l l i ng h u r ricanes, xp Is re l at i ve to the position of l andfa l l 

of the h urrica ne eye, wh i le t p Is re l at i ve to the time of lan dfa l l .  Fer 
non - l an d fa l l lng  h u r r i canes, xp Is re l at i ve to an a rb i t ra ry reference 

pc i n t (P) on shore and tp is re l at i ve to the time when the h urricane eye 

is c l oses t to and abeam of the po i nt (P). 

The max i mum s urge at any x occurs a t  t i me t , wh i ch can be determ i ned 
m 

f rom : 
(x- xp ) 

t - t + c m p 
The corres pond i ng l oca l maximum s u rge a t  x can be determ i ned f rom: 

S (x) • S exp [- (1-p2) m p 

20 
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Figu re 1 I l l ust rates both the d i st r i but i on of s u rge height vs . x and t 

as wou l d  be app rox i mated by Eq. (1) for a l andfa l l i ng hur r i cane and the 

correspond i n g enve l ope of max i mum s urge he i ght a l ong the coast . The 

enve l ope of max i mum s urge he i ghts a l ongshore has a w i de r  s pread than 
the a l on gshore prof i l e  of s u rge he i ghts at any spec i f i c  t i me t ;  the 

prof i l e of  s urge he i ghts a l ongsho re at t • t I s  i l lustra ted on the . p 
f i g u re .  The enve l ope s tandard dev i at i on I s  g i ven by ax/(1-p2)0"5• 

For a non- l andfal l i ng h u r r i cane mov i ng para l l e l  to the s hore , 
ax • cat ( i . e . , p • 1), and Eq ( 1 ) reduces to the form: 

s( x , t) • sP 
exp t � {t-t

P -fJ], (�) 

where x1 
• (x-x ) and t I s  the t i me of max i mum s urge fo l l ow i ng the p p 

passage of the eye abeam of x1 • 0 .  Thus , there a re on l y  fou r  surge 

parameters requ i red I n  the case of a non- l andfa l l l ng hurr i cane (S , a , p t 
tp' and C) and  C must equal the s to rm speed . Figu re 2 I l l us t ra tes the 

distribut i on of the s urge he i ght vs . x a nd t as wou l d  be app rox i mated 

by Eq . (4) and the cor respond i ng enve l ope of max i mum s urge he i ghts a l ong 
the coast . 

The six pa ramete rs character i z i ng the s urge can be re l ated to the fol l owing 
specif i c  parameters cha racte r i z i ng a h urr i cane f rom which I t  I s  poss i ble 
to def i ne the preva i l i ng w i nd fie l d: cen t ral p ress u re depress i on (D), 

radius to maximum w i nd ( R) ,  forwa rd s peed (U) , and path I n  the region of 

conce rn . Fo r l andfa l l i ng hur r i canes, the path can be cha racterized by 

the pos i t i on on the coast of l andfa l l of the eye and the ang l e (0) of the 

path meas ured c l ockw i se  from the coast . For non- l andfa l l i ng hurr i canes, 

the pa th can be character i zed by the d i s tance ( L) of  the hurricane measured 

seawards f rom the coast .  

Neither the USGS sta t i st i ca l  method nor the one-d i mens i ona l mode l th at Is 

bas i c  to the CE method can gene rate the t i me- and s pace-re l ated descr i p t i ons 

of the h urri cane and i ts s u rge as  jus t d i s cussed . The forme r  trea ts the 

hurr i cane as an exogenous va r i ab l e ,  and the la tter's mathema t i cs conf i ne 
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F I GURE 1 D i str i but i on of s urge he i ght vs . x and t and the correspond i ng 
enve l ope of max i mum s urge he i ght a l ong the coast fo r a l and
fa l l i ng hu r r i cane . 
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F I GURE  2 Distribution of surge height vs. x and t and the corresponding 
envelope of maximum surge height along the coast for a non
landfalling hurricane. 
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it to dea l in g  with s torms tha t l and fa l l perpend i cu l a r to the coa s t . 

On the other h and, however , the feas i bi l ity of prod uc i ng this k i nd of 

informat i on i s  demons t rated by Je l esnlans k i 's work w i th t he NOAA SPLASH  
mode l s res u l t i ng In  nomog rams that  re l a te S to  D, R,  U,  and  0 fo r wha t  p 
Je l esn i an s k i def i ned as  a "s tanda rd" l and fa l l l ng h u r ricane mov i ng acros s 
a "s tandard" bas i n .  21 The same types of  nomog ram (I • e .  , re 1 at  I ng S to p 
D, R, U ,  and 0 or  L) can be deve l oped for d i fferent reaches of  the At l an tic 

and G u l f  coas ts,  as s um i ng a s tanda rd or Idea l ized bas i n, without a ny 
reprogramming of the S P LASH mode l s .  W i th on l y  a l i t t l e  reprog ramm i ng - -

a n d  tha t confined t o  the output  s tages of  t h e  mode l s  as  con t ras ted w i th 

the mathema t i ca l  s tages of the mode l s-- the SP LASH mode l s  offer  the 

capab i l ity of being ab l e  to p rov i de the i nforma t i on necessary to create 

nomog rams th at  re l a te the other needed cha racter i s t i cs of the s urge (x , p 
t , a , at and C )  to D, R, U, and  0 or  L . 22 Th i s  capab i l ity derives p X 
f rom the fact that the SPLASH mode l s  are deve l oped to " t ra ck" hu r r i canes 

i n  bot h rea l time and s pace and to dis p l ay In forma t i on about t he peak 

s u rge heigh ts  res u l t i ng a l ongshore as the s torm traverses the bas i n .  

The SPLASH mode l s  are not app l i cab l e  eve rywhere , howeve r ,  beca use the 

mode l s  a s s ume :  ( 1) an i dea l basin hav i ng a s t ra i gh t  unb roken coas t l i ne; 

( 2 )  a ver t i ca l  l and mas s on the coas t w i th a f i n i te sea depth a t  the 

21Ches te r P .  Je l es n l ans k l , "SP LASH (Specia l Prog rams to L i s t  Amp l i t udes 
of  S urges from Hurr i canes ) Part  !--Landfall S torms ,11 op . cit . ,  pp . 4, 
6, and 11. 

22Using the SPLASH mode l s ,  NOAA a l ready has deve l oped re l at i onsh i ps for 
peak s u rge a t  shore In terms of he i gh t  of these h u r r i cane pa ramet e rs ; 
and has p ub l i shed res u l ting nomograms for a l a ndfa l l l ng hu r r i cane at  
different l oca t i ons a l ong the  G u l f and At l an t i c  coas t s . NOAA's work  
i ndica tes that , for a g i ven l oca tion, S Is  mos t sens i t i ve to  changes 
of  the h u r r i cane parameters D ,  U ,  and 0Po r  L and on l y  s l i gh t l y  
dependen t  on R .  I t  i s  ev i dent  that  the other five parameters character
i zing the s urge can be re l a ted to these s ame h urricane parameters , and 
i t  I s  an tic i pated tha t the dependence of  the other pa rameters des cr i b
i ng the s u rge cha racteris t i cs of  these h urr i cane pa rameters wou l d  be 
as fo l l ows : x and a ought  to depend pr i mar i l y  on R and 0;  t and 
a ought  to deaend p rfmarl l y  on R /U and e; and C ought to depeRd 
p� l ma r l l y  on U and 0 w i th C be i ng l a rger than U for a l andfa l . l i ng 
h urr i cane and equa l to U for a h u r r i cane mov i ng para l l e l  to the coas t .  
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coas t; (3 )  a wide shallow Continental She l f ,  the width of which Is 

greater than but of the same order of magnitude as the radius of maximum 

win ds of the hurricane ; and (4) l inear wind-water dynamics. Thus, while 

the SPLASH mode l s are directly applicable on theiAtlantlc and Gulf coasts 

when the radius of curvature of the land mass Is an order of magnitude 

larger than the radius of maximum winds of the hurricane, they are 

margina l ly applicable when the radius of curvature Is larger bu t of 

the same order of magnitude as the radius of maximum winds and are 

i na pp l i cab l e  when the radius of curvature i s  Jess than the radius of 

max i mum w i nds (a  condition that prevails for virtually all bays and 

es t uar i es and some deltas and capes) . 

Notwithstanding these limitations, the SPLASH models of the NOAA currently 

provide the soundest basts for determining, along unbroken coastlines of 
the Atlantic and Gulf coasts, the temporal and spatial characteristics 

of a hurricane- i nduced surge that must be related to hurricane parameters 

for use  in the conduct of a FIS. Unfortunately even though the NOAA SPLASH 

mode l s  a re nonproprietary, they cannot be applied by other public or private 

engineering organizations because, for example, the required computer 

programs are wr i t ten specifically for the NOAA CDC6600 computer, make use 

of other spec i a l NOAA program subroutines, and have not been documen ted . 
More important, although the programs are reasonably straightforward,· 

confident i nterpretat i on of the computer results requires substantial 

bri ef i ngs and extensive study. This is particularly true with the SP LASH 

II model (used In connection with alongsho re hurricanes) whose computer 

program requires that surge computations begin 1 2  hours before and end 1 2  

hours after the storm passes the midpoint of the length of coast to wh i ch 
the model is being applied, res u l t i ng i n  spurious waves being predicted a t  

the beg i nn i ng and at the end of the computational run fo r rapid-moving storms 

and from the beg i nn i ng of the computational run for slow-moving storms 

because of artificial reflections at the lateral boundaries of the basin. 

In view of this situation and Inasmuch as the Federal Insurance Program 

cannot be delayed until the NOAA can study each of the large number of 
coastal communities requ i ring a FIS, the Immediate solution Is to have 
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the NOAA use i ts mode l s  to gene rate i n fo rma t i on on s to rm-wa te r 

cha racte r i � t i cs that  can be used i n  t he conduct o f  a F IS by othe r p ro

fess i ona l o rgan i za t i ons .  To th i s  end , i t  i s  recommended that  the F IA 

reques t the NOAA to pub l i s h ,  i n  the fo rm of  nomog rams,  the re l a t i onsh i ps 

among the tempo ra l and spat i a l  cha racte r i s t i cs o f  s u rges and  h u r r i cane 

pa ramete rs fo r va r i ous reaches of the At l an t i c and Gu l f  coas ts . The 

s u rge cha racte r i s t i cs to be cons i de red a re :  pea k s u rge he i gh t , pos i t i on  

of peak s u rge on l and re l a t i ve to pos i t i on of s to rm cen te r , t i me  of  peak 

s u rge on l and  re l a t i ve to the t i me  the s to rm cen ter  i s  c l oses t to the 

po i n t of peak s u rge , the s tanda rd dev i a t i on (d i s tance s p read pa ramete r ) 
of the s u rge p rof i l e  a l ongshore a t  the t i me peak s u rge occu rs , the 

s tanda rd dev i a t i on (t i me s p read pa rameter ) of  the s u rge hyd rog raph a t  the 

pos i t i on a l ongs ho re at the po i n t the peak s u rge occu rs, and the t race 

s peed at  the s u rge c res t a l on gs ho re . The h u r r i cane pa rameters  to be con 

s i de red a re :  cen t ra l  p ress u re anoma l y, rad i us to maxi mum w i nds, fo rwa rd 

s peed , and pa th (ang l e  of i nc i dence on coas t of l andfa l l i n g s to rms o r  

d i s tance f rom sho re o f  a l ongsho re- mov i n g s to rms ) . I t  i s  expected tha t ,  

i n  t h e  i mp l emen ta t i on of th i s  recommendat i on, the  NOAA w i l l  have t o  con 

duct  ce rta i n  s ta t i s t i ca l  ana l yses and that  the F IA and the NOAA wou l d  

reso l ve be tween them the l ength  of  and o rde r i n  wh i ch reaches a re to be 

s tud i ed , due cons i derat i on be i ng g i ven to the orde r i n  wh i ch F IS a re to 

be made and the qua l i ty of oceanog raph i c  and meteo ro l og i ca l  data ava i l 

ab l e  for the reaches . 

As men t i oned ea r l i e r, the cha racte r i s t i cs of the s u rge p roduced by a 

h u r r i cane w i th g i ven cha racter i s t i cs depend on va r i ous nea r- s ho re 

geog raph i c  fea tu res . Th i s  i s  pa rt i cu l a r l y  t rue i n  the case of  t he p ro

f i l e  of wa te r depth nea r s ho re ( the sha l l owe r  the coas t a l wa ter  the 

h i ghe r the s u rge ) . To accoun t fo r th i s va r i a t i on ,  NOAA has deve l oped 

1 1 shoa l t n g factors 1 1  de f i ned as  the ra t i o of the he i gh t  of t he s u rge that  

wou l d  be p roduced a t  a po i n t a l ong the  coas t hav i ng a s pec i f i c p rof i l e  

of wa te r depth nea r shore by the s tanda rd i zed h u r r i cane to the he i ght  

tha t wou l d  be p roduced i n  the  s tanda rd o r  i dea l i zed bas i n  by the  s tan

da r i zed h u r r i cane . Because the nomog rams to be deve l oped by NOAA a re to 

be based on cons i �e ra t i on of a s tanda rd or  i dea l i zed bas i n, s hoa l i n g 
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fac tors w i l l  be req u i red to app l y  the  nomog rams to s pec i f i c  po i n ts w i t h i n  

the reaches . Th us , i t  i s  recommended that  F IA reques t NOAA to pub l i s h , 

i n  the fo rm of g raphs , the va r i a t i on of  the shoa l i ng factor  a l ong  the 

reaches of the At l an t i c  and  Gu l f  coas ts  fo r wh i ch nomog rams a re p rod uced . 

D .  APPL I CAT ION OF THE NOAA NOMOGRAMS 

S i nce the new app roach for determ i n i ng the a rea l exten t and he i gh t  of  

ove r l and  f l ood i ng hav i ng a g i ven p robab i l i ty of  occu r rence req u i res 

s t udy i n g the i n l and  effects  of a n umbe r  of s to rm wa te r and w i nd cond i t i ons  

of i nd i v i dua l h u r r i canes , i t  i s  an t i c i pa ted tha t the  organ i za t i on conduct

i ng a F IS w i l l  need to cons i de r  a numbe r of h u r r i canes (each hav i n g  a 

pa r t i cu l a r  D , R ,  U ,  and 0 or  L )  and w i l l  de r i ve a numbe r of  co r respond i n g 

s u rges (each hav i ng a pa r t i cu l a r SP , Xp , t p , Ox , at , and C ) . 

The nomog rams to be p roduced by NOAA a re i n tended me re l y  to s upp l an t  the 

need fo r each o rgan i za t i on conduct i ng a F IS to ha ve d i rect  acces s to the 

SPLASH mode l s  to der i ve the s u rge cha racte r i s t i cs of a h u r r i cane . The 

o rgan i zat i on pe r fo rm i ng  a F IS s t i l l  w i l l  be requ i red to choose the pa ram

ete rs of  i nd i v i dua l h u r r i canes to be used i n  conj unct i on w i th  t he nomog rams 

and shoa l i ng facto r i n fo rma t i on i n  orde r to de r i ve the co r res pond i n g s u rge 

cha racte r i s t i cs app l i cab l e  to the commun i ty unde r s t udy and to re l a te t he 

s u rge cha racte r i s t i cs ob ta i ned to as t ronom i ca l  t i de a nd w i nd f i e l d  i n fo r 

ma t i on de r i ved f rom the pa ramete rs o f  t h e  co r respond i n g  h u r r i cane i n  o rde r 

to s tudy the f l ow  of the  s to rm wa te rs f rom t he coas t to i n l an d  reg i ons . 

The o rgan i za t i on conduct i ng a F IS a l so w i l l  have to de r i ve the p robab i l i t i es 

of occu r ren ces o f  the s u rge pa ramete rs . Th i s  can be done by as s um i ng tha t 

the p robab i l i ty of  occu r rence of  a pa rt i cu l a r  se t  of SP , xp , t p , ox , O t, 

and C va l ues i s  the same as the p robab i l i ty of occu r ren ce o f  a pa r t i cu l a r  

s e t  of D ,  R, U , and 0 o r  L va l ues . Then , g i ven the p robab i l i ty o f  occur

ren ce of  the  i nd i v i dua l h u r r i cane pa rameters (and  know l edge abou t whethe r 

the h u r r i cane pa rameters a re i ndepen den t  o r  i n te rdependen t va r i ab l es i n  

the reach ) , by ma thema t i ca l  theo ry , the  method of  j o i n t  p robab i l i t i es 

p rov i des the soundes t bas i s  for as s i gn i n g a p robab i l i ty of  occ u r rence to a 

pa r t i cu l a r  set of  s u rge cha racte r i s t i cs .  Acco rd i ng l y , i t  i s  recommended 

tha t  the F IA req ues t  the NOAA to p ub l i sh ,  i n  the fo rm of t ab l es or g raphs, 
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the probabi l i t i es of  ann ua l occurrence of va r i ous va l ues for ea ch 

h urricane pa rameter in each reach for which nomograms a re p roduced by  

NOAA . I t  I s  an tic i pa ted tha t  s tat i s tica l ana l yses conducted to produce 
th i s  i n fo rma t i on wi l l provide the basis for a d i s cuss i on i n  the NOAA 
pub l i ca t i on of  the independen ce or i n terdependence of  the h urr i cane 
parame ters in the reach s t udied . I n  the absence o f  s uch d i scussion , the 

parame ters can be ass umed to be i ndepen den t .  

I n  using the nomograms , wh i ch a re to be p repared on a reach basis , to 
characte rize the  s torm wa te rs and  winds occurring a t  a pa rtic u l ar com

munity within the reach, it s hou l d  be recognized that  i mp l i c i t i n  the 

recommenda t i on tha t NOAA p rovide p robabi l i s tic meteoro l og i ca l  data on a 

reach bas i s  i s  the idea that th i s  meteo ro l og i ca l  data  can be app l i ed 

throughou t the reach . I n  othe r words , the re i s  an equa l p robabi l ity t h a t  

the meteoro l ogica l d.a ta prov i ded b y  NOAA i s  app l i cab l e  to a particu l a r  

commun i ty or to any po i n t  on the coas t above o r  be l ow  a commun i ty with i n  

the reach . This being the case , the nomograms can be app l i ed at  any 
po i n t  w i th i n  the reach . The organization conduct i ng the F I S  can th us 

as s ume tha t the pos i t i on a l ongs hore of  the peak surge (xp ) for any par
t i cu l ar h urr i cane occurs at any poin t on the coas t re l at i ve to the 

commun i ty under s tudy . Then , by usin g  the nomog rams and t he probab i l is 
t i c  h urr i cane da ta ,  the organ i zation can de rive the ba l ance of the s urge 

characte r i s t i cs and the p robabi l i t i es assoc i ated w i th  th i s  set  of s u rge 

characte r i s tics and a l so position the particu l ar s to rm re l ative to the 
community . 

To characterize fu l l y the s torm wa te rs a t  a particu l ar poin t , the peak 

s urge he i gh t ( Sp ) and the t i me  s pread parame ter of  the s u rge hydrog raph 

(at) derived mus t be comb i ned i n  some fas h i on w i t h  the os c i l l a t i ons  of 

as tronom i ca l  tide about s tandard mean sea l eve l .  Aga i n ,  the method of  

j o i n t  probabi l ities prov i des the  s oundes t bas i s  for ass i gn i ng a proba

b i l i ty of occurrence to a part i cu l ar a l gebra i c  add i tion of s urge height 

and as tronom i ca l  t i de ,  given the probabi l i ty of occu rrence of the  s urge 

he i gh t  and various heigh ts  of as t ronom i ca l  tide . To fac i l i ta te this 

computat i on , i t  i s  recommended that the F I A  req ues t the NOAA to p ub l ish, 

i n  the form of tab l es o r  g ra phs , the probabi l i ties of annua l occu r rence 
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of va r i ous he i ghts of as t ronomica l tide above or  be l ow  s tandard mean sea 

l eve l at va rious poin ts within the reaches fo r which nomog rams and meteo

ro l og i ca l  data  on h urr i canes a re to be pub l is hed by the  NOAA . I t  is 

an t i c i pated tha t  the F I A  and the NOAA wi l l cooperative l y  se l ect  the points 

with i n  the reaches based on the avai l abil ity of oceanog raphic da ta  and  

t he needs of the F I A  with rega rd to f u t u re F I S .  

E .  FURTH E R  STUDY AND RESEARCH NEEDS 

Notwith s tanding the adv i s ab i l ity o f  usin g  the SPLASH mode l s du rin g the 

immediate futu re to genera te I n fo rma tion about the tempora l and s patia l 

cha racteris tics of coasta l  s u rges from h urricanes for the pu rposes of  

F l ood I n s u rance S tudies , the SP LASH mode l s  do  not p rov i de es timates o f  
s u rge heigh t within � 0 . 5  feet . Even when the meteoro l ogy o f  a pa rticu l a r  

h u r ricane is wel l defined (e . g . , when the Na tiona l Hu r ricane Cen ter  is 

tracking an ongoing h u r ricane) , the p redicted maximum s urge heigh t at a 
commun i ty on the open coas t using the S P LASH mode l s  seems to l ie rathe r 

consis ten t l y  within a range of � 2 feet of  obse rved max i mum s u rge he i ght 

a t  the po i n t .  Moreover, the differen ce between the s u rge hyd rograph p re
d i cted fo r a community on the open coast  usin g  these mode l s  and the s u rge 

hyd rog raph observed at the community cou l d  in t roduce significan t unce r

tainty in s ubseq uen t es timates of  the a rea l extent and height to which 

in l an d  areas a re f l ooded by a h u r ricane . 

This situation l a rge l y  a rises beca use the S P LASH mode l s - -as we l l as 

other exis t i ng empirica l , one-dimensiona l ,  and two- dimensiona l computa- · 

t i ona ) methods used to cha racterize the s u rge caused by h urricanes 2 3 - 

we re deve l oped on t he basis of avai l ab l e  his torica l data . They have on l y  

2 3 See, fo r examp l e ,  w . c .  Connor, R . H .  Dra ft, and D .  Lee Ha r ris , 1 1 Empi rica 1 
Methods fo r Forecas ting the Maximum S to rm Tide Due to H u r ricanes and 
Othe r T ropica l S to rms , 1 1  Mon th l y  Weathe r Review , DXXXV , (Ap r i  I 1 957 ) : 
1 1 3- 1 6 ;  D. Lee Ha rr i s ,  An I nterim Hurr i cane S to rm S u rge Fo recasting 
Gu i de, U . S .  Weathe r Bu reau Na tiona l Hu rricane Resea rch P roj ect Repo rt 
32 , (Was hington : U . S .  Depa rtmen t of  Comme rce , 1 959 ) ; H .  Hiyazake, A 
Nume rica l Comput a tion of the S to rm S u rge of H ur ricane C a r l a  1 96 1  in the 
G u l f  of Mexico, University of  Chicago Depa rtmen t of Geophysica l Sciences 
Technica l  Repo rt  1 0, ( Chicago , I l l . : · Unive rs ity of Chicago, 1 963 ) ; and 
Leenders te, .2P.• ill· 
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been s ub jec ted to the neces sary tes t of ver i f i cation by hindcas t i ng 
s urges produced by part i cu l ar h i stor i ca l  s torms . Note mus t be ta ken 

that  both the deve l opmen t of the mode l s and the ver i f i ca t i on tes ts of 

the mode l s  have s uffered from the pa ucity an d q ua l i ty of  data  ava i l ab l e  
abou t his to r i ca l  h u r r i canes and  the i r  effect s . The n umber of  w i nd  and 
t i de ga uges I n  mos t coas ta l areas has been i nadequa te to s pecify t he 

w i nd f i e l d  and s urge d i s tr i b u t i on of i nd i v i dua l h urr i canes . Add i t i ona l l y, 

mos t tide ga uges have been l oca ted in bays and es tua r i es ,  rather than on 
the open coast,  and mos t of these gauges , as we l l as the anemometers, 

have been l ocated on s tructures i ncapab l e  of wi ths tand i ng even a moderate 
h u r r i cane . As a res u l t, the s ta t i s tica l cor re l a t i ons  used to deve l op the 
mode l s have en ta i l ed s ubs tan tia l samp l i ng errors and, t h us , the  f i t to 
the record exper i ence used to veri fy mode l s rea l l y  ha ve been checks on 

the ar i thmet i c  of the mode l s and not checks aga i ns t  how we l l the proper

t i es of  a given h u r r i cane s urge rep resen t the tota l popu l at i on . Even s o, 
i n  the ver i f i ca t i on tes ts ,  the res u l t i ng f i t  to the  record experien ce by 

any one mode l has not been c l ose enough to as s ure capab i l i ty to predict 
he i gh t  or other character i s tics of the s urge w i th the accuracy that may be 
be req u i red to s ubsequen t l y  es tima te the a rea l exten t and he i ght  of i n l an d  

f l ooding to the accuracy des i red in a F I S .  The accuracy of the j o i nt 

probabi l i ty a pp roach recommended here i n fo r es t i ma t i ng the probab i l i ty of 
the tempora l and s pa t i a l  charac teris t i cs of  coas ta l s u rges a l so wou l d  be 

enhanced i f  certa i n  as s ump t i ons  i nheren t i n  the approach were s t ud i ed t o  

determ i ne the i r app rop r i a tenes s . For examp l e ,  whi l e  ava i l ab l e ev i dence, 

s uch as tha t presen ted by G raham and  N unn, 2 4  seems to s uppo r t  the ass ump

t i on of i ndependence among s torm paramete rs , the ass umpt i on is not neces 

s ar i l y  va l i d for a l l pos s i b l e  comb i na t i ons o f  s to rm pa rameters . I ndeed , 
severe s torms may ar i se because of s i gnif i can t comb i na t i ons  of pa ramete r s . 

I n  any even t ,  s t udy of ava i l ab l e  l i tera t u re i nd i cates that  sens i t i vity 

tes ts w i t h  i mp l ic i t  i n tercorre l at i ons  to determ i ne whe ther weak in ter

act i on s  cou l d  have s i gn i f i ca n t  effects on rare comb i nat i on s  have not been 

r un . Add i t i ona l l y , the app roa ch recommended here i n  as s umes independence 

among s urge, t i de ,  and othe r seconda ry effects of  s torms . Desp i te t he 

2 4H . E .  G raham and D . E .  N unn , �· c i t .  
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fac t that  p resen t know l edge does not pe rm i t con s i de rat i on of  these fac to rs 

i n a mo re soph i s t i ca ted · fashion , i t  i s  to be app rec i a ted that  s u rge 

dynam i cs cannot on l y  be g reat l y af fected by s uch fac tors as  va r i at i on s  i n  

l oca l mean sea l eve l ,  s u r f , swe l l ,  and the b reak o f  shor t  g rav i ty waves 

b u t  that  the effects of these facto rs on s urge dynam i cs do not neces sa r i l y  
l end themse l ves to t rea tment by s i mp l e  s upe rpos i t i on o f  wa te r  effects . 

One of the  reasons a more comp rehens i ve app roach to dea l i n g w i th s u r ges 

o r  i r regu l a r coas t l i nes does no t ex i s t i s  that  l i t t l e resea rch has been 
add res sed to the 1 1feedback1 1 effect  of f l ood i ng of l ow- l y i ng coas t a l a reas 

on the s u rge he i gh t  at s hore (one examp l e  of a l ocat i on whe re th i s  cou l d  

be i mpo rtan t i s  the reg i on of the M i s s i s s i pp i  de l ta ) . Anothe r reason i s  
that l i tt l e  i s  unders tood abou t how the p resence of bays and es t ua r i es 

affects the s u rge at  po i n ts a l ong the coas t away f rom the en t ran ce to 
the bays and es t ua r i es .  Obse rvat i ons  s ugges t, for  examp l e ,  t hat  t he 

p resence of the Ches apeake Bay can have a very s i gn i f i can t i nf l uence on 

the coa s ta l s u rge some d i s tance away from the en t rance .  

Th us, i t  i s  con c l uded tha t s ubs tan t i a l  i mp rovemen t i n  the accu racy 

cu r rent l y  ob ta i nab l e  by app l i ca t i on of the SPLASH mode l s  and  the j o i n t  
p robab i l i ty app roach req u i res an· expanded oceanog raph i c  and meteo ro l og i ca l  

da ta base tha t can be used to ga i n  bet ter  unders tan d i n g  o f  t he re l a t i on 

s h i p  among h u rr i cane pa rameters , s urge cha racte r i s t i cs ,  and on- sho re and 

nea r- s hore geog ra ph i c  fea tu res . The refo re , i t  i s  recommen ded that the 
F IA en cou rage the NOAA , CE , USGS , and othe r app rop r i ate  agenc i es and 

i ns t i t ut i on s  to unde rtake an expanded meteo ro l og i ca l and oceanog raph i c  

da ta co l l ect i on p rog ram i n  coas ta l a reas i n  o rde r tha t t he en g i nee r i ng 

and s c i en t i f i c  commun i ty can fu rther s tudy and resea rch : ( I )  the ass ump

t i on of i ndependence among s to rm pa rame t e rs ; (2 ) t he ass umpt i on of 
i n dependen ce among s u rge ,  as t ronom i ca l  t i de ,  and other  i n i t i a l  wat e r  

cond i t i ons ; ( 3 ) the 1 1 feedback1 1 e ffect o f f l ood i ng of  l ow- l y i ng coasta l 

a reas on s u rge he i gh t  and  g rowth a t · s ho re ; and ( 4 )  the e ffect of the 

p resence of bays and es tua r i es on the s u rge a t po i n t s  a l on g  the coas t 
away f rom the en t rance to the bays and es tua r i es .  I n  con nect i on w i th 

expans i on of  the oceanograph i c and meteoro l og i ca l  dat a  co l l ect i on p rog ram , 
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it may be desirab l e  for the agencies to use the SPLASH mode l s  to es timate 

the sensitivity of coasta l - s u rge p redic tion to open ocean· wind , a ir 

p res s u re ,  and initia l e l eva t i on pa ramete rs as part of  the basis for 
eva l uating  the exten t of the  need fo r mo re detail ed open ocean data . 2 5  

To faci l itate this , and  to c reate a g reate r chan ce fo r imp rov i ng the 
SPLASH mode l s  by giving a wider s pect rum of the en ginee ring and s cien tific 

community an oppo r t unity fo r "hands  on 1 1  expe r i en ce ,  the F I A  shou l d  request 

the NOAA to documen t and pub l i s h the p rog rams and s ubp rog rams of its 
SPLASH mode l s .  

2 5 1 n  any event , at a minimum the NOAA , C E , and USGS s hou l d ma ke a 
reasonab l e  effort  to inc rease  the p robabi l i ty of ob tain ing con tin uous  
reco rds d u r i ng s to rms by reinfo rcing instrumen t p l a tfo rms and  augmen tin g 
in strumentati on i n  those regions with a his tory of ins t rumen t fa i l u res 
or was houts du rin g sto rm events . 
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