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Academy o f  Engineering , and the Ins t i tu t e  o f  Med ic i ne . 
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PREFACE 

In the ques t for  new sources of o il and gas to augment dwind l ing 
reserves in eas ily access ible reg ions on land and at  sea , the 
pet roleum indus t ry has reached out to  geo log ic forma tions in deeper 
wat e rs and harsher environmen t s . 

Pr ior to 1970, mos t dr i l l ing in u .s .  o f f shore waters was 
conducted in the re lat ively shal low a reas of the Gul f  of Mexico . 
Now , o i l  and gas are be ing produced in deeper wa ters in the Gulf  o f  
Mexico and t h e  Pacific Ocean o f f  Southern Cal ifornia , as wel l a s  in 
the Gu l f  o f  Alaska . Elsewhere , dri l ling and p roduc tion ac t iv i t ies 
are being car r ied out in the ice-covered Canad ian Arc t ic and th e 
s torm-swep t No rth Sea . In the future , oil and gas w i l l  probab ly 
f low f rom the o f f shore Alaskan Arc t ic . 

Given this t rend , engineers f ace a form idable chal lenge t o  des ign 
and operate of fshore p la t f orms and equipmen t in a safe , economical , 
and environmental ly accep t able manner .  In the hos t i le fron t iers whe re 
oil and gas are to be recove red in  the future , s c ien t i f ic and 
t echn ical in forma t ion is needed on the na tural cond i t ions--winds , 
waves , cuPrents , bot tom sed imen t s , wea ther , and cl ima t e . Not only 
does indus t ry need such dat a ,  but the f ede ral government does as· 
we l l  in order to make i t s  po licy decis ions . 

The Depar tment o f  the In t e rior sells leases f o r  o f f shore d r i ll ing 
r igh t s  and inspec t s  and ver i fies o f fsho re dril ling and produc tion 
p lat forms . To deve lop o f f shore petroleum resources in a coherent and 
time ly manner , bo th indus try and the governmen t need to sha re a 
b e t t e r  unde rs t anding o f  the o f f sho re environment .  Do ing so should 
reduce misunderstandings and uncertaint ies that could lead to dispu tes , 
t hus minimizing delays in the explorat ion and p roduc t ion o f  o i l  and 
gas f rom o f fshore waters . 

The Marine Board o f  the Na t iona l  Research Counc i l  has had a long­
s t anding concern w i th such mat te rs and has add ressed the issues in a 
number o f  its  meet ings and in s evera l s tudies by i t s  pane ls . As a 
res u l t  o f  this interes t ,  and in response to reques t s  by the u .s .  
Geo logical Survey o f  the Department  o f  the Int e rio r and the D ivis ion 
o f  Fos si l  Fue l Extrac tion o f  the D epa rtment o f  Ene rgy , the Mar ine 
Board o rganized the Commi t t ee on O f f sho re Energy Techno logy (COET)  
in the f a l l  o f  1977 to eva lua t e  the techno logy base t o  advance : 

1) efficient and economic exploration and p roduc tion o f  
ene rgy resources f rom beneath the ocean , and 

2 )  s tandards and p rocedures the gove rnment could exe rcise  
to  ful f il l  its  s t atutory respons ib i l i ties fo r conserving 
vital resources , protect ing the environment , and safe­
guarding human l i f e .  
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One of  the tasks of  CO ET was to review the ava i labi l i ty o f  enginee r i ng 
f ie ld da t a , me thods ,  and p rocedures for adequately descr ibing and 
i nt e rp re t ing the environmenta l cond i t ions that go into c ri t e r i a  f o r  
t h e  des ign , verif icat ion , and inspec t ion of o f f sho re o i l  and gas 
s tructures . 

Accordingly , the comm i t tee examined how indus try ob tai ns env i­
ronmenta l  data , how i t  uses the data  to eva luate  envi ronment a l  
exposures , and how i t  uses env ironment a l  exposu res to es tab l ish 
c r i te r i a  to des ign , bu i ld ,  ins t al l , and opera te o f f shore p la t f orms . The 
comm i t t ee examined all three phases of deve lop ing o f f shore pet ro leum 
reserves : pre-l ease , exp lorat ion , and p roduct ion . The purpose was to 
f ind where and what types of dat a were needed by government and 
i ndus t ry .  

Th is repo rt  rep resents  the work and f indings o f  the comm i t tee . 
Sect ion I presents the comm i t t ee ' s  recommenda t ions and conc lus ions and 
the techni c al ana lys is upon wh ich these a re based . Sec t ion II cons i s t s  
o f  background papers that lay ou t in grea ter  detai l  t h e  concep t s  and 
techn ic a l  ana lys is developed in th is  repo r t . 

The au tho r ( s )  o f  each background paper assumes comple t e  respon­
sibi l i t y  for i t s  content s . Each au thor is  a member o f  the comm it tee or 
a recognized autho r i ty on the subjec t o f  the paper . Wh i le none of  the 
papers has been cr i t ica l ly reviewed i n  acco rdance with the cus tomar y  
p rocedures o f  the Na t iona l Research Counc il , each h a s  been found by the 
comm i t t ee to be va luable to i t s  s tudy . 

vi 
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SUMMARY 

To meet  the inc reas ing po l i t ica l and economic demands fo r more s e l f­
suf f ic iency in energy , i t  is  l ike ly that dur ing the next two decades 
about on e-third of  the o i l  and gas produced in the Un i t ed S t a t es wi l l  
come f rom we lls d r i l led on the outer con t inen t a l  she l f  (OCS ) . These 
areas have to be exp lored and deve loped in a p rac t ic a l , exped ien t , and 
safe  manner . 

Privat e  indus try has deve loped the techno logy requi red to exp lore 
and produce o il and gas f rom reservo irs o f f  the coas t s . Th is t echnol­
ogy inc ludes methods to analyze and desc r ibe data on natura l even ts l ike 
winds , waves , currents , ice , and earthquakes . I t  a lso inc ludes methods 
to comput e the loads such forces put on o f f shore p la t forms , as we l l  as to 
eva luate p rocedures , cons truct ion t echn iques , and equ ipmen t . In do ing 
i t s  work , the petro leum indust ry prac t ices a form o f  s e l f-regulat ion for 
t he des ign and operat ion of its o f f shore f ac i l i t ies to increas e  its  
e f f ec t iveness and dec rease i t s  liab i l i t y . 

Meanwh i l e , the f edera l government has expanded i t s  ro le in 
develop ing the nat ion ' s  o f f shore energy resou rces . In add it ion to 
conduc t ing lease sales a long the outer con t inental  she l f , the govern­
ment now is engaged in deve lop ing standards and procedures to fulf i ll 
i ts respon s ib i l i t ies for human safety , resource conservat ion , and 
environment a l  pro t ec t ion . Th is requires the government to become 
inc reas ing ly know ledgeab le about the techno logy for o f f sho re d r i l l ing 
and produc t ion . 

To deve lop o f f shore pet roleum resources in a t imely , saf e ,  and 
economical f ashion , government and industry need to come to a mutual 
understand ing o f  the environment a l  fac tors tha t  a f f ec t  dr i l l ing on 
the out er con t inen t a l  she l f . Th is is par t icular ly importan t  as 
d ri l l ing ac t iv i t ies move from the re lat ive ly mi ld env i ronment o f  the 
Gulf  of Mexico to deeper waters and Arc t i c  areas . D i f f e rences in unde r­
s tanding cou ld lead to delays in development , wh ich are l ikely to a f f ec t  
resource p lanning b y  government and indus try and , in turn , subs tan­
t ia l ly increase  cos t s . 

O f  crucial impo rtance in o f f shore operat ions are such envi ronmen tal , 
or natura l , forces as winds , waves , currents , weather , and earthquakes . 
Known co l lec t ive ly by the t erm "envi ronment al exposure , "  the e f f ec t s  o f  
such forces o n  o f f shore p lat forms , a s  we l l  a s  t h e  l ike l ihood o f  the i r  
occur rence , need t o  be unders tood and eva luated . 

In the p rocess used to design o f f shore s t ruc tures to wi ths t and 
environment a l  exposure , i t s  funct ional and operat iona l requ i remen t s  need 
to be cons idered s imu l t aneous ly . 

Equa l ly impor t an t  are concerns for the s a f e ty of  ope rat ing 
p ersonne l ,  the integrity  of equ ipmen t , and the pres e rva t ion o f  the 
envi ronmen t within the framewo rk of wha t  the s truc ture is in tended to 
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do and a t  wha t  cos t .  The p rocess is intended to resu l t  in a s t ruc ture 
that ach ieves the des i red ope rat iona l and func t iona l requ i rements i n  
t he part icu lar envi ronment , .wh i le ma inta ining a n  app rop riate  ba lance 
be tween safety  and economics • .  Thus , envi ronment a l  des ign c r i t e r ia a�e 
t he parame t e rs used to des ign s t ruc tures to operate in a re l iab le ,  
s af e ,  and economic manne r .  

Th ree me thods can b e  used to se lec t  o r  deve lop envi ronment a l  
des ign c r i t e r ia : (1) exp e r ience with p ro to t ype s t ruc t u re s ;  (2 ) 
p roj ect ed l i f e t ime maxima ; and (3) re l iab i l i t y  ana lys is . Because the re 
a re no c lear l ines of dema rcat ion between them , these me thods are o f t en 
used in va ry ing comb inat ions . Sound j udgment and exp e r ience a re a lways 
essent ial  in se lec t ing envi ronmenta l  des ign c r i t eria . 

' 

The h indcas t approach is the mos t  appropr iat e  t echnique fo r 
determining envi ronmen t a l  exposu res . In th is app roach , environmenta l 
mode ls are used with h is tor ica l da ta bases to pred ict the future 
envi ronmenta l exposure expected during the s t ruc t u re ' s  l i f e t ime . 
Whi le envi ronment a l  da t a  are cons idered gene ra l ly insuf f ic ient as a 
so le bas is to predict environment a l  exposure , such data a re essent i a l  
to deve lop , ca libra t e , and ver i f y  h indcas t mode ls . Thus , da t a  a re 
p ivo t a l  fo r deve lop ing re l iab le envi ronmenta l measurement p rog rams . 
Even so , large unce r t a int ies exi s t  in such mode ls--i n part  because data 
on environmenta l cond it ions in new front iers a re some t imes f ragmentary 
or inconc lus ive . 

Wh i le the government ope rates many p rograms to co l lec t env i ro n­
men t a l  d a t a  f rom the oceans , f ew are o f  any sub s tant ia l he lp in 
des ign ing o f f shore p la t fo rms . Indeed , f ew are des igned for that  
purpose .  The Outer Con t inent a l  She l f  Environmenta l  Assessment P rog ram 
(OCSEAP )  o f  the Department o f  the Int e r io r  is a case in po in t . I t  is  
t he larges t non-m i l i t ary da t a  co l lect ion e f fort in the f ede ra l government 
re la t ing to the oceans and the i r  envi ronment . Nea r ly $200 mi l l ion has 
been spent on this p rogram s ince 1974. 

Yet a recen t repo rt  o f  the Nat ional Research Counc i l* conc ludes 
that OCSEAP " • • • does not now e f f ec t ive ly cont r ibute • • •  to the accrual o f  
sound sc ien t i f ic info rmat ion adequate f o r  O C S  management . "  One reason 
for such a conc lus ion is tha t  the envi ronmenta l  data needs o f  ocean 
eng ineers in both indus t ry and gove rnment we re no t adequat e ly con s id­
e red in the des ign o f  the OCSEAP bas e l ine data co l lect ion . 

Bo th government and indus try need re l iab le data about the 
envi ronment in the pre-lease , exp lo ra t ion , and p roduct ion phases o f  
recovering o f f sho re petro leum resources . In the pre- lease phase , data 
a re needed so that  indus try and gove rnment can agree on wha t  capab i l i t y  
is requ i red t o  min imize t h e  adve rse e f f ec t s  o f  na tural even t s . In the 
exp lorat ion phase , data are requ ired to advance safe exp lorat ion and 
p revent po l lut ion . For the p roduc t ion phase , data are needed to 

*Na t ional Research Counc i l .  OCS O i l  & Gas : An Assessment of the 
D epartmen t o f  the In t e r ior Envi ronmen t a l  S t ud ies P rog ram . Repo r t  o f  
the Comm i t t ee t o  Eva luate  Out e r  Con t inent a l  She l f  Environment a l  
S tud ies , Environmenta l  Stud ies Board . Nat iona l Academy o f  Sc iences , 
Washington , D .c .  1978. 
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to es tab l ish des ign c r i t e r ia and exposure p arame t e rs for  o f f shore 
d r i l l ing and product ion p la t f orms , as we l l  as to suppor t  the regu la t ions 
and s tandards the government wi l l  use in its ve r i f icat ion and inspec t ion 
procedures . 

The u.s. Geologica l  Survey of the D epartment of the Int e r io r  has 
proposed env ironmental  des ign cr iteria  for use in its ver i f ica t ion 
p rogram for s tructura l safety that are based on the expec ted ave rage 
per iod of recu rrence for natural catas t rophes such as s t orms and 
hurr icanes (100 year interva ls ) .  Exper ience with offshore p la t forms and 
o ther maj or  c ivi l works has been brought t o  bear in determining the 
adequacy of  the cr i t e r ia .  In cases whe re an operator  may have reason t o  
deviate from th� 100 year cr iteria , re l iab i l i t y  ana lys is or projected 
l ifet ime maxima · t echniques are subs t ituted to  ensure safety . Much of 
the data for determining env ironment a l  exposure has been co l lected and 
ana lyzed by the o i l  and gas indus try or with its  support  and is 
somet imes propr ietary . I t  is d ifficu l t  for the respons ib le government 
agency to  u t i l ize such data unless i t  es t ab l ishes an independent , 
credible means for asses sment and va l idat ion . Moreover , s ince there may 
be d ivergences of op inion between government and indus try on the deg ree 
of sever ity of des ign factors , procedures for resolving d ifferences need 
to be deve loped . 

Sound and t imely assessments  of environmental  exposure r isks wi l l  
requ ire : 

1 )  adequate leve ls of technica l expert ise in government agenc ies 
and indus try ; 

2 )  suffic ient data t o  prov ide a cred ib le bas is f o r  environmenta l  
mode ls used to  es t ima te environmenta l exposure ; and 

3) t echnical dia logue and rapport  between gove rnment and indus t ry .  

The comm i t tee f inds that the government now lacks the app rop r iate  
t echnica l expert ise needed for deve lop ing and evaluat ing environment a l  
exposures . Focal  points will  be needed in government and in indus t ry so 
tha t  the technical exper t ise of each can be brough t toge ther and inte r­
changed . A government-i ndus t ry effort c an se rve t o  ident i f y  s i tuat ions 
where da ta may be needed for env ironmenta l  unde rs tand ing to advance 
t echno logy . In such cases , government and indus try can share cos t s  and 
avo id dup l icat ion .  

A l though several f edera l agenc ies have p rograms re la t ed t o  OCS 
deve lopment , the safety of o i l  and gas operat ions on the OCS is a 
p rimary respons ib i l i t y  of  the Geolog ica l  Survey of  the u.s. Departmen t 
of the Interior .  Among othe r th ings , the Geo log ical Survey is req u i red 
to es t abl ish requ irement s  for safe d r ill ing and p roduct ion ope ra t ions on 
the OCS .  The refo re , it assures tha t  environmenta l  hazards and exposure 
data have been p roper ly ident i f ied in se lect ing OCS acreage for leas ing 
and assess ing the des ign cr i t eria f or OCS o i l  and gas s t ructures . In 
fulf i l lment of  this respons ib i l i t y  and i t s  other resource management 
func t ions , the Geo log ical Survey has es tab l ished p rocedu res for the 
acquis i tion and ut i l izat ion of indus t ria l propriet a ry data . The refore , 

xi 

Copyright © National Academy of Sciences. All rights reserved.

Environmental Exposure and Design Criteria for Offshore Oil and Gas Structures:  A Report
http://www.nap.edu/catalog.php?record_id=19784

http://www.nap.edu/catalog.php?record_id=19784


the comm i t tee recommends that the Geological  Survey should deve lop the 
eng inee ring capab i lity to appra ise environmenta l  exposures and t o  
acquire re lated dat a .  Th is could be done by c reat ing a new off ice 
within the Geo log ical Survey , with the f o l lowing respons ibi l i ties : 

1) Per f orm t ime ly and c red ib le quantitat ive appra isals , mu tua l ly 
accep t ab le t o  both government and indus t ry ,  of  expec ted 
environmenta l exposure r isks and their re lationsh ip to  accept­
ab le des ign cr iteria for oil and gas operat ions on the outer 
cont inental she lf .  

2) Ext end the techno logy and environment a l  data bases as may be 
needed in areas tha t  pose env ironment al  prob lems not found in 
the exis t ing body of  o f fshore operat ing knowledge . 

3) Assume the deve lopment and ma int enance of  t echnica l and 
enginee r ing exper t ise  as may be needed for time ly and c redible 
appraisals of  environmental exposure risks . 

4) Obt a in env i ronmental data as may be needed t o  assure credib le 
bases for es t ima t ing environmenta l exposure r isks . 

5 )  Ident i fy s i tua t ions where expand ing the sc ientific and technica l 
data base for the use of government and indus t ry migh t  result  
in a cooperat ive or coordinated program to  avo id dup l icat ion 
and reduce cos t s . 

6) Prov ide a focal point in the government for necessary technical 
c ommunicat ion and d ialogue re la t ed t o  env ironmental da t a ,  
exposure , and c riteria with indus try and other interes t ed 
par t ies . 

Add i t iona l ly , aft er es tabl ishing an off ice to be respons ib le for 
obta ining informat ion and data on environmenta l exposures , the u.s. 
Geologica l  Survey should invite the oi l and gas indus try as we l l  as 
relevant profess ional and techn ical groups to  ident ify  and name 
appropr iate individuals to  further s tudy mat t ers re lated to  environ­
mental exposure . This cou ld be accomplished by crea t ing comm i t t ees to 
carry out the s tud ies . 

xii 
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SECTION I 

1 . OFFSHORE DEVELOPMENT :  THE ENG INEERING CHALLENGE 

An impor tant amount of the nat ion ' s  o il and natural gas is pumped f rom 
the oute r  continenta l shelves (OCS) . Based on s t at is t ics prepared 
by the u.s. Geologica l Survey ( U SG S) , the American Pe t ro leum I ns t i tute 
(API )  s t ates that more than 23 , 000 we l ls have been dr i l led in u.s. 
coas t a l  wat e rs s ince 194 5.* These we l ls have p roduced more than 8 .4 
bi l l ion barrels of o i l  and 51 tr i l l ion cub ic feet of natura l gas . 
E s t ima t es o f  both government and indus t ry exp e r t s  sugges t that as much 
as 60 percent of  the und iscovered o i l  and natural gas resources of the 
Un ited S ta t es may be loca t ed in the OCS .** 

Because out e r  cont inen t a l  she lf  p roduc t ion occurs on pub l ic lands , 
i t  is a major source of  revenue for the f edera l gove rnment. Government 
s ta t is t ics quoted by AP I show that from 1953 th rough 197 8 ,  the 
government rece ived more than $28 b i l lion in bonuses , roya l t ies , and 
ren t a ls from OCS leasing . The total  va lue of p roduct ion dur ing this 
p er iod·was more than $40 b i l l ion . Thus , the gove rnment rece ived about 
70 percent of the value of OCS produc t i on .  

Being ab le t o  recover o i l  and gas f rom o f f  u.s. shores has been a 
tremendous technological achievement . O f fshore t echno logy has evo lved 
from that suf f ic ient to cope with the mode rate cond i t ions p resent in 
the Gu lf  of  Mexico to meet  cha l lenges presented by deep wat er ,  ice , and 
h igh lat i tude s torms tha t  are p resent in newe r operat ing a reas a round 
the wor ld . The d imens ions of the indus tr y' s  t e chno log ica l capab i l i t y  
can b e  g leaned f rom the f o l lowing informat ion : 

• deepes t  o f f shore produc ing we l l :  6 ,4 57 m (21 ,1 88 feet ) 
o f f shore Louis iana 

• we lls dr i lled : deepest water :  604 m (1 ,986 f eet ) Gu lf of  
Mexico; 1 ,266 m (4 , 876 feet ) o f f shore Canada 

*Pe tro leum Informat ion Package . American P e t ro leum I ns t itute , 
Washington , D . c . , June 197 9 .  

**Counc i l  on Environment al  Qua l i lty . Environmenta l Qua l i ty--1979 . 
u.s. Gove rnment Print ing O f f ice , Washington , D . c . , Decembe r  1979 . 
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• platforms in deepest water: 31 1 m (1,024 feet) Gulf of 
�exico; 2�9 m (8�0 feet) Santa Barbara Channel 

• largest platform: 606,000 metric tons, North Sea 

• farthest lease from shore: 293 km ( 1�8 miles), Gulf of 
�exico 

• longest offshore pipeline: �1� km (278 miles), Gulf of 
"exico 

One outstanding trend in the evolution of offshore technology over 
the past decade has been the ability to explore for and produce oil and 
gas from even deeper water (see Figure 1). 

The major technological challenge of the next decade will be to 
extend offshore development safely and efficiently to areas that are as 
yet untapped and largely unexplored. Table I shows that the bulk of 
future offshore reserves will probably be located in these "frontie�' 
areas. In general, they are characterized by harsher operating 
environments and deeper water than current offshore producing areas. 

The federal government is planning on a more aggressive program to 
lease, explore, and develop frontier areas. As of June 1979, 3 1  lease 
sales were scheduled for the period 1980-198�; 19 of these will be in 
frontier areas. 

Exploring and developing that much frontier acreage in a safe and 
timely manner will be a major technological achievement. The degree to 
which government and industry comes to a common understanding on a 
number of issues will affect how quickly exploration and production can 
be achieved. One such issue, detailed in this report, is how to design 
and engineer offshore drilling and production platforms to withstand 
natural forces, including ice, wind, waves, currents, and weather. To 
do this requires a thorough knowledge of the environment. 
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TABLE I: POTENT IAL FUTURE Y IELDS FROPf THE OCS 

O IL* GAS* 
(billion bbls.) (trillion cu. 

Producing Areas: 

Central Gulf and South Texas 3.8 49 
Santa Barbara 1.'; 1.7 

TOTAL Producing Areas ';. 3 ';0. 7 

Frontier Areas: 

North Atlantic 0.9 4.4 
Pfid-Atlantic 1.8 ';. 3 
South Atlantic 0.3 0. 7 
Eastern Gulf (t(AFLA) 1.'; 1. 3  
Southern California 2. 3 2. 3 
Santa Barbara 0.9 1.1 
Northern California 0. 4 0.4 
Washington - Oregon 0.2 0. 3 
Cook Inlet 1. 2 2.4 
Gulf of Alaska 1. '; o;.8 
Aleutian Shelf 0. 1 0. 1 
Bristol Basin 0.7 1. 6 
Bering Sea 2. 2 ';.7 
Chukchi sea 6. 4 19.8 
Beaufort Sea 3.3 8.8 

TOTAL Frontier Areas 23. 7 60.0 

ft.) 

* The numbers entered in this table are the statistical mean (between 9'; 
percent and "; percent probabilities) of those estimated economic 
resources not yet discovered that are estimated to exist in favorable 
geologic environments. 

Source: Adapted from "iller, B. , et al, Geological Estimates of 
Undiscovered Recoverable Oil and Gas Resources in the United 
States. u.s. Geological Survey Circular 72';, Washington, D.c. ,  
197';. 
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2 .  DEVELOPMENT O F  ENV IRONMENTAL DE S IGN CR ITER IA 

Both the u.s. Geo logical  Survey and the o i l  and gas indus t ry are 
c once rned with making correc t es t imat es of  what ext reme environment a l  
or na tu ra l forces o f f sho re p la t f o rms could b e  buf feted by . C learly , 
howeve r ,  the envi ronment mus t  be cons idered within the context o f  the 
overa l l  des ign p rocess o f  an o i l  and gas p la t f orm and not as a sepa ra te 
issue . The determinat ion of  the environment a l  exposu re and des ign 
c r i t e r ia is an integra l part  of  the des ign . 

Def init ions and Context 

Envi ronment a l  data , ma themat ica l  mode ls , des ign exper ience , and 
judgment a l l  p lay impo r t ant  roles in the deve lopment of c r i t e ria for  
the  design of o f f shore s t ructures . I t  is necessary to  c lear ly iden t i f y  
and def ine the maj or  terms and e lements invo lved i n  t h e  context o f  the 
des ign p rocess .  For the purpose of this report , the f o l lowing 
def ini t ions are used . 

Environment a l  phenomena : Natura l ly occurring event s  whose ef f e c t s  
can exert s ign i f icant fo rces o n  of fshore s t ructures . These inc lude 
s t orm-gene rated winds , waves ,  curren t s , ice , and ear thquakes . They can 
be d ivided into two types : ini t iat ing and exc it ed phenomena . An 
ini t ia t ing phenomena g ives r ise  t o  exc ited phenomena . Examp les of 
init iat ing phenomena a re s t orm winds and earthquakes . Examp les of 
cor respond ing exc i t ed phenomenon a re wind-gene rated waves and earthquake­
induced ground mot ions . In this  report , the t e rms "envi ronment a l  
phenomenon" and "natura l event " a re used inte rchangeab ly . 

Environmental  parame t e rs : D imens iona l des c r ip t ions by wh ich the 
ef fects of  natural events c an be re la t ed t o  the forces imposed on 
o f f shore s t ructures . Examp les inc lude wave heigh t s  and per iods , 
ear thquake ground accelerat ions and ve loc it ies , and the r idge s ize , 
s trength , and ve loc ity of  ice . 

Envi ronmental dat a :  The quant i f ied va lues (measu red o r  obse rved) 
o f  natura l event s  and environment a l  pa rame t e rs . The da t a  may be f o r  
init iat ing or exc ited phenomena . Env i ronment a l  data des c r ib ing 
init iat ing phenomena inc lude severity  magni tudes , loca t ions , and 
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frequenc ies of  oc currence. They inc lude earthquake magn itudes 
and ep icent e r  locat ions , and s t orm inf orma t ion such as t racks , 
a tmospher ic p ressure , and wind int ens ity. Env i ronmental  data 
aesc r ib ing the e f f ec t s  resu lt ing f rom the occurrence of  an event 
inc lude the environment a l  p arame t e rs and other measures used t o  
describe the phys ics o f  the event and i t s  e f f ec t s . 

Envi ronmen t a l  mode l : The mathema t i c a l  representat ion of  the 
key phys ica l proce s s es of environment a l  phenomenon o r  na tural event s  
t o  the resu l t ing cond i t ions descr ibed b y  the envi ronmen t a l  pa rame t e rs . 
Examp les inc lude ma thema t i c a l  procedures o r  emp ir ica l  re lat ionships to  
p re d ict  wave heigh t s  and p e r iods genera t ed by s t orm winds o r  the ground 
mot ions due to  earthquake s . 

Envi ronment a l  exposu re : A quant i t a t ive des c r i p t ion o f  the seve r­
ity o f  envi ronment a l  pa rame t e rs and the ir l ike l ihood of  occur rence . An 
examp le wou ld be the cumu la t ive probab i l i t y  d is t r ibut ion of ext reme 
s t orm-gene rated wave heigh t s  f o r  a spec i f ic loca t io n ;  e . g. ,  a p lot  o f  
"expec t ed max imum wave he igh t "  versus "return p e r iod . "  ( S ee Figure 2 
p repared by the comm i t t ee) . 

Environment a l  des ign cr i t e r ia : The spec i f ic va lues o f  envi ron­
men t a l  pa rame t e rs that desc r ibe the severity  of a natura l  event . 
The cr iteria are used t o  de t e rmine the des ign f o rces and requ i red 
support cond it ions f o r  an o f f sho re s t ruc ture . For examp le , if  i t  is 
determined that an o f f shore s t ructure is to  be des igned t o  withs t and 
wave he ights es t ima t ed to occur in 10 0-year interva l s , the enviro n­
mental  c r i t er ia cou ld cons i s t  of  the 100-y ear expec t ed max imum wave 
height  and its  assoc iated wave per iod p lus the winds and cur rent s 
expected t o  occur with that wave cond i t ion . 

Force mode l :  The ma themat ica l exp res s ions , emp i r i c a l  
coe f f ic ient s , and ana lys is me thodo logy requ i red to p redict  nat u ra l 
f orces and support  cond i t ions for an o f f sho re s t ruc ture resu l t ing f rom 
the app licat ion o f  environment a l  pa rame t e rs. Examp les inc lude the 
mathema t ica l p rocedures f or calculat ing the wave f o rces of a spe� i f ied 
wave cond i t ion on a space f rame or  t emp late-t ype s truc ture ( one that 
uses a p iece or b lock under the p la t f orm to be t t er d is tr ibu te i t s  
weigh t ) or  t h e  res is t ance o f  a p i le founda t ion due to  the des ign f o rce 
on the s truc ture . 

S t ruc tural c r i t e r ia : The codes and pra c t ices used to conf igure 
and s ize the members of a part icu lar type of o f f shore s truc ture . An 
examp le would be codes for a l lowab le s tresses in a space f rame-t ype 
s t ruc ture made up of s t eel tubu lar e lement s. 

Des ign cr iter ia : The comb ina t ion of  the envi ronment a l  des ign 
cr i te r ia , s truc tura l  c r i teria , and force models  used to det ermine the 
des ign f orce , support cond i t ions , and the strength and deforma tion 
capac ity  of an o f f shore s truc ture . 
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c:hlnce that the environmental peremetar will exceed the value Y, also the environmental peremetar of 
Vllue Y is eaocleted with 1 mum period of T veers meaning that, on the average, the environmental perem­
etar will exceed the value Y only once in T veers. 

FIGURE 2 Environmental Exposure as a Function of Return 

Period and Cumulative Probability 
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Figure 3 ,  p repared by the comm i t tee , p rovides a s chemat ic 
i l lus t rat ion o f  the re lat ionsh ips be tween the t e rms and e lements 
d e f ined above . As  ind icated , two major a reas o f  ana lys is are requ i red 
to  deve lop the envi ronmental des ign c r i t e r i a  f o r  a s t ructure--ana lys is 
o f  the envi ronment that res u l t s  in the environment a l  exposure , and 
ana lys is o f  the s t ruc ture in that envi ronment .  

Des ign Process 

The des ign o f  a s t ructure p roceeds through two major s t ep s-­
p re l iminary des ign and f ina l des ign . 

P re l iminary des ign : The p re l iminary des ign s t age seeks to  deve lop 
a s t ructura l concep t that f u l f i l l s  f unc t iona l and operat iona l requ ire­
ment s  with in def ined environmenta l  cons t ra ints and wi th an accep tab le 
ba lance be tween safety and economics . An accep table des ign is def ined 
by the des ign c r i t e r i a , wh ich are made up of environment a l  des ign 
c r i t e r i a , s t ruc tural c r i teria , and f orce mode l .  S t ructural c r i t er ia 
cons ist  o f  codes and eng inee ring p ract ices used to  determine whether a 
s t ructure w i l l  respond to  envi ronment a l  f o rces in an accep t ab le manne r ,  
and thus be s a f e  f o r  ope rat ing pers onne l .  Environmenta l  des ign c r i teria 
c ons i s t  o f  envi ronment a l  parameters that , when used with the approp r iate 
f orce mode l ,  c an be used to  ca lcu late the max imum environment a l  load 
that the s t ruc ture mus t  withs t and to  achieve the requ i red leve l o f  
performance , cons is tent  with s a f e t y  and economics . Exper ience p lays a 
major role in p re l imina ry des ign , espec i a l ly in de t e rmin ing s u i t ab le 
environment a l  des ign c r iteria . 

The envi ronmental exposure and envi ronmental  des ign cri teria can 
also a f fect  the requi reme nts  for inspect ion of o f f shore plat forms . By 
applying the foregoing p roces s  of exposure ana lys i s  in the des i gn of the 
s t ructure , the need f or ins pec t ion a f t e r  ins tallat ion can be minimi zed 
and ra t iona lly s cheduled . Fur the rmore , envi ronmental  design c r i te ria do 
not depend on env i ronmen t al exposure a lone . The env i ronment a l  de s i gn 
c r i t e r i a  s e lected wi ll also depend upon the s t ruc tura l c r i teria , the 
p ro jec ted s t ruc tural pe r f ormance , safe t y , and economics . 

Fo l lowing i s  a desc rip t ion o f  the p re l imina ry des ign process ( see 
F igure 4 ,  prepared by the commi t tee ) .  

1 .  De termine the func t iona l and ope ra t i ona l requi rements  for  the 
proposed s t ruc ture , and e s t ima t e  the economic  worth  of the 
oi l and gas  rese rve s .  

2 . De f i ne the des ign cons t ra i n t s  imposed by opera t iona l  requi re­
men t s . These  inc lude the numbe r of  we l l s  to be dri l led f rom 
the s t ructure , the deck area requi red for  p roduc t ion and 
d r i l l i ng equ ipment , and appl icable government  regul a t i ons . 
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Whe re the proposed structure is to be located dete�ines the 
cha racte r of the design constraints that the environmental 
loads and the sea floo r pla ce on the structure . These 
constraints lead t o  the selection of the type and an initial 
configu ration of the p roposed structure . Next, the spe cific 
cons t rain t s  fo r the initial configuration a re defined . These 
include the appropriate code s and p rac tice s to be used in t he 
de sign , cons tru c t ion, and installation , as well as time and 
cost limi tations . The type s and availabili t y  of e quipment 
required for cons t ruction and installa tion , and the effe ct of 
the natural environment on installation activitie s ,  a re among 
the many additional cons t raints that nee d  to be defined . 

3. Evalua t e  the environmental exp osure . A quan t ita tive de s­
c ription is required of the range of seve ri ty of na tural 
conditions tha t impose s ignifican t  force s on the s t ruc ture . 
The likelihood of their occu r rence mus t be measured . This 
evaluation can be made independent of any conside ration of 
specific st ructural cha racte ristic s, excep t th at the 
pa ramete rs chosen to describe the envi ronment should be those 
most pe rtinent to evaluating the fo rces that will affe ct the 

particular type of structure to be designe d . Thus , the 
desc ription of environme n t al exposure may be developed 
la rgely indepe nde nt of the de sign proce s s . 

4 . Develop a prelimina ry de sign . Based upon the ini tial con­
figuration and c ons t raints, an initial de sign for the 

p roposed structure can be develope d and its structu ral and 
foundation members sized to meet the de s ign constraints . 
This will be based on p revious experience , enginee ring 
p rinciple s, and rule s of thumb . 

�. Dete rmine natu ral forces and ope rational loadings . The 
e nvironmental exposure data, e nvi ronmental c rite ria , force 
models, and the prelimina ry design configu ra tion a re used to 
compute a set of loadings and force s that would be imposed on 
the structu re and foundation eleme nts . Different force 
models a re re quired for diffe rent natural e vents as well as 
fo r diffe re nt types of structures subje cted to the same 
environmental phenome non . 

6. Determine the proje cte d pe rformance cha ra cte ristic s .  The 
e nvi ronmental loadings imposed on the structure , its equip­
ment , anrl expected auxilia ry par t s  a re used to determine what 
s t resses will be placed on different e lements of the 

platform , a s  well as how they re spond and the p roje cted 
ove rall platform performance . If the projected pe rformance of 
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the init ial des ign is unsat is fac tory f rom the s tandpoint o f  
e i ther economics or  safety , t h e  ini t ia l  conf igura t ion i s  
mod i f ied unt i l  a n  accep t ab le p rojected performance i s  
deve loped . I f  subs tant ial  changes are made in the design , 
such as in geome t ry ,  s t i f f ness , mass , or  p roje c t ed a rea , it  
may be necessary t o  rede t e rmine the environment a l  load ings or  
f orces . 

The des igner can cons ider many op t ions before arriving 
a t  a f ina l des ign concep t consis tent with the requ irements , 
cons t ra ints , and the envi ronment . Op t ions f o r  the bas ic  
s t ructural conf igurat ion may inc lude p i le-f ounded temp la t e , 
s t ruc tures , la rge gravity s t ruc tu res , or  moored s t ruc tures . 
Each conf igura t ion may respond to  the s ame natural event in 
s igni f i cant ly d i f f e rent ways . The refore , each requ i res di f­
fe rent environment a l  parame t e rs , f orce mode ls , and s t ructura l 
c riteria . 

The safety o f  workers on a p l a t f o rm may be bes t ensured 
by p lanning for  the i r  evacuat ion in the event of  a major 
s torm or  other seve re na tura l event other than by des igning 
the s t ruc ture to wi ths tand ext reme t empes t s .  S imila r ly , 
po l lu t ion may be bes t prevented by us ing automat ic safety  
va lves rather than re ly ing on the s t ruc ture to  survive 
a s torm. Pe rformance requirement s related to the surviva­
b i l ity  of a s t ructure may be me t by us ing h igh ly redundant 
designs rather than fewer , but s t ronger , members . Various 
mat e r ia ls , detai led joint des igns , and member s izing can be 
used to  meet  s tuc tura l c riteria .  More s t ringent s t ructural 
c r i t e r ia could be used to  increase a s t ructure' s capab i lity t o  
meet performance and/or s a f ety requ irements . The op t ions 
selec ted by the des igne r to achieve the mos t f avorable overa l l  
economics and safety natura l ly inf luence the environmenta l 
force that the s t ruc ture wi l l  be des igned to  withs tan d ;  i . e . , 
the environmen t a l  des ign c rite r i a . 

Fina l des ign : Upon accep t ance of  the p re l imina ry design , a fina l 
des ign can be deve loped . Fo l lowing is a des c rip tion o f  the f ina l des ign 
p roces s .  

1. Des ign the members . Af t e r  de t e rmining the s t resses deve loped 
in the e l ements , they mus t be res ized to a l lowab le s t ress 
leve ls . 

2 .  Des ign the appur t enances o r  aux i l iary parts . These inc lude 
ba rge bumpers , boat land ings , pu l l  tubes ( for  pipel ines ) ,  
personne l ladde rs , and handrails . They mus t  be s ized and 
p laced on the s t ructure . 
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3. Ve r i f y  the des ign . In t h is s t ep , des ign cons t ra ints and 
solut ions are rechecked to ensure that the s t ruc ture can meet  
its  int ended purpose and that  ana lytica l  and compu tat iona l 
e r rors have been e liminated . 

4 . Comp le te and con t ro l  the f abricat ion-c ons t ruct ion­
ins t a l lat ion spec i f icat ions and p rocedures . Those who bui ld 
the p lat form mus t  know what the s t ructure is intended to do . 
A ne twork of qua l ity cont ro l and inspect ion p rocedures mus t  
be estab l ished . Th is w i l l  ensu re that the intent o f  the 
des ign is subs tant ially me t .  

Bas ic Me thods for  Se lect ing Env i ronmenta l  Des ign Criteria  

Environmental des ign c r iter ia are used to p roduce a s t ruc ture that 
is economic , safe , and re l i ab le . The des ign c r i teria , in turn , depend on 
engineer ing data on how a spec if ic s t ruc ture is expec ted to perform ,  
and/or on related exper ience with the s t ructure o r  i t s  bas ic components . 
This requi res knowing what the environment a l  cond i t ions are in an a rea . 
I t  also requ i res the app rop r iate comb ina t ion o f  des ign va lues and safety 
factors , a l lowable s t resses , and redundancy to ensure the s t ruc ture wi l l  
perf orm i n  an accep tab le f ash ion and t o  minimize the chances tha t the 
p la t form wi l l  co l lapse if  the environment a l  des ign c r i t e r ia a re exceeded . 

The rat iona le f o r  se lec t ing the approp r iate environment a l  des ign 
values for  a spec i fic s t ructure wi l l  depend upon a number of f act ors . 
These inc lude the interrelat ionsh ips be tween des ign va lues and s t ructura l  
c r iteria , accep table f orce mode ling techniques , inherent redundancy , and 
reserve s t reng th in the s t ructure . I t  a lso depends on a ba lan�e between 
p la t form cos ts  and losses that may be incurred as a consequence of  damage 
or fai lure . 

Th ree bas i� me thods are 
design c r i te r ia--experience , 
ana lysis . As actua l ly used , 
between the methods and many 

Expe rience 

used to deve lop or spec ify  
p rojected l i fet ime maxima , 
c lear l ines o f  demarcat ion 
d i f f e rent comb ina t ions are 

envi ronmenta l  
and re liab i li t y  
d o  n o t  exist 
used . 

Cur rently , many indus t ry eng ineers common ly comb ine envi ronment a l  
data with the i r  exper ience i n  select ing des ign c r i teria . Th is app roach 
relates p rojected s t ructural performance with the known performance o f  
s imi lar s t ructural types or component s . I t  p rovides a means for  using 
data and exper ience f rom a wide range of sources and f ie ld operat ions 
to es tab l ish c r iteria for a spec i f ic s t ructure . 

For example , the o i l  and gas indus t ry has used s t ress codes set 
by the Ame r ican Ins t itute for S tee l Cons t ruct ion (AIS C )  for s teel members 
deve loped p r imar i ly for bu i ld ings , b ridges , and for other c ivi l works . 
These codes are used to set a l lowab le s t resses in members o f  o f fsho re 
p la t forms . Accord ing ly , p lat form members can be expected to perform at 
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a s a f ety leve l comparab le to those o f  other maj or wo rks w i t h  wh i ch 
there a re many years of ope ra t ing exper ienc e .  

S imi lar ly , other e lements o f  t h e  p lat f o rm c an b e  based i n  p a r t  on 
exper ience with comparab le p a r t s  of other s t ructures . Thus , dat a  and 
ope rat ing exper ience in one a rea can be ext ended t o  comparab le opera­
t ions in another a rea . That is , c r i t e r ia f o r  s t ructures inc lud ing 
o f f shore p lat f orms are c lear ly set  by expected loads . These c r i t eria  
depend on  load ing and type o f  s t ruc ture and not  on  the  s i te  or  ge o­
g raph ic locat ion whe re the loads occur . 

Judgment , expe r ience , and sound enginee r ing rat iona le are the 
p rimary f a c t ors in this app roach t o  set t ing des ign c r i t eria . The 
app roach has been used succes s f u l ly for dams , levees , bui ldings , and 
b r idges . These f ac i lit ies are , in gene ra l ,  des igned to perform a t  
safe , a l lowab le s t resses i n  t h e  s t ruc tura l e lements under t h e  e f f ec t s  
o f  relat ive ly rare , severe na tura l events that have a s l ight chance o f  
occurring over the expected operat ing l i f e t ime o f  the fac i l i ty . Such 
requ irements f o r  s t ructural performance inheren t ly p rovide a la rge 
degree of reserve s t rength to accommodate the ext reme ly ra re event 
that migh t  poss ib ly occur dur ing the l i f e  of the f ac i l i t y . 

O f f shore p la t f o rms in the Gu l f  o f  Mexico have been des igned largely 
on the bas is o f  such a p rocedure . There , experience ind icat es that envi ron­
ment a l  exposure leve ls that recur s t a t is t ica l ly every 100 years p rovide 
adequate performance leve ls when combined with app rop riate cons t ruc t ion 
c r i t e r i a , a l lowab le working s t resses , and force calculat ion p rocedures . 
Convent iona l eng inee r ing ana lyses and rat iona le supp lemented by spe� i f i� 
data whe re necessary p rovide a means t o  extend these c r i t e r ia to  oper a­
t ions in other a reas with comparab le exp e c t ed s a f e t y  leve l s . As the 
techno logy is re f ined , the spec i f icat ion of c r iteria  wi l l  imp rove 
f ur ther . 

Projec ted Lifet ime Max ima 

Based on the p roj e� t ed l i f e t ime maxima (PLM)  me thod , es t ima t es 
can be made o f  the mos t  seve re na tura l cond i t ions expected to  occur 
dur ing a s t ructure ' s  l i f e t ime in o rde r t o  p red i c t  des ign loads . In 
the Gu l f  o f  Mex ico , f o r  examp le ,  the mos t seve re environment a l  
cond i t ions might  equa l or  ex�eed the max imum winds , waves , and 
currents  caused by the wors t hur r i cane on re�ord f o r  the ent i re 
Gu l f . Such �ondi t ions wou ld have an ext reme ly low l ike l ihood o f  
occuring du ring the l i f e t ime of  an o f f shore s t ruc ture . Ph i los oph­
ica l ly ,  then , the des ign load is taken as f ixed a t  a "worst  �ase" 
va lue . 

A s ign i f icant drawback o f  th is approach is that it f a i l s  to  
cons ider the  pos s ib i l i ties and consequences o f  a s t ructure exper ienc ing 
larger or sma l ler maximum loads than the des ign va lue during i t s  
lifet ime . These poss ib i l i t ies and consequences need to  b e  recogn ized 
when des igning a s t ruc ture . They c reate a degree of un�e r t a inty  in the 
PLM des ign load due to  e i ther na tura l variab i l i t y  in the envi ronment or 
p ro f ess iona l unce r t a in t ies in des c r ib ing the environment and its f orces . 
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S t ruc tures shou ld be des igned to  res is t environment a l  loads ove r 
the i r  p roje c t ed l i fet ime max imum wi thout c o l laps ing .  That is , reason­
able leve ls of  damage during s torms are accep t able , but the s t ructures 
shou ld be des igned so that they w i l l  not c o l lapse even dur ing "wors t 
c ase" cond i t ions . Such performance expec tat ions requ i re a d i f ferent 
set of  s t ructural c r i t e r ia f rom those no rma l ly used in s t ruc tura l 
des ign . These c r i t e r ia mus t exp l ic i t ly account f o r  the t rue u l t ima te  
s t reng th o f  the  s t ruc ture f o r  p rope r use in comb i nation wi th des ign 
l oads based on PLM cond i t ions . 

In gene ral , the s t ruc tures used on the ou t e r  cont inental  she lves 
lack app rop riate s t ructural c ri t e ria f o r  u l t ima t e  s t rength . Conse­
quent ly , i t  wou ld require add i tiona l technical  deve lopmen t to us e 
des ign c r i t e r i a  based on PLM methods for  a spec i f ic s t ruc ture . These 
c r i t e r ia wou ld a lso lead to the need to use non linear or  u l t ima t e  
s t reng th ana lys is as a rou t ine part  o f  t h e  design proces s .  Such a 
requ i rement wou ld unnecessarily comp l icate  the design p rocess and would 
exceed the ana lytica l  c apab i l i t ies o f  many exper ienced designe rs . 

Ph i losoph ically , the PLM me thod app roaches the load ing port ion of 
the des ign p rob lem on a "wors t case "  bas i s  and o f f e rs l i t t le or  no 
oppor tun ity to cons ider economic consequences of t rade-of f s .  I n  
p ract ice , the use o f  environmenta l  des ign cond it ions , in comb inat ion 
with wide ly accepted s t ruc tura l c r i t e ria and des ign and cons t ruct ion 
p ra c t ices less seve re than the PLM , w i l l  gene ra l ly lead to a s t ructura l 
des ign that has a low probab i l i t y  o f  f a i lure dur ing its  l i f e t ime . 

Re l iab i l i t y  Ana lys is 

Thus , envi ronment a l  des ign c r i t e r ia rely heavily on exper ience . 
To make th is exper ience more sys temat ic and quant i ta t ive , va rious 
p rocedures have been used to imp rove and advance the methods used to  
s elect  envi ronment a l  des ign c r i teria . These are gene ra l ly re f e r red t o  
a s  "re l iab i l i ty analys is . "  

Re l iab i l i t y  ana lys is a ims t o  deve lop designs that wi l l  resu l t  in 
des i rab le performance and rep resent an equ i tab le ba lance of cos ts  and 
r isks . I t  does this by examining op t ions or  s t ra t eg ies for  des ign 
c r i t e r ia and thei r  associated risk and cost consequences . This me thod 
rep resents a log ical and analy t ical  app roach in wh ich the e lement s  of 
p rojec t ed natura l cond i t ions and f orces determine s t reng th and defor­
mat ion capac i t y . I t  a lso s tudies cos ts  in a p robab i l is t ic f ramework . 

Wh i le re l iabi li ty ana lysis uses the s ame informat ion emp loyed in 
the f i rs t two methods , it focuses on the ana lys is of the s tatis t ica l ly 
ant ic ipated performance charac t e r is t ics  of  a s t ruc ture p laced in a 
given locat ion . I t  a t t emp ts to exp l ic i t ly cons ider the eng ineer ing 
and management cho ices imp l icated by economic and techno log ica l 
c ons ide ra t ions . 

The degree to  wh ich mathemat ica l formu las and de t a i led ana lyses 
are used va ries . The app roach used depends on the type of  s t ruc t ure , 
the envi ronmen t ,  the exper ience in the p la t f orm area , the accuracy of  
ava i lable  data , and the technical judgment o f  the des igne r .  
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Re liabi l i t y  ana lys is  lacks adequa te da ta for a n  independent 
quant i t a t ive bas is  un less  it  inc ludes large amounts of  somewha t 
subjec t ive calibrat ion. The s ta t i s t ica l charac t er i s t ics of both the 
envir onment and of the s tructures would a lso  be needed for complet e­
ness , but would be cos t ly to  acquire . 

Re l iabi l i ty methods can , however , provide a power ful and useful 
t echnique to compare the per formance of s tructur e s  in front ier areas 
with those in  other areas . It can also  be used t o  compare the 
per formance of dif ferent types of  s tructur e s . 

Present Regulatory St atus on Selec t ion of 
Environment a l  De s ign Cr i t er ia 

The U . S .  Geological Survey requires that o f f shore s t ructures  
s hou ld be  des igned t o  withs tand a natural  event wi th a r eturn per iod 
of 1 0 0  years unless the owner can demons trate , thr ough appropr iat e 
a nalys i s , that  a less  sever e des ign  event is  appropr iat e .  The 1 00-
year re turn per iod f ixes the environment a l  parameter to be used in  
calcu la t ing des ign f orces and suppor t cond i t ions . 

The u . s .  Geolog ical Survey based i t s  use of  the 100-year event 
principally on the exper ience with pla t f orms in  the Gu l f  of Mexico .  
These were des igned t o  and succes s f u lly withs tood winds , waves , s t orms , 
and other environment a l  f or ces encountered in the Gulf . For operations 
e ls ewhere , par t icularly in  more harsh environments where new concept s 
are needed for pla t forms , d i f ferent des ign cr i t er ia may be required . 
In such cases , the pla t f orm should be ana lyz ed on the bas i s  of  the 
pre liminary des ign process .  This  may result  i n  des ign cr i t er ia e i ther 
more or les s  severe than those used for the 100-year event . ( See 
F igur es  3 and 4 ). 

In view of  the dif ferent appr oaches to  developing environment a l  
des ign cr i ter ia , their applicabili ty in view of the U . S .  Geolog ica l  
Surve y ' s r equirement should be noted . However , a n  accurate descr ipt ion 
o f  the environment a l  exposure se lected for environmenta l des ign 
cr i t er ia is  required whe ther the p lat form owner adop t s  the 100-year 
event or demons trates that d i f ferent cr i t er ia are more appropr iat e .  

Environmental Exposure and For ces 

Environmental  des ign cri ter ia are deve loped to  det ermine the 
natura l ly i nduced force s .  Thus , the des igner is  concer ned wi th the 
magnitude of the forces that can reasona bly be expected to af fect the 
s tructure dur ing i t s  li fet ime . This  involves two separate  problems : 
( 1 ) a quant itat ive descr ipt ion of  the env ir onment , and ( 2 )  the 
relat ionship between the environment and the for ces it  imposes on the 
s truc tural sys tem. 

*U . S .  Geo logica l Survey .  Requirements for Cer t i fying the St ruc tural  
Integr i ty of OCS Pla t f orms . Vol .  I .  Append ices , Vol .  I I .  Comme ntary , 
Vol. I I I .  u . s .  Depar tment of  Inter ior . Washing t on , D . C . , Oc tober 1 9 79 . 
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Environmenta l E�posure 

S t o rms , ea r thquakes , ice  p ressure r idges , soil movements , 
and other envi ronmental  phenomena or natura l events ( s ee Sec t ion I I )  
af fec t s t ructures , a l though the i r  seve r ity and wh ich spec i f ic ones may 
d i f f e r  depending on the locat ion . Fo r the des ign p rocess , each mus t 
be desc r ibed in terms of  those pa rameters that re late d i rec t ly to  the 
f orces imposed on the s t ructures . These inc lude the maximum va lues 
for  s t orm-gene rated waves , earthquak e-induced ground mo t ions , and ice 
t h ickness and s t rength . Less seve re forces mus t also be cons ide red as 
we l l  to  eva lua t e  a s t ruc ture ' s fat igue l i f e . 

Environmenta l  des c r i p t ion mus t a ls o  recogn i z e  the unce rta inty of 
the fu ture . Uncertainty is c reat ed both by the d i f f iculty  in p r e­
d ic t ing natura l  forces , wh ich may va ry ove r t ime , and b y  man ' s  own 
mis t akes in making measu rement s  and in mathemat ical  or emp i r ica l 
mode l ing .  Natura l forces cannot be p red i c t ed with t o t a l  certainty . 
Ne i ther can ana ly t ical  models pred i c t  per f e c t ly the resu lt ing key 
envi ronment a l  parame t e rs . To ac count for  these unc e r t a int ies , 
envi ronment a l  exposures a re bes t des c r ibed in  p robab i l is t ic ra the r 
than determinins t ic va lues . 

In des c r ib ing environmental  exposures f o r  a reg i on or s ite , 
the fundamen t a l  p rob lem is t o  pred i c t  the s t a t is t i c a l  d is t r ibu t ion 
of future na tu ra l even t s . Environment a l  ext remes c annot be forecas t 
in a d e t e rminis t ic sens e ;  howeve r ,  i t  is reasonab le to  expe c t  that 
they wi l l  be inf luenced by c ausat ive fac tors that are gene ra l ly 
s imi lar to  pas t occurrences . Thus , the f u t u re is  unl ike ly to be an 
exact  rep l i c a  of  the past due to the randomness assoc iated w i th 
when a na tura l event  occurs . In mos t  ins t ances , future envi ronmental 
pa rameters  are more read i ly der ived f rom a s t a t is t ic a l  mode l based on 
what has happened in the pas t . 

To i l lus t ra t e  this , cons ider a wave he igh t having an ave rage 
return p e r iod of 50 yea rs .  Th is return per iod cor responds to a 2 
percent p robab i l ity o f  the wave occu r r i ng annua lly . Thus , there is a 

9 8  percent chanc e tha t the mos t severe occurrence o f  an envi ronment a l  
pa rameter dur i ng a s ing le year wou ld be less than tha t o f  the 50-year 
even t . 

Al t e rnately , a mo re severe occurrenc e would have only a 2 
percent p robab i l i t y  of  occurr ing dur ing a s ingle year . Because such 
seve re env i ronmental  f orces occur ra re ly ,  data on env i ronmental  
exposures shou ld cove r a long t ime . The t ime span cove red shou ld be  
suf f ic ient to  p rovide a s t a t is t i ca l ly s ign i f icant samp le o f  
occurrences ove r a rep resent a t ive range of  seve r i t ies . 

A suf f ic ient  t ime span cannot be g iven in t e rms of  a spec if ic  
number of  years . Fac tors tha t inf luence the app rop r i a t e  length of 
t ime inc lude the ave rage number of  occurrences o f  the event per year , 
t he va riab i l i ty in the envi ronment a l  pa rame t e r  resu lt ing f rom 
occurrenc es , and evirience of long t e rm cyc l i c  a c t i v i t y  in e i the r 
f requency o r  s e ve r i t y .  

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 .
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The deve lopment of  a n  environment a l  exposure poses two bas ic 
p rob lems : (1) es tab l ishing a suf f ic ient data base , and (2) inte r­
p re t ing the h i s t orical  data base t o  p rovide re l iab le e s t ima t es of  
future rare occurrences . 

His t o r i c a l  Da ta  Bases 

Ne i ther gove rnment agencies nor opera t o rs of  s t ructures now have 
data  bases that cont a in environment a l  pa ramet ers of d i rect  s igni f ic anc e 
t o  the s t ruc tur e ' s  des ign . Recogni t ion o f  the need for  such data in 
many geograph ical  locat ions has ar isen on ly recent ly . Furthermore , i t  
h a s  on ly recent ly become pos s ib le t o  make s ome of  the nec es sary 
measurements . Making long t e rm measurements is cos t ly and is like ly to 
become mo re so . Some va riab les can be measured at c e r tain locales , but 
t he data  gene ra l ly cove r an insu f f ic ient t ime span t o  es tab l ish long 
t e rm exposures . 

Thus , ongoing measurement p rog rams cannot be used t o  p rovide 
inf orma t ion needed now for environment a l  exposures . On the other hand , 
s at is f a c t ory es t imates of  exposures c an be deve loped independent of  
leng thy measurement p rograms . Indeed , leng thy p rog rams can be p roh ib­
i t ive ly , cos t ly ,  and unnecessary . Th is is not t o  imp ly that data are 
not us e fu l , necessary , or important . Qu i t e  the cont rary . Howeve r ,  the 
quan t i ty of  measured environment a l  parame t e rs is now and a lways wi l l  be 
insu f f i c i en t  t o  s e rve as a data base f rom wh ich envi ronment a l  exposures 
c ou ld be s o le ly derived . 

As an a l t e rnat ive to measur ing environment a l  pa rame t e rs with 
c os t ly equ ipment and lengthy p rograms , d r i l l ing ope rat ors and the 
gove rnment could rely on observat ions made ove r the years . Man has 
a lways been conce rned with the ocean envi ronment and has of ten 
recorded observat ions , part icular ly those pert aining to  unusua l ly 
s evere occurrences . In s ome ins tances , organized e f f o r t s  have 
resu l t ed in ext ens ive a r ch ives of observa t ions ( e . g . , sh ipboard 
observa t ions of weathe r and waves ) .  

Data based on obs ervat ions are , however ,  gene ra l ly inapp rop r i a t e  
f o r  deve lop ing env i ronment a l  exposures because they o f t en contain 
observer b iases and errors . Also , obse rvat ions are data of  opportun ity 
and may not be homogeneous in space or t ime o r  cove r the range of  
seve r i t ies adequat e l y .  Frequent ly , the obse rva t ions are not  of  the 
needed env i ronment a l  parame t e r , but des c r ibe the phenomenon by some 
other measure of i t s  seve r i ty or e f f ec t .  Although use fu l  in deve lop ing 
env i ronment a l  exposu res , observa t ions a lone ra rely p rovide an adequa t e  
d a t a  bas e . 

Hindcas t ing Historical  Da ta  

Because historical  data bases  f rom wh ich measured va lues of  
envi ronment a l  exposure cou ld be ext rac ted are lacking , a t echn i que has 
been deve loped to  gene rat e  the requ i red dat a .  I t  uses environmenta l 
data  t o  determine the l ikel ihood of  a na tural event ' s  occurrence . 
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Da ta are ava i lab le and represent va luab le informat ion on pas t 
na tura l events . As ind icated ea r l ier , these da ta  inc lude both 
measu rement s  and des � rip tions on the location , s everity ,  and impor tant 
pa rameters for va r ious na tura l  event s .  Wh i le such data don' t o f t en 
c ontain quant it at ive information on the key environmenta l pa rameters 
for the s i te  o f  int e res t , they genera lly p rovide the bes t ava i lab le 
des � r ip t ion of na tura l event s ove r t ime . Examp les inc lude s t orm 
t racks , atmosphe ric data ( p ressure , winds , temperature ) ,  earthquake 
ep i�ente r  lo�at ions and magni tudes , and i�e �overs . 

Desp i t e  de f ic ien� ies , such data can be used to  deve lop envi ron­
ment a l  exposures . The f requency with wh ich na tura l events l ike 
s t orms or ear thquakes of c e r t a in magni t udes occur can be calculated 
based on data des c r ib ing when and with what  f orce they happened in the 
pas t . I f  the ca lcu lat ions are accurate enough , the env i ronment a l  
p arameters  can be b o t h  quant itat ive ly ac�ura t e  and cove r a long t ime 
span . 

The ca lculat ing of  envi ronment a l  paramet ers f rom histori�al  
occurren� es of  env i ronment a l  phenomenon is te rmed "h indcas t ing . "  
H indcast  historical  da t a  can of t en b e  the mos t app rop r ia t e  base f o r  
deve lop ing environment a l  exposures . Environment a l  mode ls a r e  needed 
to deve lop h i s t o r i c a l  exposure parame t e rs . The mod e l  mus t be capab le 
of  p red i c t ing the environment a l  pa rame ter  assoc iated wi th spec i f ic 
occu rrences of a phenomena s ince it  mus t  be app l ied on an event-by­
event bas is . Fu r ther , the mode l mus t be capab le of making such 
p redict ions f rom wha t eve r data are ava i lab le . 

Seve ral d i f f e rent env i ronment a l  mode ls are used t o  h indcas t 
environment a l  pa rameters . Us ing a mathema t ical  des � r ip t ion of  
historical  data  on  dynamics , windf ield mode ls c a lculate surface  wind 
speed and d i rec t ion at  loca t ions throughou t the reg ion a f f ec t ed by the 
s torm. Wave mode ls use a ma themat i c a l  desc r ip t ion o f  the dynamics and 
ene rgy t rans f e r  between the sea and a i r  to  eva luat e  waves gene rated by 
storms . Some models can compute  currents and t idal surges generated by 
s torms . O thers can c a lculate ground mo t ions gene ra t ed by an ear thquake 
f rom the ep icent e r  locat ion and magn i tude by mathema t ica l ly des c r ib ing 
the t ransmis s ion of se ismic ene rgy through geo log i c a l  features . 

The s ame envi ronment a l  mode ls can be used to  h indcas t and f o r e­
c as t .  Hind� as t ing and forecas t ing d i f f e rs p r i nc ipa l ly in the data 
used in the environment a l  mode l .  Hindc ast ing used data  on pas t natural 
event s wh i le forecas t ing requ i res cur rent measured environment a l  dat a .  
H indc asts  o f  envi ronment a l  parame t e rs are gene ra l ly mo re accura t e  than 
forecas ts  s in�e more de t a i l  is known on the l i f e  cyc le of  environmenta l  
phenomena . 

The deve lopment of  an env i ronment a l  mod e l  beg ins with a fund a­
men t a l  unders tand ing of  the phys ics of  the phenomenon . Fortuna t e ly , 
recent advanc es in geophys ics  have es tab l ished much of the requ i red 
unde rs tand ing . Cont inu ing e f forts  are seeking further imp rovement s . 
Deve lop ing an envi ronment a l  mode l invo lves t rans lat ing theoret ica l 
unde rs tand ing into an ana lyt ica l  mode l .  S ince man ' s  unde r s t and ing of 
the comp le x i t ies of na ture is less than comp le t e , the model mus t  
inc lude some emp i r ic a l  unde rs tand ing to  augment the theory . Empi rical  
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unde rs tand ing is derived f rom measu red data . Thus , in this con t ext , 
measured data p lay an important role  in reduc ing unce r t a inty th rough 
c a l ib ra t ion o f  environment a l  mode ls . 

Measurements used to  c a l ibrate  models shou ld inc lude data that 
d es c r ibe spec i f ic occur rences as we l l  as measure environment a l  para­
me t e rs that resu l t ed f rom the occur renc e ;  that is , the mode l inpu t 
and outpu t . The s ame type o f  dat a p rovide emp i r i c a l  evidence used to  
deve lop as we l l  as ca l ibrate  mode ls . Such data are  t e rmed c a l ibrat ion 
data . Add i tional da ta tha t d escr ibe c er tain aspec t s  of phy s ical 
p rocesses invo lved may a lso be needed to  deve lop mode ls . His t o r ic a l  
da t a  are gene ra l ly insuf f ic ient f o r  independent mode l deve lopment .  

Addit iona l data mus t  be obt ained th rough ext ens ive measurements  
d es igned spec i f ica l ly to  deve lop a mode l .  As  no t ed ea r l i e r , the  
p ra c t ical  l imi t a t i ons on the t ime span that  can be cove red by a 
measurement p rogram l imit the usefulness o f  a measured data base for  
independent ly deve lop ing an environment a l  exposure . Even so , measured 
data are ext reme ly important in deve lop ing and ca librat ing environ­
mental  exposure mode ls in conj unc t ion with h indc as t techniques . 

Af t e r  the environment a l  mode l has been deve loped and c a l ibrated , 
i t  has to be ve r i f ied bef ore it can be app l ied . Calibrat ion data wi l l  
p robab ly cont ain mo re ext ens ive da ta  that des c r ibe spec i f ic occur­
rences ( i . e . , the input to the mode l )  than is ava i lab l e  f rom th e 
h is t orical  record . In such cases , the c a l ibrat ion data bas e shou ld 
be  made  to  cons ist  only of  the data that des c r ibe  the h is torical  
occurrences . 

Us ing the degraded data s e t  as inpu t , the mode l is exerc ised to  
p re d i c t  the env i ronment a l  parame t e rs which were measured during the 
data c o l l e c t ion p rogram in wh ich the c a l ibrat ion data were  ob t a ined . 
I f  the measured data s e t  is s u f f ic ient ly ext ens ive , add i t i ona l da t a  not 
used to deve lop or c a l ib rat e the mode l shou ld be used to  ver i fy i t . By 
c ompar ing the va lues p redic t ed by the h indcas t mode l with thos e 
ac tua l ly measured , the relat ive success of  the mode l can be determined . 
The comparison a lso es tab l ishes the leve l o f  t echnical  unc e r t ainty 
assoc iated with the mode l .  Thus , by p redict ing env i ronmenta l  parame t e rs 
f rom h is torical  data , the mode l is ve r i f ied and the leve l o f  prof es­
s iona l unc e rtainty assessed in a manner cons is t ent with its int ended 
use . 

An advantage of environment a l  models is the i r  c apab i l i ty to  
d eve lop data on envi ronment a l  paramet ers f o r  nume rous s i t es within the 
s ame geog raph ica l region . Ano the r advantage is the i r  f lexib i l i t y .  
Envi ronment a l  models a re genera l ly deve loped f o r  a part icu lar area . I f  
based on sound , fundamenta l  phys ics and we l l  ca l ibrated , the model  
l ike ly can be  success f u l ly app lied in other a reas s ubj e c t  to  the same 
environmental f orces with re lat ive ly minor mod i f icat ions and /or 
extens ions . 

The app licab i l i ty 
data  ob ta ined f rom the 
and ve r i fy ing ex ist ing 
d eve lop ing new mode ls . 

of  the mode l c an be  assessed with ca l ib rat ion 
new geog raph ica l region . Gene ra l ly ,  app lying 
envi ronmental  mode ls to new a reas is eas i e r  than 

Thu s , mode l ing is  f lex ib le and saves money . 

Copyright © National Academy of Sciences. All rights reserved.

Environmental Exposure and Design Criteria for Offshore Oil and Gas Structures:  A Report
http://www.nap.edu/catalog.php?record_id=19784

http://www.nap.edu/catalog.php?record_id=19784


2 1  

P red i c t ing Env i ronmental Exposure 

Once data have been deve loped on the h i s t o r ica l occur rences of an 
envi ronment a l  parameter  for  a reg ion or  a s ite , the data can be int e r­
p reted to deve lop environmenta l exposures . It  makes l it t le d i f f e rence 
whe ther the his t o r ical da ta we re p red ic t ed , measured , o r  observed s ince 
they mus t a l l  be interp reted  for a spec i f ic s i t e . 

For any part icular s i te , na tura l  events occur in a random pat t e rn 
over t ime .  Such s o-ca l led "ac cident s  of  na ture" inc lude the exac t 
intens ity and locat ion o f  na tura l events . 

Fu rther , the environmenta l  pa rame t e rs may exhib i t  shor t-te rm 
random f luc tuat ions so that the maximum value is  known only in a 
p robab i l is t ic sense . Such randomness ind icates that natural events  a t  
a s it e  wi l l  n o t  l ikely recur in a n  exact  rep l ic a  of the pas t . Thus , 
randomness or  natural va r iab i l ity  mus t be cons ide red in int erpret ing 
h is t orical  da ta to des c r ibe the future . 

The int e rp retat ion can t reat the va rious sources o f  randomness 
e ither imp l ic i t ly or  exp l ic i t ly .  Some may b e  imp l ic i t ly inc luded by 
assuming that the h is t o r i c a l  data for an envi ronment a l  parameter  a re 
extens ive enough to  p rovide a suf f i c ient samp le o f  c omb ina t ions of  
various independent sources of  randomnes s .  The data can be d i rec t ly 
used to es t ima t e  the p robab i l ity  d is t r ibu t ion f unc t ion for  the 
magni tude of  the environment a l  pa rame t e r  that can be expec t ed to  occu r 
in a g iven number o f  years . 

An exp l ic i t  t reatment requ i res deve lop ing a p robab i l is t ic descrip­
t ion o f  each independent source o f  randomness . Wh i le the  interpret ive 
p rocedure cannot be comp le t e ly made genera l , the data are usua l ly 
ana lyzed t o  des c r ibe in p robab i l is t ic t e rms the envi ronment a l  pa ra­
me te r ' s  magn i tude g iven the s ing le occur rence of an event wi th random 
charac t e r is t ics l ike intens ity  o r  locat ion . A p robab i l is t ic des c r ip­
t ion �an be calculated by comb ining the numbers of occurrences expected 
dur ing a g iven number of years with the magni tude of a s ingle random 
event . 

Environmental Fo rces and Fo rce Models  

As  no ted ear l ie r ,  the f orce mode l des c r ibes the  relat ionsh ip 
between an event desc r ibed by app rop r i a t e  environment a l  parame t e rs and 
the force or load it exe r t s  on the s t ruc ture . The mode l is used , f i rs t , 
t o  t rans f o rm environmental  exposure into env i ronment a l  exposure force 
to deve lop a s t ruc tur e ' s envi ronment a l  des ign c r i t e r ia .  Th is use of the 
mode l is somewha t un ive rsal in that the s t ructure ' s  ove ra l l  behavior 
unde r environment a l  load ing is o f  p r ima ry importance in deve lop ing 
c r it e r ia .  

Second , the f orce mode l is used by des igne rs t o  deve lop detai led 
des igns o f  a s t ruct ure to spec i f ic c r i t e r i a . Th is use t ends to be mo re 
de t a i led in that des igne rs mus t cons ider the loads on each s t ructura l 
e lement in add i t ion to the t o t a l  s t ructural behavior in deve lop ing the 
des ign . 
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I t  is d i f f icu l t  t o  o f f e r  a general discuss ion of  the f o rce mode ls 
for all comb inat ions of  environment a l  phenomena and s t ruc tura l sys t ems . 
The mechanisms and charac teris t ics  of  environment a l  load ings a re qu i t e  
d i f ferent f o r  each phenomenon . Some c ause a f o r c e  to  be exe rted 
d irec t ly on the s t ructure . Waves and currents dis t ribut e  s t ructural 
load as a resu lt  of p ressure due t o  wat e r  mot ion . Ice loads a s t ru c­
ture as it moves and f a l ls aga ins t a s t ructure . Ear thquakes , howeve r ,  
caus e a s t ructure t o  move as g round mot ion is t ransmit ted th rough the 
f ounda t ion or  bas e . The t endency of  a s t ruc ture t o  res is t app l ied 
mot ion due t o  i t s  ine r t ia d is t r ibutes the load th roughout the s t ruc ture . 

Whether the respons e is  s ta t ic o r  dynamic is det e rmined by 
the natural response f requency over wh i ch the environmental  force c an 
impart s ign if icant ene rgy . I f  a s t ructure responds dynamica l ly to the 
load , its mot ion and inert ia c reat e  add i t iona l loads . 

The f orces invo lved in some comb inat ions o f  env i ronment a l  f o rce and 
s t ruc tura l sys t ems a re mos t app rop riately mode led determinis t ically in  
t tme . They des c r ibe the force exe r t ed on a s t ructure as a f unct ion of 
t ime throughou t the environment a l  load ing . Other comb ina t ions may b e  
more app rop riately mode led as random p roces ses and lead t o  spec t ra l  o r  
p robab i l is t ic f o r c e  mode ls . 

Thus , force mode l ing is such a d ive rse p rob lem that it  cannot be 
eas i ly exp ressed in genera l t e rms . Yet , a mode l  for a comb ined 
env i ronment a l  force / s t ruc tura l sys tem begins with a sound unde rs tand ing 
of the phys i ca l  load pu t on a s t ruc ture by natura l forces . Th is can be 
exp ressed as an analyt ica l mode l .  Because natural forces and s t ructures 
inte ract  in a comp lex manne r ,  the p rob lem' s theoret ical  des c r ip t ion 
needs to be augmented by certain emp i r ical inf o rma t ion . Ob t aining data 
f rom wh ich emp i r ical info rmat ion mus t  be de r ived is a formidab le task . 
Idea l ly , ins t ruments wou ld be p laced on a p rot otype s t ructure t o  ob t a in 
dat a  during a part icu larly s evere s to rm or  earthquake . But i t  is 
expens ive to equip a s t ructure with the needed ins t rument s to record an 
event that may not occur f o r  yea rs . In the meant ime , the harsh env i­
ronment could cause the ins t ruments to de t e r io ra t e . 

Thus , it  is eas ier to ob tain data on key na tural forces . Both 
labo ratory and la �  experiment s  can be cont ro l led , a l though utmos t 
care is requ i red to ensu re that the natural event and key parame t e rs are 
rea l i s t ica l ly mode led . Even so , mode l ing at  bes t con t ains unce r t a in t ies . 

Fina l ly ,  whether the environment a l  force model adequat e ly des cribes 
how na tura l forces and o f f shore p lat f o rms int eract  can be assessed by 
measuring certain key s t ructura l  responses in �· Th is requ i res that 
measurement s  t aken in conj unc t ion with a maj or s to rm be f o l lowed by 
detai led inspect ion t o  s ee how the s t ruc ture wi ths t ood seve re 
envi ronment a l  loads . I t  a lso o f f e rs a wea l th of inf o rmat ion on the 
adequacy of the mode l ing p rocess . By determining whe the r the model ing 
p rocess was adequa t e , a measure of the p rofess iona l uncer t a inty 
assoc iated with mode ling can be obt a ined . Th is measure can then be used 
to imp rove the re liab i l i t y  o f  the p redict ions made us ing the mode l .  
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Summa ry 

The env i ronment a l  des ign c r i t e r ia s e lec t ion p rocess depends on 
t he des ign goa l s , p roces s , and c ons t r a int s . It is part of  an i t e ra t ive 
p rocess used to deve lop and imp rove the o f f shore s t ruc tures . 

The process used to  des ign o f f shore s t ruc tures is an integrated and 
interre lated  ana lys is . I t  s imu lt aneous ly c ons iders numerous factors , 
i nc lud ing : the s t ruc t ure and i t s  func t iona l and operat iona l requi re­
men t s , s a f e t y  requ i rements , na tura l exposure and loads , s t ruc tura l  
c r i t e r ia ( i . e . , the codes and eng ineer ing p rac t ices used to  assure 
accep t ab le s t ructural  performance ) ,  and ec onomic c ons traint s .  The 
des ign p rocess  resu l t s  in a s t ructure that ope ra t es and func t ions with 
an app rop r iate  ba lance be tween s a f e ty and economic s . 

The environmen t a l  des ign c r i t e ria  is  that set  o f  envi ronment a l  
parame t e rs used to  estab l ish the des ign loads . I t  resu l t s  i n  a 
reliab le ,  safe , and ec onomic s t ruc ture . Envi ronment a l  des ign c r i t e r ia 
a re not s o le ly a func t ion of  the environment but also depend on 
s t ructura l c r i t e r ia , requi red s t ructural  performanc e , safety , and 
economic s . 

Three fundament a l  me thods are used t o  se lec t or  deve lop 
environment a l  des ign c r i t e r i a . Thes e use exper ience with prototype 
s t ruc t u res , p roj ected l i f e t ime maxima , and /or  re liab i l i t y  ana lys is . As 
ac tua l ly p rac t iced , there a re no c le a r  demarcat ion l ines be tween these 
methods . Sound j udgement and experience are essent ial fac tors in 
s e l e c t ing environment a l  des ign c r i teria . 

Fina l ly ,  h indcas t ing is the mos t app rop riate  techn ique for  
deve lop ing environment a l  exposu res . I t  uses environment a l  mode ls 
with  h is torica l da t a  bases to p redic t the h i s t o r i c a l  env i ronment a l  
exposure . The h i s t or i c a l  environment a l  exposure is then used t o  
p red ict  fu ture env i ronmental  exposures expec t ed dur ing a s t ruc ture ' s  
l i f et ime . While  measured environment a l  data are gene ral ly insuf f ic ient  
a s  a s o le bas is f o r  deve lop ing an environmen t a l  exposure , such da t a  a re 
essent ial in deve lop ing , cal ibrat ing , and ve r i fying h indcas t mode ls . 
This ro le of  measured data is the mos t  important j us t i f icat ion f o r  and 
shou ld be the cent ral theme in deve lop ing envi ronmen t a l  measu rement 
p rograms that are viab le .  
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3 .  GOVERNMENT AND INDU STRY INTERESTS 
IN ENG INEERING-oRI ENTED ENVIRONMENTAL EXPO SURE DATA 

The forego ing chap t e r  emphas ized the need for  environment al da t a  that 
are adequate for  and compat ib le with engineer ing purposes . Indus t ry 
needs the data in order to  des ign safe and economical  s t ructures that 
can withs t and the rigors of  offshore env i ronment s . Gove rnment needs 
the da t a  to regu l a t e  of f shore o i l  and gas deve lopment .  

A data base on environment a l  exposure cond i t ions cou ld cont r ibu t e  
t o  management of  the ou t e r  con t inental  she l f  i n  s eve ra l ways : 

• By acqu i r ing adequat e  and t ime ly unde rs t anding o f  th e 
severe environment a l  c ond i t ions p resent in the o f f shore 
before rathe r than a f t e r  leases are g ranted , the gove rnment 
could s t reaml ine i t s  p rocedures f o r  t rac t se lec t ion . 

• An unders tanding o f  the seve re env i ronment a l  cond i t i ons 
experienced of fshore is needed to ve r i f y  p l a t f o rms , as we l l  
a s  t o  review and app rove of exp lorat ion and deve lopmen t 
p lans . 

• An enhanced ab i l ity  to make independent and defens ib le 
j udgment s  on s a f e ty and on economic f a c t ors relat ive t o  o f f­
shore deve lopment s . 

Indus t ry has t rad i t iona l ly ga the red data f o r  i t s  eng inee ring wo rk . 
The o i l  and gas companies that sponsor  such work t end to  rega rd da t a  
banks a s  p rop r ietary i n  view o f  the i r  la rge mone tary and manpowe r 
inves tment s . 

Wh i le the f ederal gove rnment has co l le c t ed oceanog raph ic and 
atmosphe r ic dat a ,  l i t t le of it  is relevant to  the deve lopment o f  
o f f shore o i l  and gas resources . The maj o r  gove rnment e f f o r t  is 
supported by the Depar tment of the Int e r ior  through its Bu reau o f  Land 
Management (BLM) and the u.s. Geo log ical  Survey . BLM suppo r t s  an 
environmental  asses sment p rog ram to determine the e f f e c t  of o i l  and gas 
p roduc t ion on the eco logy . That  p rogram yie lds l imited exposure dat a .  
( S ee Append ix B )  
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2 5  

Table I I  l is t s  env ir onment a l  cond i t i ons on the out er cont inenta l  
she lf that have been ident i f ied by the U . S .  Geo log ical Survey as 
pot ent ia lly hazardous . More  deta i led informa t ion appears in the 
background paper "Environmenta l Exposure Condit ions Taken into Account 
in Lease- Sales Dec i s ions " ( see Sec t ion I I ) . Many of these factor s are 
cons idered the by u. s. Geo log i ca l  Survey in  i t s  plat form ver i f ication  
program , as shown in  Append ix c .  

TABLE I I  

Pot ent ial Hazards i n  OCS Areas 

Ge olog ica l 

Sed iment scour / f i l l .  Therma l eros ion. Sha l low fau l t ing .  
Sand waves . Sediment t ranspor t ( s torm- i nduced) . Tur bid i ty 
currents , submar ine canyons . 

Geotechnica l 

Off shore permafrost . Frozen gas hydrat e s .  S lope 
ins tab i l i ty/ s lumps and s l ides . Shal low gas /crater ing .  
Dynamic load ing / l iquefac t ion. Weak bearing capac i t y .  
Car bona t es /Kars t . 

Se ismic i ty 

S t r ong gr ound mot ion.  
Tect onic deforma t ion.  

Ice 

Ice f orces - pack ice.  
Ice goug ing/ground ing . 
s t reng th/ br ine cont ent . 

Oceanogr aphic 

Weak gr ound mot ion . 
Faul t  ruptur e .  

Vulcani sm .  

I c e  forces - shear zone ice . 
Me l t  water f lood ing . Ice 

Ice dynamics/mot ion . 

S t rong cur rents ( i nc lud ing t idal ) .  S torm surges . 
waves in winter s t orm. S t orm waves i n  hurr icanes . 
sur face water tempe rat ure var iat ion. Tsunamis . 

S t orm 
Sea 

Me teorolog ic 

Wind forces ( i nc lud i ng gus t s ) .  Ai r-wa ter t emperature 
d i f f er e nces ( ic i ng ) .  
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In  t he deve lop ing envi ronment a l  exposures , nume rous s tud ies may be  
needed ( s ee Se� t ion I I ) . In  new and part icular ly remo t e  a reas , where  
s t ud ies may have only begun and whe re more informa t ion on  environmenta l  
c ond i t ions wou ld obvious ly b e  of  he lp , o i l  and gas companies have common 
interes t s  in gather ing inf ormat ion re lated to o f f shore deve lopment .  
Thus , they o f ten j o int ly fund data collect ion and ana lys is p rograms . 

For examp l e , work ing through t he Al askan O i l  and Gas Associat ion 
(AOGA) , 29 companies have sponso red more than 99 p roj e c t s  s tudying 
Ar� t ic cond i t ions . These in� lude oceanograph i c , t ranspor t a t ion ,  sea 
i c e-p la t f orm int erac t ions , perma f ros t ,  and oil sp i l l  s t ud ies ( s ee 
Append ix D ) . As oi l and gas efforts  cont inue in o f f shore Arc t ic waters , 
a lot  of informat ion wi l l  be requi red to  environmenta l exposures . 

S ince the gove rnment needs the s ame dat a  as do o i l  and gas 
companies , though for d i f f e rent purposes , it wou ld make sense f o r  them 
t o  cooperate t o  acquire such dat a .  Cooperat ive research wou ld p rovide 
a common da ta base for both . 

For examp le ,  both gove rnment and indus t ry need informat ion on 
environment a l  exposures through the use of mode ls to hindcas t dat a .  
Jo int f ie ld measurement p rograms could ob tain data t o  deve lop , 
c a l ibrat e , and ve rify  environment a l  mode ls . Both government and 
indus t ry wou ld also bene f i t by j o int ly deve lop ing new ins t rument at ion 
or  data analys is p rocedures for  c e r tain environment a l  parameters  and 
natural event s .  

Each c ou ld be achieved in the context of  the th ree phases of 
o f f shore resour�e deve lopment : pre- l ease , exp lo r a t i on ,  and p roduc t ion . 
The a c t ivit ies and operations unde rtaken by gove rnment and indus t ry in 
e ach of these phases va ry great ly f rom phas e t o  phase . Figure 5 ,  
p repa red b y  the commit tee , shows tha t , wh i le their  mo t ivat ions a re 
d i f f e rent , they have over lapp ing needs f o r  environmenta l  dat a .  

The inte rac t ions dep i c ted i n  Figu r e  5 re lat e  p r imar i ly to  the 
c o l lect ion of environmenta l  da t a  and the de t e rminat ion of envi ronment a l  
exposures . Joint ef forts  c an ensure that both gove rnment and indus t ry 
needs are cons idered in deve lop ing envi ronment a l  exposure and that both 
wi l l  have an equ iva lent unders tanding of  the environment for  the des ign 
( by indus t ry )  and subsequent app rova l (by gove rnment ) of  o f fshore 
s t ruc tures . Shared data c o l le c t ion wou ld reduce dup l i c a t ion and 
regu latory de lays because of d i f f e rent int e rpretat ions of environment a l  
exposures . 

Widely vary ing leve ls of  sophis t icat ion , comp l e t eness , and accuracy 
of the es t ima t es of the environmenta l  exposures a re needed with each 
phas e . Ye t ,  the phases a re a r t i f i c i a l ly d i s t inc t t ime f rames in 
resource deve lopmen t .  In actua l ity , the phases over lap and interac t . 
In some cases , the t ime requi red to  c o l l e c t  dat a  neces s i tates that it  
be undert aken in one phase so that  environment a l  exposures can be 
c alculated for use in the following phas e .  
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Exploration 

Preproduction 
Development 

Government Responsibi lity 

2 7  

Primary Government/ 
Industry Environmental 
Interactions Needs 

Industry Requirements I 

ENV IRONMENTAL DATA REQUIREME NTS 

Hazard 
assessment, 
estimate of 
feasibility. 
minimum bid 
evaluation, 
and post bid 

analysis 

Rig 
requirements 

Data 
requirements 

� 

Verification/ 
inspection 

OVERLAPP I NG NEEDS 

Agree on ability to 
engineer for hazards 
safely. 

Agree on exploration 
safety and pollution 
protection 
requirements. 

l 
Agree on environ-
mental d esign, 
criteria and asso· 
ciated environmental 
exposure conditions. 

Evaluation for 
preparation of 
leases bid 
decisions. 

Exploration and 
production 
planning 

Rig selection 

Design trade-offs 
(economic) 

Final detailed 
design 

r ! GURE 5 t;ovt! nnnc u L / l ndus t ry l u t e ra c t ions i n  U s e  
o f  Env i ro nme n t a l  Exposure Da t a  
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2 8  

Pr e-Leas e Phase 

In the p re-l ease phase , gove rnment and indus t ry both mus t  def ine 
what measu rement s  and ana lys is wi l l  be requ i red to cha rac terize  th e 
envi ronment ,  as we l l  as how t o  get  them . Spe� i f ica l ly ,  both mus t 
det e rmine what  data are needed . The gove rnment mus t do s o  t o  assess 
hazards and poten t ia l  cons t raints on ou t e r  �ont inen t a l  she l f  
deve lopment . Indus t ry mus t as c e r t a in the f a c t o rs that wi l l  inf luence 
t he s t rateg ies and cos t s  o f  deve lopment . Commun icat ion be tween them 
can be inva luab le at  this point in def ining data needs to  each other ' s  
s at is f ac t ion . 

Dur ing the p r e-leas e  phase , the gove rnment c o l lec ts , eva lua tes , 
s t ores , and disseminates dat a ,  inc lud ing pert inent measurements of  
environment a l  parame t e rs or  na tura l events . S ince summa r ies of  
h is to r ical  data cou ld be o f  vital  int e res t to indus t ry and s tate  
gove rnments , the  f ederal gove rnment shou ld p repare the  summa r ies and 
d is t ribute them wide ly . Indeed , re levant summa r ies , inc lud ing 
es t imated environment a l  exposu res , deve loped by gove rnment and indus t ry 
have been comp l e t ed for  a number  o f  of f shore a reas and p rovide 
app rop riate  data needed in the p r e- lease phas e .  

The f ederal  government shou ld a lso  eva lua t e  what  add i t iona l da ta 
a re needed . At p resen t , gove rnment and indus t ry c onduct  such eva lu a­
t ions independent o f  one anothe r . Col laborat ion wou ld imp rove these 
eva lua t ions to  the bene f i t  o f  both . 

Dur ing this  phase , the gove rnment may ini t ia t e  p rograms t o  ob t a in 
bas ic da t a .  Such p rograms s eek to  ident i f y  and quant i fy pos s ib l e  
s ources of  fut ure na tura l events . Such p rograms inc lude surveys o f  
features l ike fau l t s , ice , and areas o f  so i l  s lump ing o r  l ique f ac t ion . 
Of  cours e , data col lec t ion p rograms init iated at  this  ear ly s t age may 
cont inue f o r  years . 

O i l  and gas compan ies may work with  the f edera l government on an 
indus t ry-wide bas is dur ing the pr e-lease phas e . Af t e r  leas ing , inte r­
a c t ion t ends to  be on a s ing le leas e , lessee / lessor bas is . 

Exp lorat ion Phase 

In the exp lorat ion phase , indus t ry and gove rnment both need to  
deve lop informat ion on  spec i f ic s i tes . Both  a re conce rned with 
ensur ing safety , ma int aining environment a l  qua l ity , and cons e rving 
resources . 

Early in the exp lorat ion phas e , indus t ry mus t de t e rmine what  da t a  
may b e  requ i red f o r  spec ific  s i tes . Th is may be accomp l ished by 
eva luat ing reg iona l data in l igh t of cond i t ions at spec if ic s i tes . 
Through this p rocess , the need for  spe c ia l  s tudies or  measurement s  may 
b ecome evident . For examp le ,  in some a reas wa ter  dep th may vary wide ly 
in a comp lex f ashion . The e f f e c t  of such va riat ion on waves mus t  be 
account ed for in deve lop ing wave data for spec i f ic s i tes  f rom reg iona l 
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wave dat a .  Su�h ana lys is wou ld he lp indus t ry f ormulate i t s  exp loratory 
d r i l l ing p lans , as we l l  as the gove rnment ' s  app rova l o f  them . 

Gene ra l ly ,  p rec ise des c ript ions o f  ext reme environmenta l  � ond i t ions 
a re s t i l l  not needed in this phase . lloweve r ,  indus t ry may ini t iate 
measurement s  that take a long t ime to  c omp le t e  if  i t  appears tha t 
e xp lorat ion wi l l  be su��ess fu l ,  and that pe rmanent s t ru�tures w i l l  be 
requ i red . Of course , each o f f shore les see mus t deve lop s it e-spe� i f ic 
data f o r  i t s  own purposes , inc lud ing submi t t a l  o f  deve lopment p lans t o  
gove rnment f o r  app rova l .  

P rodu� t ion Phas e 

Indus t ry c ons t ruc ts , ins t a l ls , and ope ra t es s t ructures l ike 
p roduc t ion p la t f o rms and p ipe l ines in the p rodu� t ion phase . Ac�o rd­
ingly , mos t  ca l�u lat i ons of envi ronment a l  exposu res as we l l  as 
deve lopment of des ign � r i t e r ia , o�cur in this  phase . Wh i le indus t ry 
needs detai led informa t ion t o  do i t s  wo rk , gove rnment needs s imi lar 
i n f o rma t ion t o  eva luate  and app rove indus t ry ' s  p lans . 

The three phases a l l  requ i re s imi la r kinds o f  i n f o rmat ion , 
a lthough the leve l o f  nec essary de t a i l  and soph is t icat ion in� reases 
with each stage o f  deve lopmen t .  The p roduc t ion phase requi res the mos t 
detai led da ta f o r  eng ineer ing wo rk , and s t ate  o f  the art  me thods . 
De� is ions made in the exp lorat ion and p r e- lease phases wi l l  log i�a l ly 
emp loy more app rox imate me thods and less de t a i led da t a .  Neve rthe les s , 
the t ime and resou rces requ i red t o  p rovide the inf o rma t ion base f o r  
env i ronmenta l ly dependent de� is ions shou ld b e  cons is tent with the types 
and consequences o f  the dec is ions . The s t at e-o f-th e-art  des ign me thods 
used in the p roduc t ion phase may requ ire a large da ta base , the 
assemb ly of wh i�h may have to  be init iated in the p re- l ease phase . 
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4 .  GOVERNMENT AND INDUSTRY LIAI SON 

Both government and indus t ry have respons ibi l i t ie s  and needs tha t 
requ i re mutual agreement on the envi ronment a l  factors that af fect 
o f f shore deve lopment . Accordi ngly , i t  i s  paradoxical that so  l i t t l e  
i nt erchange be tween them has taken place in rega rd t o  envi ronmental  
technolog y .  Mutua l ly acceptable measures of  environmenta l exposure 
and des ign c r i teria  would a i d  i n  the orderly  and t ime ly deve lopment 
of  outer con t i nental she l f  resources needed to  ma intain and expand 
t he nat ion ' s dome s t ic o i l  and gas supply . 

The federal  gove rnmen t ' s fai lure to  recogni ze enginee r ing as a 
d iscrete program area hinde rs an inte rchange on the technical aspec t s  
of  envi ronmental factors and data programs . I f  a company sought t o  
des ign a program to collect  env i ronmental  data for  eng i neering 
purposes and thought that the program would also produce useful 
informat ion for  the gove rnment , i t  would be hard put to  f ind a 
federal of fice that was suf f i c ient ly cogni zant of  the discipline to  
lend an expert  ear . Conve rsely , i f  the government were int e res ted in  
technical inte rchange regard ing envi ronmental fac tors or data 
collect ion , it would have some d i f f iculty at  present locat ing a 
cent ral organizat i on i n  indus t ry t o  work with on short not ice . 
Howeve r ,  var i ous indus t ry commi t tees and assoc i a t i ons could form 
commit tees to  ref le c t  indus t ry technical expe rtise . 

Jo int government-i ndus t ry e f forts  to  acqu i re env i ronment a l  data 
have been d i f ficult to  achieve . Although the regulatory agency with 
the greates t knowledge of the enginee ring needs for data i s  the u . s .  
Geological Surve y , i t  is reluctant t o  enter into coope rat ive e f f o r t s  
with the indus t ry i t  regulates . Othe r agenc ies  lack either relevant 
mis s ions , adequate  funding , or  the knowledge of  the needs as applied 
t o  the engineering problems . 

Before the federal gove rnment and indus t ry can work togethe r , 
they mus t develop the organizational rela tionship that  can make this  
possible . Each wil l  have to provide a focal  point  for  interna l 
coordinat ion t o  s t rengthen i t s  own programs , and for  coordina t i on 
with the othe r .  This does not prec lude estab l i shing j o i nt industry­
gove rnment commi t tees at a later  date  to  carry out  s pec i f i c  and 
mutua l ly agreed upon s tudies . 

30 
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A Gover nment Focal Po int 

The governme nt could pr ov ide a focal poi nt by creat ing a pr ogram 
o f f ice to co l lec t , evalua t e , and d issemina t e  da t a  on env i r onmental  
exposur e s .  The o f f ice would wor k  wi thin the government t o  inject  
e ng ineer i ng object ives into r e levant dat a  co l lect ion and resea r ch 
pr ograms . I t  would a lso coor d i nate  gover nment needs a nd pr ograms 
with  those of indus t r y .  

The o f f ice wou ld need a t echnica l s t a f f  capable o f  p lanning 
r esear ch and acqu ir ing and managing da ta on env ir onmental  exposur e .  
S pec i f ic ski l l s r equired might inc lude physical  oceanogra phy , 
meteoro logy , ice mechanics , and se ismic , ocean , and geotechnica l 
e ng ineer ing .  Of cour se , the t echnica l s taf f wou ld a lso  have to  be 
suppor ted by contract ing and adminis t r a t ive per sonne l .  

Th e  o f f ice should shar e i t s  mandate to  f o s t er the t ime ly 
development of  energy r esour ces with other r e levant gover nment of f ices . 
I t  mus t also be thor ough ly fami l iar with the needs o f  t he u . s .  
Geolog i cal  Sur vey t o  e f f ec t ive ly represent them i n  program def in i t ion 
a nd execu t ion.  Add i t iona l ly , the o f f ice wou ld need t o  int erac t  with 
indus try wi thout concern f or poss ible conf l i c t s  of  inter e s t  tha t could 
s tem f r om government ' s  r egula t or y  respons ibi l i t ies . It should a lso 
have the capab i l i ty to  adminis ter and fund i t s  own ac t iv i t ies . 

The commit t ee cons ider ed sever a l  poss ible government agenc ies f or 
hous ing such a program o f f ic e .  

The Na t i ona l Oc eanographic and Atmospher ic Admi ni strat ion ( NOAA) i n  
t h e  Depar tment of  Commerce ( DO C )  has s t a tutor y  au thor i t y  t o  ma intain a n  
env ir onmenta l science research capab i l i t y , i nc lud ing an oceanographic 
r esear ch f leet , a poo l o f  mar i ne s c ient is t s , and inter d is c i p l i nary 
envir onmental science da ta management programs . However , it  has l imited 
backgr ound and exper ience in acquir ing the spec i f i c  kinds of  data tha t  
are required for o f f shor e o i l  and gas act iv i t ies . Where i t s  programs 
have a r e l a t i onship to OCS o i l  and gas dev e lopment , the infor ma t io n 
d er ived is  shar ed with inter e s t ed uni t s  of  the Department o f  Inter ior , 
as explained later . 

The De par tment o f  Energy ( DOE) is r espons ible f or encourag ing the 
development o f  energy r esour ces and advanc ing the s tate of  energy 
t echno logy . Th is cou ld be interpr e ted to  encompass many t echnica l 
areas , inc lud ing deve loping a be t ter understanding of env ir onmenta l 
phenomena and their  e f f e c t  on s t ructures used t o  deve lop r esour ces . 

Sever a l  other agenc ies under take ac t iv i t ies r e lated t o  env iron­
menta l  da ta such as the u . s . Coa s t  Guard and the O f f ice o f  Pipe l ine 
Sa fety within the Depar tment of Transpor tation . Also , the u . s .  Navy 
has an extens ive res pons ibi l i t y  f or deve lopment of an appr opr iate  
oceanographic and me teor o log ical data base  f or their  interna l  use , some 
o f  which is shar ed wi th  indus t r y .  However , the Depar tment of the 
Int er ior is the lead agency f or the development o f  o i l  and gas resources 
i n  the outer cont inental  she lf . I t  has the mos t  ext ens ive unders tand ing 
of  the data needs and the use of  such data f or of f shor e o i l  and gas 
a c t i v i t ies . The Outer Cont inenta l She l f  Lands Ac t of 19 53  charged the 
Depar tment of  the Inter ior with the res pons ibi l i ty o f  admi n i s t er ing 
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leases and ove rsee ing the deve lopment o f  t rac t s  once they we re leased . 
These t asks we re as s igned t o  the Conservat ion Divis ion and the Branch o f  
Mar ine O i l  and Gas Ope rat ions o f  the u . s .  Ge olog ica l Survey . The u . s .  
Geo log ical  Survey mus t  assure that env i ronmen t a l  hazards and exposu re 
data have been p roper ly ident i f ied in s e le c t ing OCS ac reage for  leas ing 
and ass e s s ing the des ign c r i t e r ia for  ou t e r  cont inent a l  she l f  oi l an d 
gas s t ruc tures . The u . s .  Geo logica l Survey ma t ches funds with the 
Bureau of  Land Management to pa rt ic ipa t e  in  the OCS environmental 
asses sment programs with respec t to  marine hazards in lease a reas . 
u . s .  Geo log i c a l  Su rvey ships a re used to  map su r f i c i a l  sed iment di s­
t r ibut ions , sed imen t t ransport , s c our , and bed f o rm mechani c s , cores  
geochemica l ana lys is , and f au l t  d is t ribut ion . 

Because o f  the number of  add i t iona l fede ra l agenc ies that are 
invo lved in OCS deve lopment , Memoranda o f  Unders tand ing (MOU ' s )  have 
b een drawn up be tween the va r ious un i t s  of the Depar tment of the 
Int erio r ;  for examp le , the U . S . Geo log i c a l  Survey , the Bureau of Land 
Management , and the Fish and W i l d l i f e  Service , or be tween un i t s  of other 
agenc ies  of  the f ede ral government .  Thus , MOU ' s  are in e f fect  be tween 
t he Depar tment o f  the In t e r ior and the Depar tment of  Transportat ion 
cove ring OCS s a f e ty , po l lut ion prevent ion cont ro l ac t ivit ies , and safety  
o f  operat ing personne l .  Other  coordina t ing mec hanisms inc lude int e r­
agency commi t t ees f o r  program c oordinat ion . For example , NOAA and the 
u . s .  Ge ological Survey have re lated respons ib i l i t ies in a number  of 
programs re lat ing t o  OCS deve lopment , and c lose ly c oordinate  the i r  
a c t ivit ies so  that they a re mutua l ly s uppo r t ive . 

Indus t ry Foc a l  Point s 

Indus t ry has long rec ogn ized the need for  ind ividua l o i l  and gas 
companies to  coope rate in eng ineering and env i ronmen t a l  research and 
data col lec t ion p rog rams . For examp le ,  s eve ra l companies part ic ipated 
in an ext ens ive program in the Gu l f  o f  Mexico  to  obt a in data  on 
hur r icane-c aused wave charac t e r is t ics . In Alaska , a number  of com­
panies a re spons oring an o f f shore environment a l  and engineer ing data 
c ol lec t ion p rogram. 

In the pas t , these cooperat ive p rog rams have f requent ly been 
operated by ind ividual compan ies who have e le c t ed to take a leade rsh ip 
ro le . Some nat ional and regiona l indus t ry groups have c onduc ted  c oo p­
e rat ive dat a  p rograms . These  inc lude the Ame r i can Pet ro leum I ns t i tute , 
the O f f shore Ope rators Commi t t ee f o r  the Gu l f and At lant ic reg ions , 
and the Wes t e rn O i l  and Gas Assoc iat ion (WOGA) for  the Pac i f ic and 
Alaskan regions . In part icular , the Alaskan O i l  and Gas As soc iat ion 
(AOGA) wh ich is  a part o f  WOGA , has an e f f ec t ive research p rog ram , s ome 
o f  wh ich is  re lated t o  Arc t i c ocean cond i t ions . 

Wh i le these  organizat ions tend t o  be  comp lex because they se rve a 
hos t of  func t ions f rom deve lop ing technica l s t andards to  lobby ing , they 
have o f ten focused indus t ry a t t ent ion e f f e c t ive ly on mut ua l  t echn i c a l  
prob lems re lated to  s a f e ty a n d  p ro t e c t ion of  t h e  environment . They have 
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a�h ieved t h i s  even in those ins t an�es where the res u l t ing �oope rat ive 
p rog ram was ope rated by an ind ividua l �ompany . 

Thes e  same organ i za t i ons that  have b rough t an i ndus t ry f o�us t o  
technical  p rob lems c a n  a lso  serve , when invi ted , as a fo�us f o r  
t e�hnical  inte r�hange with  the federa l gove rnment . Many have t ra­
d i t iona l ly ma inta ined � omm i t t ees to �omment on gove rnment  orde rs and 
regulat ions p e r t a in ing to o f f shore operat ions . 

These organ i zat ions have the s t ru� ture t o  a�commoda te � ommit tees 
r e f l e � t ing te�hn i c a l  expe r t ise  i n  env i ronment a l  eng inee r ing and da ta  
�o l le c t ion even though su�h  �omm i t t ees may not  now ex is t .  They can  
a lso  ass is t  gove rnment agen� ies t o  ident i f y  indus t ry part i � ipat ion in  
env i ronment a l  data �o lle� t i on p rog rams . Pe rhaps t e�hni�a l app raisa ls 
o f  such p rog rams �an a ls o  be made th rough the organizat ions . Howeve r ,  
it  seems l ike ly tha t a de� is ion regard ing a� tua l  f inan� ia l part i � ip a­
t ion i n  dat a  ga ther ing wou ld be made on a � ompany-b y-� ompany bas is , as 
is the case f o r  a l l  j o int indus t ry p rograms . 

I f  indus t ry we re t o  es t ab l ish a na t iona l f o� a l  point  for  work ing 
w i t h  the gove rnment on eng ineer ing p rog rams re lated to deve loping 
envi ronmen t a l  exposures , then the gove rnment wou ld on ly have to work 
w i th o r th rough one o rgan izat i on .  Coordina t ion wou ld be mo re eas i ly 
estab l ished and s imp le r t o  ma int a in .  On the other hand , reg i ona l 
organ i z a t ions � ou ld pos s ib ly bet t e r  s e rve as foc i of  coord i nat ion 
be�ause they are more fami l iar  with p rob lems and p rog rams in the i r  
spec i f i � areas . 

An a l terna t ive f o� a l  point  might be a g roup comp le t e ly independent  
o f  both government and indus t r y .  Th is wou ld  not  e l iminate the need , 
howeve r ,  for  a s t rong t echni�a l �apab i l i t y  wi t h in the gove rnment , nor 
ext ens ive t echnica l interchange be tween gove rnment and indus t ry .  

Fund ing Pr og rams f o r  Eng inee r ing O r iented Env i ronment a l  Data 

The number , types , and � os t s  o f  eng inee r ing p rog rams r e l a t ed to  
envi ronment a l  exposures wi l l  vary f rom yea r t o  year  depend ing on the 
needs f rom a rea to  a rea , as de t e rmined by lease sa le s �hedu les , and 
ava i lab le t e�hno logy and da t a . Th is  un� e r t a in t y  in fund ing requ i re­
ments wi l l  pose budge t ing d i f f i �u l t ies f o r  gove rnment and i ndus t r y  
a l ike . Howeve r ,  ma int enan� e o f  orde r ly lease s�hedu les w i l l  n i t iga t e  
these budge t ing p rob lems . 

At best , i t  is  on ly poss ib le t o  spe�ulate on an approp r i a t e  
fund i ng leve l for  a government p rog ram to  co l lec t , ana lyze , and 
d isseminate  env i ronment a l  dat a  in coop e ra t ion wi th indus t ry .  Annua l 
spend ing i n  the range o f  $ 5  mi l l ion t o  $ 1 0 mi l l ion wou ld be c ons is tent  
with the needs as we l l  as with ava i lab le research and da ta c o l le� t ion 
resources . Financ ia l p lann ing wi l l  a lso  have to ref lec t the f a � t  that 
Arc t ic p rog rams wi l l  cos t approxima t e ly twice as mu�h as p rog rams in 
othe r areas . 
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5 .  CONCLU SIONS AND RECOMMENDATIONS 

The commi t t ee reached the f o l lowing conc lus ions as a result  of i t s 
review : 

• For orde rly development of o i l  and gas resources on the outer  
cont inental she l f , the  f ederal gove rnment and  indus try mus t 
reach t imely , mu tual ly acceptable , and cred i b le quant i t a t ive 
appraisals  of bo th the severi ty of envi ronment a l  exposure and 
of the envi ronmental des ign c r i t e r i a  for ope ra t i ons in OCS 
areas of inte res t .  

• Off shore pla t f orm exper ience supplemented by expe rience wi th 
othe r  ma jor c iv i l  works supports  the adequacy of s t ruc tura l  
s a f e t y  provided b y  envi ronmental des ign c r i t e r ia us ing 100 -year  
recurrence intervals  when used  with appropriate s t ructural 
c r i teria . The U . S .  Geo logical Survey has a l ready proposed such 
c r i t eria for i t s  ve r i f icat ion requi reme nt s .  Techniques such as 
re l iabi l i ty analy s i s  and des ign for probable l i f e t ime maximum 
exposure g ive alterna t ive approaches f o r  cases whe re an 
operat or may have reason to dev iate f ron 100 -year c r i t e r ia . 

• Hindcas t ing techniques us ing ve r i f ied envi ronmental mode ls 
coupled with s ta t i s t i ca l  t reatme nt of  occurrences o f  natural 
event s give an appropriate and adequa te technical bas i s  for 
determining envi ronmental exposure . Much of  the technology 
and data for de termining env i ronmental  exposure has been 
deve loped or suppo rted by indus t ry and i s , cons equen t l y , 
proprietary . Proprietary and re lated i s sues may impede 
acceptance and use of the best  avai lab l e  informa t ion on 
envi ronmental exposure . Genuine d i f fere nces in profess ional 
technical views may a l s o  requ i re resolut ion in  reaching 
concurrence among i nterested part ies on ma t t ers o f  seve r i t y  of 
envi ronment a l  exposure . 

34 
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• Operat ions in areas where d i f ferent types o f  natura l events  
( l ike ice in Alaskan wat e r s ) may a f f e c t  des ign c r i teria may 
require the extens ion of techno logy for  environment a l  mode l­
ing and an extens ion of environmenta l  data bas e s . Some of the 
re lated dat a  w i l l  be needed by both the fede ra l government and 
indus t ry operators . There l ike ly wi ll  a r ise opportuni t ies t o 
share in programs and avo id dup l i cat ion . 

• Time ly deve lopment o f  environmenta l  exposure app ra isals 
mutua l ly accep tab le to  government and indus t ry operators  wi l l  
requ i re :  

- Adequat e  leve ls  o f  technical exper t is e  in government 
agenc ies as we ll  as in indus t ry ;  

- Suf f ic ient data t o  provide a c redib le bas is  for  
environmental mode ls  used to  est imate environmental  
exposure ; and 

- Technica l dialogue and rapport be tween interes ted 
part ies . 

• The body of technical expert ise  related to env i ronmental  
exposure to  meet government needs does not  now exi s t  in the 
federal government .  

• Necessary technica l communicat ion and d ia logue wi l l  requi re 
focal points in government and in indus t ry s o  that the 
technica l expert ise  of  each group can be exchanged . Such f oca l 
points can also ident i fy  s i tuat ions where data needs of  govern­
ment and indu s t ry migh t  make the shar ing o f  cos t s  at t ract ive to  
avo id dup l icat ion . 

The refore , the commi t t ee recommends that the u . s .  Geological Survey 
estab l ish an eng ineer ing capab i l i ty to appraise environment a l  exposures 
and t o  acqui re re lated environment a l  dat a .  Respons ib i l i t ies of  the 
o f f ice containing this capab i l ity wou ld inc lude : 

1 .  Reach ing t ime ly and c redible quant i t a t ive app ra i s a l s , mutua l ly 
accep tab le to the government and the indus t ry , of  both the 
severity  o f  envi ronment a l  exposures and o f  the envi ronment a l  
des i gn criteria f o r  o i l  and g a s  operat i ons o n  the outer  con­
t inental  she l f . 

2 . Extend ing of  techno logy and environmenta l data bases as may be 
needed by the government to  regu lat e  and administer  o i l  and 
gas operat ions on the outer cont inental  she l f .  Pa rt icu lar  
attent ion shou ld be g iven to  areas whose  natural events  pose 
prob lems not embraced in the ex i s t ing body of  o f f shore 
operat ing technology . 
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3. As sumi ng t he deve lopme nt and ma i ntenance of techn ical  a nd 
eng i neer i ng exper t ise  as may be needed wi t h i n  t he governme nt 
f or t ime ly a nd cred i b le appr a isa ls of env i r onment a l  exposur e .  

4 .  Obta i n ing e nv ir onme n t a l  da ta  as may be needed by the gover nment  
to  assure  credible  bases for  e s t ima t i ng env ironmenta l  exposures . 

5 .  Ident i fy i ng s i tuat ions wher e  da ta  needs o f  the government and 
i ndus try might c o i nc ide t o  avoid dup l ica t ion.  

6 .  Pr ov i d i ng a f oca l point i n  the gover nme nt t o  exchange infor­
mat i on with i ndus t r y  and other i nteres ted par t ie s .  

The comm i t tee a l s o  r ecommends that t he u . s .  Geo l og i ca l  Sur vey , 
a f t er e s t ab l i s h i ng a n  appropr iate of f ice , inv i t e  t he o i l a nd gas 
i ndus t r y  and r e levant t echnica l groups t o  ident i f y  and name cor res pon­
dent commi t t ees f or ma t t ers  r e la t ed t o  env i ronmenta l exposur e .  

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 .

E n v i r o n m e n t a l  E x p o s u r e  a n d  D e s i g n  C r i t e r i a  f o r  O f f s h o r e  O i l  a n d  G a s  S t r u c t u r e s :   A  R e p o r t
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APPENDIX A 

Rev i ew o f  Previous Studies  

Many commi t t ees and conferences have sought t o  de te rmine the  programs 
needed to acqui re enginee ring data on env i ronmental  exposures to use on 
t he outer cont inental  she l f  and o f f  the shores of Alaska . These  s tud i e s  
have ident i f ied needs and recommended tha t  gove rnment and indus t ry 
s hare res pons ibi l i t y  f or  acqui ring eng i neering data on the envi ronment . 
The s tud ies  have cons i s t ent l y  recommended the need for add i t iona l  
comprehens ive long-t erm data on : ( 1 ) ocean wave and current character­
i s t ic s , and probabi l i t ies of occurrence o f  ext reme event s ;  ( 2 )  s o i l  
charac teris t ics tend i ng t o  produce potent ial mud s l ides or l i que fac t ion; 
( 3 )  f requency and magni tude of forces produced by moving sea ic e ;  and 
(4 ) locat ion and seve r i t y  of pas t earthquakes in s e l e c t ed f ront ier  
areas . 

A l i s t i ng of the mos t  prominent  and pe rt inent commi t tee  reports  
re levant to  t h i s  report f o l lows : 

1 . Commiss ion on Ma r i ne Science , Eng i ne e r i ng and Re sources . 
Our Na t ion and the Sea . A Plan for  Nat i ona l Ac t ion.  
Report of  the  Commi ss ion . 
Of f i ce .  Washingt on , D . C .  

Uni t ed States  Gove rnment  P r i n t i ng 
January 1 96 9 .  

Al s o  known a s  the S t ra t t on Report , this  document iden t i f ies  
many of the needs present ly recognized as important  for the 
e f f ec t i ve , economical deve lopment of  u . s .  o f f sho re 
resource s .  

2. na t iona l Secur i t y Indus t r ial Assoc i a t i on .  
The Adequacy of Forecast i ng ,  Hi ndca s t i ng 1 and the Use of  Ocean 
Surface Wave Informat ion .  A Report o f  the Ocean Sc ience and 
Techno logy Adv i sory Comm i t t ee . Inters �ate  Elec t ronics  Corpo­
ra t ion , Oc eanics  Div i s ion , 707 E .  Ve rmont Avenue , Anahe im , 
Ca l i f .  Janua ry 1 97 6 . 

3 7  
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Out l i nes the bas ic wave f orecas t techniques used to  
f or ecas t wind-generated ocean waves , and d i scusses the use 
of  such informat ion . 

Conc ludes tha t  wave forecas t s  now i n  preparat ion and wave 
s tat i s t ics f or eng i neer ing use are  gener a l ly inadequa t e .  
Time ly and accurate  ocean wave and meteor o log ica l  data are 
lack i ng .  

3 .  Mar ine Boar d .  Ou ter Con t i nental She l f  Re source Dev e l opment 
Saf e ty : A Rev i ew of Technol ogy and Regu la t ion for  the 
Systema t i c  Minimiza t i on of Env ironment a l  Intrus ion from 
Petr oleum Pr oduc t s .  Panel  on Operat iona l Sa fety  i n  O f f shore 
Resour ces Deve lopment . Na t iona l Academy of  Eng i neer ing ,  
Washing t on , D . C .  NTI S No . P B- 2 1 5 6 29 / 6 6 .  Nat i onal Technica l  
Informa t ion Serv i ce . Spr i ng f ield , VA 2 2 1 6 1 .  1 9 7 1 .  

Recognizes the intens i t y  and d i s t r ibut ion of winds , wave 
height s ,  and s t orm t ides for locat ions of inter e s t  thr ough­
out the wor l d .  The wide var iety  of soi l mat er ia ls that may 
be encountered in deep wa ter , or in the Ar c t ic ,  needs 
fur ther s tudy .  Th e  f r equency and magni t udes of forces 
pr oduced by ice sheet s  and icebergs , as  we l l  as  the 
locat ion and sever i t y  of pas t  ear thquakes f or se lected 
geographic s i t es , needs t o  be i nve s t igated fur ther . 
Severa l  data gather i ng pr ograms are cur r ent ly in  progre s s  
and more  wi l l  deve lop as  s pec i f i c  needs a r i s e . 

4 .  Geer , Rona ld L .  "The Sc ient i f i c  and Techno log ica l  Pr oblems of 
Ma jor Concer n . " Pr esentat ion at  Confer ence on Th e Oceans and 
Nat iona l Economi c Deve lopmen t ,  spons ored by the Na t iona l  Ocean ic 
and Atmos pher ic  Admi n i s trat ion , Seat t le ,  WA , July 1 7- 1 9 , 1 9 7 3 .  

Ident i f ies  the need f or oceanographic , meteor o log ical , 
Arct ic , and so i l  da ta . 

5 .  Commis s ion  o n  Mar i ne Science , Eng i neer ing and Resour ces . 
Keys to  Oceanic Development . Vo l .  2 .  I ndus try  and 
Techno logy.  Repor t of  the Pane l on I ndus t r y  and Pr ivate 
Inves tment . Super int endent of Document s , u . s .  Government 
Pr i nt ing Off ice , Washington , D . C .  1 9 6 9 .  

Recommends that .. . . .  pr ob lems involving phy s i ca l  env i r on­
menta l  pred i c t ion and mod i f icat i on cont i nue to be the 
pr ime techno logy ar ea i n  wh ich sever a l  government e f f or t s  
could have a ma jor impact . "  

6 .  Na t ional Secur i t y  Indus t r i a l  As soc iat ion .  Re lat ionsh ip 
Be tween the O f f shor e Petroleum I ndust r y  and t h e  u . s .  
Government . Repor t of  the Petro leum Pane l of  the Ocean 
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Sc ience and Techno logy Adv i sor y  Comm i t t ee .  Na t i ona l Secur i t y  
Indus trial  As soc iat ion , Washing t on ,  D . C .  Library copy only . 
1 9 7 4 .  

Pr esents i ndus t ry  v iews o n  f ederal  mar i ne goals  and 
programs . Wr i t t e n  soon a f ter the o i l  embargo of 1 9 7 3-
1 9 7 4 , the re por t recommends that government e f f or t s  shou ld 
emphas ize  those per f ormed for the be ne f i t  o f  mult iple  
users as re lated t o  as s is t ing in the  explorat ion and 
product ion of dome s t ic petro leum. Spec i f i c  recommenda­
t ions addr ess  the determinat ion of fate  a nd e f fects  of o i l  
i n  the mar ine env ir onment , a s s i s tance t o  coas tal  s t ates in 
coast al  zone management , impr ovement in knowledge of 
wea ther and mar ine cond i t ions , impr ovement in bathymetry  
and s eaf loor geo log ic  mapping , of f shore nav iga t i ons , and 
wea ther mod i f icat ion. The repor t also  recomme nds that  
indus try  should be  encouraged to  undertake resear ch and 
dev e lopment e ssent ial  f or ma intenance of an economica l ly 
v iable and compet i t ive  indus t r y .  Closer coope r a t i on among 
those respons ib le in  government , indus try and academia 
wi l l  enhance a gr eater under t aking o f  the r o les of each 
and reduce cos t ly dup l icat ion of  e f f or t s .  

7 .  Nat ional  Resear ch Counc i l .  Seaf loor Engineer i ng :  Na t i ona l 
Needs and Re search Requ irements , Commi t t ee on Seaf loor 
Eng i neer ing of the Mar ine Board , As sembly of Eng i neer ing . 
Nat iona l Res earch Counc i l , Wash i ng t on , D . C .  NTI S  
No . PB-254 1 7 1 /6 6 .  Nat i ona l Techn ica l  Informat ion Serv ice , 
Spr i ng f ield , VA 22 1 6 1 .  1 96 1 . 

C lear ly ident i f ies a na t iona l need for add i t iona l  inf orma­
t ion on bas i c e nv ironment a l  cond i t ions and how they are 
trans ferred into  f orces act ing upon s t r uctures . These  
phys ica l cond i t ions inc lude sur face wave mot ion ( es pec ia l ly 
dur i ng s t orms ) , current s ,  and scour , and shee t and pack i ce 
behav i or . Da ta on env ir onmenta l  extremes , inc lud ing more 
accurate  s ta t i s t i ca l  descr ipt ion of the loads are needed , 
par t icu lar ly for Ar ct ic operat ions . 

Recommends i ni t iat i ng a coopera t ive  e f for t  i nvo lving the 
public , federa l government , and the o i l  and gas indus try . 

8. Nat iona l  Planning Conference on the Commer c ia l  Development of 
t he Oceans . Commer c i a l  Deve lopment of  the Oceans . June 9- 1 2 , 
1 9 7 6 .  Spons ored by the u . s .  Mar it ime Adminis trat ion , Na t iona l 
Ocea nic and Atmos pher ic Administrat ion ,  Depar tment o f  the 
Inter ior , and Energy Res earch and Deve lopment Adm in i s t ra t ion .  
Vo l .  1 .  Addresses  and Summary . Vo l .  2 .  Pr ogram E l eme nt s .  
u . s .  Governme nt Pr int ing O f f ice , Washington , D . C .  1 9 7 7 . 
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9 . Nat iona l Resea rch Coun� i l .  Ver i f i�at ion o f  Fixed Of f shore 
O i l  and Gas Pl at forms : An Analys i s  of Need , S �ope and 
Al ternat ives V e r i f icat ion Sys tems , Pane l on Cert i f i�at ion of 
O f f shore St ruc tures of  the Ma r ine Boa rd , Nat iona l Resea rc h  
Counc i l ,  Nat iona l Academy o f  Sc ien�es , Wash ington , D . C .  
NTI S  No . ADA04 2 1 3 9 . Nat iona l Te�hni�al  Informat ion Service , 
Spr ingf ie ld , VA 22 1 6 1 . 1 9 7 7 . 

Ident if ies need for  estab l ish ing an env i ronmenta l data 
base , inc lud ing winds , waves , current s , ice , s e ismic 
act ivi t y , and geotechnica l data , for use in the ve r i f icat i on 
process for  o f f shore o i l  and gas p la t f o rms . 

1 0 . Univers i t y  o f  De laware . At lant i c  O f f shore Users  Workshop 
Report . Co l lege o f  Ma r ine S tudies , Univers ity  o f  De laware , 
Newark , D E .  Feb ruary 1 9 7 8 . 

Ident i f ies need for  both measu red (wave ) data  and imp roved 
capab i l i t y  to predi c t  and des c r ibe wave �ond i t ions 
mathemat ica l ly .  

1 1 . Nat ional Research Counc i l .  Informat ion and Data Exchange f o r  
Oc ean Eng ineers : An App roach to Improvemen t . Pane l on Marine 
Enginee ring Informat ion and Data  Ex�hange , Ma r ine Board , 

Assemb ly of  Enginee r ing , Nat iona l Resear�h Counc i l ,  Wash ington , 
D . c .  1 9 7 5 .  

Recommends act ion b y  the fede ra l government , inc lud ing 
the estab l ishment of an informat ion and da ta l i a ison o f f ice 
by academic ins t itut ions and increas ing the awareness  of 
s tudents  of  avai lab le informat ion and data sources . 

12 . Nat iona l Resea rch Counc i l .  Eng ineer ing at the End s o f  the Earth : 
Polar Ocean Technology f o r  the 1980' s .  Pane l o n  Po lar O�ean 
Engineer ing , Ma rine Board , As s emb ly of Engi nee ring .  Nat iona l 
Academy of Sciences , Washington , D . C . , 19 7 9 . 

Recogn izes that da ta  are needed to  deve lop p red i�t ive models 
and to unde rstand and cha racter ize the re lat ionship between 
ice and other env ironment a l  factors , t�e seabed , and eng i­
neered s t ruc tu res in the po la r oceans . 

- Recommends the use o f  remote sens ing to  det e rmine env iron­
menta l  f orces and to mainta in surve i l lance of  the interac t ions 
of the envi ronment with man-made s t ructures in polar regions . 
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APPEND I X  B 

BUREAU OF LAND MANAGEMENT ( BLM) 
ALASKAN OCS ENV IRONMENTAL ASSESSMENT STUD IES  PROGRAM 

( PERTAI NING TO ENVIRONMENTAL EXPOSURE COND ITIONS ) 

Through i t s  out er cont inent a l  she l f  program , the Bur eau o f  Land 
Management ( BLM) program addresses  the poss ib le env i r onme nt a l , 
e co log ica l , and societa l e f fects  of o i l and gas opera t ions o f f  the 
coas t s  of the Un i t ed States . A re lat ive ly sma l l  por t ion of this  e f for t 
( est imated to  be s l ight ly greater than $1 mi l l ion for FY 1 9 7 9  and FY 
1980 ) s eeks to  det ermine the ef fect of na tur a l  for ces on dr i l l  s t ruc­
t ures and operat ions . The pur pose is  to  guide lea s i ng dec i s ions and 
t o  set  dr i l l i ng s t i pu lat ions . 

The environmental assessment proce s s  is  a per s i s tent and cumu la­
t ive exerc i s e  in which new informat ion is cont inua lly be ing added to the 
body of avai lable dat a .  Resour ce manager s mus t  make the i r  dec i s ions 
us ing data that exists  at  the t ime a dec is ion is  r equ ired . The 
environmental s tud ies program s eeks to cont inua l ly upda te the qua l i t y 
of ava i lable informa t i on on a pr i or ity bas i s .  

S ince new sales are succe ss ive ly be ing schedu led for each outer 
cont inenta l  she l f  area , the dec is ion pr ocess  genera l ly operates  a t  
s evera l  d i f ferent s tages s imu ltaneous ly . At the t ime advanced dec is ions 
are being made on one sale , init ial  dec is ions are be ing cons idered for  
s ubsequent or  later sales . Thus , the  data ava i lable when i ni t ia l  t ract s 
are se lected incr eases in comp lexity and r e f i nement with each new s a l e  
s chedu led . Thi s  informa t ion prov i des the bas is of  t h e  envir onment a l  
assessment process  f o r  each new sa l e .  

Th e  f o l lowing char t ,  excer pted f r om BLM' s s tudy p lan for F Y  1 9 7 9 , 
summar izes  that por t i on wh ich might provide l imited environment a l  
e xposure data for dr i l l ing operat ions off  the coa s t s  of  Alaska . 

41 
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TABLE CODE 

Alaska OCS Lease Ar ea 

GA - Nor theast  Gul f  o f  Alaska 
CI - Cook Inlet 
K - Ko diak 
AL - Aleut ians 
BB - Br istol  Bay 
SG - St . George Bas in 
BN - Ber ing-Nor t on Sound 
CS - Chukchi Sea 
BS  - Beaufor t Sea 

Dec is ion Point s / S t eps 

LS - Pr eparat ion o f  Leas e  Schedule 
TT - Tentat ive Tract Select ion 

/DES (with  s t ipulat ions ) -
Dr a f t  Env ironment a l  Statemen t  

/ F E S  ( with s t ipulat ions ) -
Fina l  Env ironment a l  Statement  

/S ID (with  s t ipu la t ions ) -
Secretar ial I s sue Document 

S - Sale ( Not ice o f  Sale with 
St ipu la t ions ) 

Exp lorat ion Plan Appr oval 
Deve lopment Plan Appr ova l 

SPATIAL RESOLUTION 

0 • Informat ion in hand , l i t erature reviews 
1 • Qualitat ive , area-w ide , cur s or y  
2 • Sem i-quant itat ive , hundreds o f  square mi les sca le or 25  mi les of 

coas t l ine 
3 • Quant itat ive , 3- 1 0  t ract scale or 1 0  mi les  o f  coas t l ine 
4 • Quant itat ive , tract spec i f ic ( 2  t o  5 mi le  r esolut ion) 
5 • Quant itat ive , s it e  spec i f ic 
6 • No spat ial resolut ion ( non-s ite  s pec i f i c )  
7 • Re f inement of  data , no add it iona l  r esolut ion 
8 • Loca l , Reg ional , State  Socioeconomic Data 

TEMPORAL RESOLUTION 

N • No t empora l  resolut ion A = Annua l S • Seasona l 
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SUMMARY OF PROPOSED REG IONAL STUDY PROGRAM ACTIVITIES - FY 1979  
REG ION : ALASKA/PAC IFIC 

SENSIT IVITY ISSUES 

Effec t  of seismic and ot her geolo­
g ical haz ards on OC S s t ruc t ures 
and act ivit ies . (Need inf ormat ion 
on po t en t ial geohazard s and natural 
oil seep s  to  dril l ing and /or s it ing 
of s t ruc tures for preparat ion of 
environmental impac t s t a t emen t . ) 

STUD IES NEEDED 

a .  Seismic Hazard s (10)  
C I : N7 ;  K : N3-N4 ; AL : NO 
Descr ipt ion and locat ion o f  ep i­
center s , focal dep ths ; seismic 
risk  map of  magn i t udes , f requen­
c ies , probab i l i t ies . 

b . Volcan ic Hazards (11)  
C I : N7 ;  K : N4 ;  AL : NO Desc r ip t ion and 
locat ion of ac t ive volcano e s ; vol­
canic r isk map of erup t ions , lava 
f lows , nuees ardent es . 

c .  Surface and Near sur face 
Faul t ing ( 1 2 )  
C I : N7 ;  K : N4 ; AL : NO 
Desc r ip t ion and loca t ion o f  sur face 
and near surface faul t s  and their 
relat ionship to seismic ac t ivity . 
Al so , the magnitude and f r equency 
of s trong bo t t om movemen t s .  

d .  Sea Floor Ins tab i l i ty ( 1 3 )  
C I : N7 ;  K : N4 ;  AL : NO 
Descr ipt ion o f  t ypes and ext en t  o f  
pot ent ial s lumps and other unstable 
sed iment ma s s e s . Risk classif ica­
t ion and s ed iment cro s s- s ec t ion 
analys is . 

e .  Ero s ion and D epo s it ion (14 ) 
GA : N4 ;  C I : N7 ;  K : N4 ;  AL : NO 
Locat ion ,  descript io� and rates o f  
bur ial and scour . 
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The ab ility of indus t ry  t echnology 
to operat e in s evere weather or un­
der ext reme oc eanic cond it ions . 

f .  Overpr essured Sed iment s  (17 ) 
C I : N7 ;  K : N3 ;  AL : NO 
Distr ibu t ion and depth  of sed iment s 
wit h h igh por e  pressures . 

g .  Sub s idenc e Po t ent ials  ( 18 )  
GA : N3 ; C I : N7 ;  K : N4 ;  AL : NO 
Loca t ion o f  po tent ial area s  o f  
sub s id ence . 

h .  Strat igraphic Unconformit ies ( 1 9 )  
GA : N3 ;  C I : N7 ;  K : N4 ;  AL : NO 
Locat ion and d istr ibut ion of  po t en­
t ial  reservo ir channels through 
sur face faul t zones ; natura l seeps , 
o t her s trat igraphic unconformit ies . 

a .  Extr emes o f  Wind s ,  Waves 
Curr ents  ( 2 2 )  
C I : S7 ;  K : S3 ; AL : NO 
D i st r ibut ion and frequency o f  ex­
treme even t s  of wind , waves , cur r en t s . 

b .  Tsunamis ( 2 3 )  
C I : S7 ;  K : S3 ; AL : NO 
D i s t r ibut ion f requency , and proba­
b il ity of oc cur r ence of  t sunamis and 
shorel ine inunda t ion . Histor ical 
damage a s sessment and corr elat ion to 
s e ismic event s .  

c .  St orm Surges (24 ) 
C I : S7 ; K : S3  
The d is t r ibut ion , magnitud e  and 
frequency o f  occur r ence , ext ent o f  
sho r el ine inundat ion , pr ed ic tab i l ity . 

d .  Ic e Storms and Ic ing o f  
Struc tures  ( 2 5 )  
C I : S7 ; K : S3  
D is t r ibut ion , magnitud� and f requency 
of ic e storms . 

e .  V i s ib il ity ( 2 6 ) 
C I : S7 ; K : S3 
Frequency of  extr emes o f  fog , haz e  
and prec ipitat ion . 

As sess  geo technical proper t ie s  of  
sed iments .  
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REG ION : ALASKA/ BERING 

Ef fect of geolo g ical  hazards on OC S  
st ructures  and act iv i t ies . Con­
f l ic t  for bott om space  vs . s eismic 
hazard . 

Informa t ion is  needed on gee­
hazards  for tra c t  selec t ion and 
environmental impa c t  s ta t emen t . 

a .  Seism ic Ha zards (10)  
SG : NO ;  BB : NO ;  BN : N4 
Descript ion and loc a t ion o f  epi­
c enter s ,  focal depths ; se ismic r isk 
map o f  magnitudes , frequenc ies and 
probab i l i t ies . 

b .  Vol can ic Hazards (11)  
SG : NO :  BB : NO ;  
Desc r ip t ion and locat ion o f  ac t ive 
volcanoes ;  volcan ic r isk map o f  
erupt ions , lava f lows . 

c .  Sur face and Near Sur face  
Faul t s  (12 ) 
SG : NO ;  BB : NO ;  BN : N4 
Descr ipt ion and locat ion o f  surface 
and near surfac e  fau l t s  and their 
relat ionship to  seismic ac t ivity . 
Also , the magnitude  and frequency 
of s trong bott om movement s .  

d .  Seaf loor Inst ability  ( 1 3 )  
SG : NO ;  BB : NO ;  BN : N4 
Desc r ip t ion o f  types and ext ent o f  
poten t ial s lump s and other unstable 
s ed iment masses . Risk c las s i f ica t ion 
and s ed iment cross  sec t ion analys is . 

e .  Eros ion and Depo s it ion (14 ) 
SG : NO ;  BB : NO ;  BN : N2 
Loca t ion , d escr ipt ion and rat es o f  
bur ia l  and scour . 

f .  Perma fro s t  ( 1 5 )  
BN : N2 
D i st r ibut ion and depth of sub s ea 
p ermafrost ; eng ineer ing charac t er·· 
ist ic s and ind ic es of s t r ength 
propert ies . 

g . Ice Goug ing ( 1 6 )  
BN : N2 
The density , tr end s , maximum gouge 
d ep t h ,  recurrenc e r a t es of ic e gou­
g ing ;  pred ic t ive analys is from ic e 
data . 
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Pot ent ial hazards to OC S t echnolo­
gies/ac t ivit ies from sea ice . 

4 6 

Vessel t ra f f ic con t ro l .  Ab ility  of 
indus t ry t o  operate  under ext reme 
condit ions . His tor ical informat ion 
is needed on extreme environmental 
cond it ions in p o t ent ial l ease  areas 
for future schedul ing and call area 
determina t ion . 

h .  Overpres sured Sediment s  ( 1 7 )  
SG : NO ;  BB : NO ;  BN : N2 
D i s t r ibut ion and dep th of sed iment s 
with high por e  pressur es . 

i .  Subs idence Pot ent ial s  ( 18 )  
SG : NO ;  BB : NO ;  BN : N2 
Locat ion o f  pot ent ial ar ea s  of 
sub s idence . 

j .  Stra t igraphic Unconform i t ies ( 1 9 )  
SG : NO ;  BB : NO ;  BN : N2 
Loc at ion and d is tr ibut ion of po t en­
t ia l  r es e rvoir channels t hrough sur­
face fault zones ; nat ural seeps . 

a .  Sea Ic e S t r e s s  - St ra in 
Rela t ionship (20)  
BB : NO ;  BN : S2 
Sea ice s iz e  - f orc e r elat ionships 
inc lud ing : movement forces from 
r idg ing and ice  shor e ;  fast ice d is­
plac ement factor s ;  mec han isms o f  
for c e  exer t ion ; and s t r e s s  = and 
s t r a in ext r eme event ana lys is . 

a .  Ext reme event s o f  wind , 
waves , ( 2 2 ) 
SG : NO ;  BB : NO 
Histor ical  d is t r ibut ion and frequen­
cy of ext reme event s  of wind , waves , 
cur r ents , storm surges , ice storms , 
and t sunamis . 

b .  Tsunamis ( 2 3 )  
SG : NO ;  BB : NO 
D istr ibut ion , frequency rat es , extent 
of  shor e l ine inundat ions , r isk pre­
d ic t ion . 

c .  Storm Surges ( 24 )  
SG : NO ;  BB : NO 
D ist r ibut ion , f requency rat es , ex­
t ent of s tructural ic ing . 

d .  Ice Storms ( 2 5 )  
SG : NO ;  BB : NO 
Frequency of occurrenc e ,  magnitud e ,  
ext �nt o f  s t r uc tura l  icing . 
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4 7  

Impac t s  resulting from t ranspo r t  
and accumulation of  contaminant s in 
sea ice .  Need informa t ion on the 
types o f  maj or ic e f ea t ures , dis­
tr ibut ions , and movement s a s  wel l  
a s  informa t ion o n  the behavior and 
t ranspor t of  spil led oil in ice 
c over ed wat er s  for trac t  selec t ions 
and eventua l prepara t ion of environ­
mental impac t s t a t emen t . 

e .  Visibil ity ( 2 6 )  
SG : NO ;  BB : NO 
Frequency of  ext r emes o f  fog , haz e, 
and prec ip i ta t ion . 

a .  Sea Ice Charact er is t ic s  ( 3 6 )  
BB : S2 
BN : S2  Charac t er is t ic s  
BN : A2 Dynamics 
Sea Ice chara c t er is t ic s  includ ing 
type s , s i z es , geometr ies ; frequency 
and magnitud e  of occurrence ;  d is­
tribut ion o f  maj or fea tures 
(espec ially hazard s ) ; under ice 
morphology . 

b .  Sea Ice Dynamic s (37 ) 
Movement s ,  traj ec tor ies of  s ea ic e ;  
deformat ion and r idg ing dynamic s ;  
l ead format ion dynamic s .  

c .  Oil and Ic e Int erac t ions (38 ) 
BB : NO ;  BN : A2 
O il and ic e interac t ions inc lud ing 
incorporat ion and r e l ea s e  of o il from 
ice ; bulk transpor t o f  o i l  in ice . 

Ass e s s  geo t echn ical proper t ies of 
sed imen t s . 

REG ION : ALASKA/ARCTIC 

Informat ion is needed for 
pr eparat ion of  environmental impac t 
s tatement . Mel t ing by pipelines 
in permafros t .  Ice goug ing on 
pipelines and wells . Shallow gas 
pocket hazards . 

a .  Ero s ion and Depo s i t ion (14 ) 
BS : N3 ;  C S : NO 
Locat ion , descr ip t ion , and ra tes  of 
bur ial and scour . 

b .  Permafrost  (15)  
BS : N3 ;  C S : NO 
D istr ibut ion and dep t h  o f  sub sea 
permafro s t ; eng ineer ing c harac t er­
ist ic s and ind ic es  o f  s t r ength 
proper t ies . 
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48  

Ef fec t s  o f  ice on struc ture s . 

Lack of techno logy t o  work  in arct ic 
environment .  

c .  Ic e Gouging ( 1 6 )  
BS : N3 ;  CS : NO 
The dens it y ,  t r end s , maximum gouge 
dept h ,  r ecurrence ra t e s  of ic e 
goug ing ; pred ic t ive analysis  from 
ic e data . 

d .  Overpressur ed Sed iment s ( 17 ) 
C S : NO 
D istr ibut ion and dep t h  o f  sed iment s 
with h igh por e  pressures . 

e .  Sub s id ence Po t ent ial ( 18 )  
C S : NO 
Loca t ion o f  po t en t ia l  a r ea s  of 
subs id enc e .  

f .  Strat igraphic Unconf ormit ie s  (19)  
C S : NO 
Locat ion and d is t r ibut ion o f  pot en­
t ia l  reservoir channe l s  through 
surface fau l t  zones ; na tura l seep s . 

a .  Sea Ic e S t r ess-Strain 
Relat ionship s ( 2 0 )  
BS : S2 ;  C S : NO 
Creep and s t r ength proper t ie s  o f  sea 
ic e ,  magnitud e  and frequency of ic e 
loads and s truc t ur es . 

b .  Sea Ic e Siz e-Force 
Rela t ionships ( 2 1 )  
BS : S2 ;  C S : NO 
Sea ice s iz e-force r ela t ionship s , 
inc lud ing movement forces r idg ing and 
ice shove , fa s t  ice d isplacement vec­
t or s ,  mechani sms of force exer t ion , 
extr eme event analys is , s tress-s tra in 
relat ionship s , and s t rength  proper­
t ies  of s ea ice . 

a .  Ext r eme Event s o f  Wind s , Waves ,  
Cur r ent s ( 2 2 )  
C S : NO ;  BS : S3 
D i st r ibut ion and frequency of ext r eme 
event s of wind , waves , curr ents .  
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Lack of  t echnology t o  work in ic e 
environment . Fea s ib il ity of  ice 
island s . Dynamic s and hazard s of 
ic e .  

4 9 

Effec t s  of  chronic d i scharge s . 
( Informa t ion is need ed on the fate  
o f  spilled o i l  in the  propo sed l ea s e  
area . ) 

b .  Storm Surges (24 ) 
BS : S3 ;  C S : NO 
D is t r ibut ion ,  magnitude and fre­
quency of  st orm surges ; extent o f  
shorel ine inunda t ion , pred ic tability .  

c .  Ice Storms ( 2 5 )  
BS : S3 ;  C S : NO 
Extremes of  magnitud e , occurrenc e ;  
ic ing of  s t r uc t ures . 

d .  V is ib i l ity ( 2 6 )  
BS : S3 ;  C S : NO 
Frequency of extreme fog , haze, and 
prec ipitat ion . 

a .  Sea Ice Character i s t ic s  ( 2 6 )  
C S : NO 
Sea ic e chara c t er is t ic s including 
types , s iz e s , geometr ie s ; frequency 
and magnitud e  of occurrences ; d is­
tr ibut ion of  maj or f ea tures  (espe­
c ia l ly hazard s ) ; under ic e morphology . 

b .  Sea Ic e Dynamics (37 ) 
C S : NO 
Movement s  and traj ec tor ies of  ic e 
f lows ; dynamic s o f  d eforma t ion , 
r idg ing , lead forma t ion . 

c .  Oil  and Ice Int erac t ions ( 38 )  
BS : S 3 ;  C S : NO 
O il and ice int erac t ions inc lud ing 
incorpora t ion and release o f  o i l  
from ice ;  bulk t r anspo r t  o f  o i l  in 
ice . 

a .  Hydrocarbon Degradat ion 
Rat e s  ( 4 5 )  
BS : S2 
M icrobial d egrada t ion o f hydrocar­
bons inc l ud ing na tural po pulat ions 
of hydrocarbon ut il izer s , and r a t es 
of  degradat ion under natural and 
enhanc ed env ironmental cond it ions . 
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C lean-up and long t erm e f f ec t s  of  
spilled o i l . 

50 

b .  Ef f ec t s  of  Contaminan t s  on 
M icrob ia l  Ac t iv i t y  ( 5 7 )  C S : NO 
Ef fec t s  of co ntaminant s  on normal 
microb ia l  a c t ivity includ ing change s 
in popula t ion and ac t iv i t y  ra t e s  due 
to  c ontam inant s .  

a .  Environmen ta l Recovery Rat es ( 5 5 )  
C S : A2 
Env ironmenta l r ec overy ra tes  o f  eco­
sys t ems includ ing per s is t ence of o i l  
o n  shor el ines , in sed iment s , and the 
r ecovery of  o il hab ita t s . 

As s e s s  geo t echnical proper t ies  of 
sed :i.Jnent s 

REGION : NON- S ITE SPEC I F IC--FOR ALL REGIONS 

Transpor t and fate of o i l  s p il l s . 
Informat ion is  needed on o i l  s l ick 
dynamics for  traj ec tory analys is . 

Techno logy t o  opera t e  in s evere 
weather and in se ismical ly ac t ive 
areas . Ef fec t s  of ic e goug ing on 
pipelines and well s . 

a .  Oil S l ic k  Dynamic s (33 ) 
S3 
O i l  s l ic k  dynamics inc lud ing algo­
r it hms of plume behavior , wi nd shear, 
and o i l  s l ick  s pr ead ing 

a .  Vul nerab il ity o f  OCS Structures 
t o  Extr eme Event s (60)  
Engineer ing charac t er i s t ic s  o f  
s tructur es , t echnology scenar ios , 
r is k  ana lys is of s tr uc t ur e  fa ilur e .  
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APPENDIX C 

ENGINEERING INFORMATION REQUIREMENTS 
FOR PLATFORM VERIFICATION 

The u. s. Geological Survey (USG S) ensures that off shore oil and gas 
operat ions conserve na tural resources and do not endanger the 
environment . As a part of i t s  process to grant dri ll permi t s , USGS 
reviews indus t ry' s designs and cons t ruct ion plans . Of part icular 
concern are the environmental exposure data . The following l i s t  
contains mos t  types of information requi red b y  the u.s. Geological 
Survey for i t s  verificat ion process and has been supplied by the USGS . 
They may vary somewha t f rom s i t e  to  s i te . 

A.  Wave Data 

1 .  50- , 1 00- ,  and 1 50-year recurrence he igh t s  and correspond­
ing periods , depending on design life of s t ruc ture . 

2 .  Directional wave spec t ra 

a .  Site  measurement s 
b .  Hindcas t  data 
c.  Mathemat ical formulat ion 

3. Wave refract ion (where applicable ) 

4 . Seiches and corre sponding recurrence (where applicable ) 

5 .  Tsunamis and corresponding recurrence (whe re applicable ) 

B .  Wind Data 

1 .  Gus t s  ( le s s  than 1 -minute  dura t ion) 

a. Ext reme values 
b. Corresponding periods 
c. Duration 
d .  Di re c t ion 
e .  Spec t r a  

2 .  Long-t e rm stat i s t ical d i s t ribut ions 

51 
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C.  Current Data 

1 .  Tida l var iat ions 

2 .  Winds ( based on s tat ist ica l  data )  

3.  Recurrence 

4. De ns ity current (where appl icable ) 

s .  Unusual bot tom current s (where applicable ) 

6 .  Tur bid ity current (where appl icable ) 

D .  Tide Data 

1 .  Astronomical 

2 .  Wind Tide 

3. Pr essure-induced storm surge 

4. Recurrence 

E .  Temperature Data 

1 .  Extreme low temperature data and stat ist ical  distr ibut ion 
for 

a .  Sea 
b .  Air 

F . Snow and lee Data 

1 .  Concentrat ion and distr ibut ion of  snow and recurrence 

2.  Concentration and d istr ibut ion of ice 

a .  Character of sea ice ( f loes , r idges , raf ted ice , etc . )  
b.  Mechanical proper t ies 
e. Dr ift  s peed and d irect ion 
d .  lee thickness and kee l depth o f  pressure r idges 
e. Pr obabi l it y  of  encounter ing icebergs , ice f loes , f loe 

fragment s ,  and hummocks 
f .  Average data of ice f ormat ion 
g. Ear liest  and latest recorded dates of seasona l lee 

appearance 
h.  Average data of open water 
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5 3  

i .  Seasonal occurrence of  pressure r idges and raf ted ice 
j. lee boundary ( leads , edges ) cond i t ions 
k. Maximum thickness  of accumu lated ice 
1. lee gr owth rate 

G. Mar ine Organism 

1 .  Ant icipated maximum th ickness of growth at var ious depths 
below the water leve l 

2.  Ant icipated rate of growth 

3. Ant icipated character 

H. Sea Bed Dat a 

1 . Contours 

2.  Locat ion of poss ible uns table s lope areas 

3 . Pr esence of  boulders , obstruct ions , and sma l l  craters  

4 .  Sha l low faults 

5 .  Shallow gas and gas seeps 

6. Slump blocks 

7 .  Scour potent ial 

8. Hydrau lic ins tabi l i ty and occurrence of sand waves 

9 .  Existence and depth of  subsea permafrost and lee  lenses 

1 0. Mud s l ide proximi ty 

1 1 .  Flow s l ide probability 

1 2. Presence and depth of unconso l idated sed iments  

13 .  Fault ing that could contr ibute to tectonic act ivi ty in the 
area 

14. Existence of ree f s  

1 5 .  Soil bor ings and analysis 
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1 .  Ear thquake Data 

J .  

1 .  Time h is t or i e s  for 1 00 - ,  1 50 - ,  and 200 -year recurrence 
int ervals 

2. Res ponse spec t r a  for 1 00 - ,  1 50 - ,  and 200-year recurrence 
intervals 

Other Dat a  

1 .  Wat er depth 

2.  Ant ic ipated corr os i on r a t es 

3 .  Wat e r  s a l in i t y  

4.  Amount of d i s s o lved oxygen 

5 .  Abras ivene s s  o f  water f low 

6.  S t orm data and recurrence 
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APPENDIX D 

Alaska Oi l and Gas As soc iation OCS Pro j e c t s  

De sc ript ion of  Projec t 

Bri s t o l  Bay Envi ronmental Stud y­
De tailed his torical s tudy with 
wind wave hindcas t  

Sea Ic e Inve s t i ga t i on - No rth 
Slope - Field measurement of  fas t 
i ce movement and charac t e r i s t ics  

Chukchi Sea - Arc t ic Coast  Environ­
mental and Ecological Data 

Chukch i Sea Envi ronmental Study -
Revi ew and comp i la t i on o f  h i s t orical 
data 

Beaufort Sea Envi ronmental Study -
Review and comp i lat ion of  his torical 
data and make new bathyme t r ic maps 

Beaufort Se a - Reconna issance s tud ies 
o f  soils , sediment s ,  and ice 

Beaufort Sea - Ice Scour ing on the 
Arc t ic Sea f loor ( Alaska ) - two 
seasons 

No rth and South Bering Sea Envi ron­
mental Study - Review and comp i l a­
t ion o f  his torica l data 

Western Ala ska ( Onshore ) Environ­
mental Study - Review and compila­
t ion o f  h i s t orical data 

Arc t i c  Marine Te rminal  Fac i l i t ies , 
Chukchi Sea - Eng ineering S tudy 

O f fshore Oil  Te rminal S t ruc ture 
Fac i l i t ies  in the Chukchi Sea -
De s ign Feas ibi l i ty Study 

5 5  

St atus 

Completed Dec . 1 97 0  

Comple ted Dec . 1 9 7 0  

Comple t e d  1 9 7 0- 1 9 7 1 

Comple ted June 1 9 7 0  

Completed 1 969  

Completed Aug . 1 9 7 0  

Comp leted Nov . 1 9 7 2  

Comple t ed Oc t .  1 9 7 0  

Completed July 1 97 1  

Completed Nov .  1 969  

Completed Dec . 1 968 

Co s t  ( $H) 
1 44 

1 98 

1 1 5  

3 

1 1 3  

24 1 

1 1 5 

6 

3 

1 , 2 7 2  

2 9  
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5b 

De script ion of Project 

Sea Ice Ac t ivity and Pressure Ridge 
Growth - V i c inity of the surcharged 
grounded ice is lands Unak 1 and 
Unak 2 ,  Beaufort Sea 

Beaufort  Sea Env i ronmental Study 

S tudy of Behavior  of Oil  Spi l l s  in 
the Arc t i c  

Manhat tan Voyage Study 

Arc t ic Tanker Des ign Study 

Overflight s :  Nome to Resolute 

Off shore Pipe laying on the Alaskan 
No rth Sl ope - Feas ibi l i ty S tudy 

Cha racte r i s t ics and Dis t ribut ion of 
Near  Shore Pe rma f ros t , Beaufort Sea 

Sea Ice Dynamics Study , Beaufort Sea 

Arc t i c  Oi l Biodegradat i on 

Invest iga t i on of Ice Forces on 
Cylindrical and Conical Off shore 
St ruc tures 

Artificial Ice I s lands Feas ibil i t y  
Study , Beaufo rt  Sea 

Analysis of Arc t ic Ocean Under- Ice 
Prof iles Analys is of u.s. Navy 
Submarine Sonar Da ta Unde r Polar 
Ice Pack 

Be ring and Chukchi Seas--Feas ibi l i ty 
Study of Product ion Operat ions and 
Marine Crude Transportat ion During 
Ic e-Covered Pe riods 

* Cos t  to next pa rt ic ipant 

St atus 

Completed Nov . 1 969 

Completed 

Comple ted Feb . 1 9 7 1 

Completed Dec . 1 9 70 

Completed Aug . 1 970 

Completed 1 969 

Completed June 1 9 7 3  

Completed 1 9 7 5  

Completed 1 9 7 5  

Completed 1 9 7 5  

Completed Sept . 1 9 7 3  

Completed Nov . 1 9 7 5  

Completed July 1 9 7 5  

Completed Nov . 1 9 7 5  

Cos t  ( $H) 
330 

49 

1 5  

40 , 000 

1 , 6 1 5  

1 6 3  

6 0  

30 
( 1 s t  yr . )  

6 5  
( 1 s t  yr . ) 

30 
( 1 s t  y r . ) 

10* 

68 

48 . 5 

70 
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5 7  

Descr ipt ion of Pr oject Status 

Beaufor t  Sea Ice Stat ist ics from Comp leted Ju ly 1 9 7 6  
Sate llite  (ERTS- 1 Da ta ) - T o  Der ive 
Stat is t ics of Sea Ice Dis t r i butions 
in the Beaufor t Sea Us ing Imagery 
from ERTS- 1 . 

Ice Movement Study for Winter , 1 975- Comple ted Sept . 1 9 7 6  
1 9 7 6 ,  Beaufor t Sea - Measure the 
Rate and Extent of Ice Movement at  
Select Locat ions 

Aer ial Reconnais sance 1 97 4- 1 9 7 5  - Complet ed Dec . 1 9 7 5  
Prudhoe Bay - Harr ison , Point Lay 
and Kotzebue Sound and Ice Movement -
Prudhoe Bay - Harr ison Bay 

Ber ing /Chukchi Sea Ice Stat is t ics Completed Mar . 1 9 7 9  
from Sat e l lite Data 

Unmanned Subsea Work Vehicle Study - Completed Dec . 1 9 7 5  
To Evaluate the App l icat ion of u . s .  
Navy Unmanned Subsea Technology t o  
Explorat ion and Pr oduct ion Tasks 

Crushing Pr essure of Ice - To Pr ovide Completed Dec . 1 9 7 5  
Up-t o-date Assessment o f  What i s  
Known and Unknown about Failure 
of the Ice Sheets  Crushing Agains t 
Cylindr ical Structures 

Tr iaxial Ice Measurement s - To Completed June 1 9 7 5  
Determine the Strength of Fresh-
water Ice Under Tr iaxial Stress States 

. Arctic Ice Is lands - To Develop a Completed Dec.  1 9 7 5  
Mode l to  Es t imate the Risk of Co l-
l is ions Between Ice I s lands and 
Se lected Offshore Sites in Coastal 
Waters of the Beaufor t  Sea 

Feas ibi lity Study for Construct ion Comp leted Mar . 1 9 7 6  
o f  Ar t if icial Gr avel I s lands , 
Beaufor t Sea 

*Cost t o  next par t ic ipant 

Cos t  ($M)  

7 7 

4 5 8  

20* 

79 

54 

10* 

10* 

10* 

77 
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Descr ipt ion of Project Status 

Summer Sea Ice Condit ions , Nor th Comp leted Dec . 1 9 7 6  
Alaskan Coast  - Cape Ha lket t  t o  
Camden Bay , June through October , 
1 9 5 3  through 1 9 7 5  

Ar t if icial Ice Is lands , Beaufor t Sea - Comp letred Nov . 1 9 7 6  
T o  Build a n  Ice Is land Capable of  
Be ing Used a s  a Dr i l ling Platform 
f or Oil  Explorat ion in Shal low 
Arctic O f fshore S i tuations 

St . George Bas in Sea Ice Stat ist ics Comp leted Mar . 1 9 7 7  
from Sate llite  

Saline Ice  Tr iaxial Tes t s  - Determine Completed Nov . 1977  
the Strength of Laboratory Grown Saline 
Ice Under Tr iaxial Stress States 

Beaufor t  Sea Ice Movement Study Comp leted June 1978  
1 976- 1 9 7 7  

Developing Ridg ing Stat ist ics i n  the Comp leted Mar . 1 9 7 7  
Ber ing and Chukchi Sea From Sub-
mar ine Under- Ice Prof i le Data 

Oil  spill  Response in the Near shore Comp leted Aug . 1 9 78 
Beaufor t  Sea 

Beaufor t  Sea Ice Movement Study Completed Jan. 1 9 79 
1 97 7- 1 9 78 

Aer ial mapping of  1 978 Sea Ice in Completed Dec. 1 978 
Nor ton Sound and Nor thern Ber ing Sea 

Beaufor t  Sea Meteor ological and Completed Feb. 1979  
Oceanograhic Measurement Program 
( BEAUMOP) 

Arct ic Mobile Dr i l ling Structure Comp let ed June 1 978 

Study of Methods and Cos ts  of Comp leted Jan. 1 979 
Off shore Pipel ine Ins tallat ion and 
Trenching in the Beaufor t  Sea 

Yukon De lta Rubble Pi le Inves t ig a- Completed Feb . 1979  
t ion 1 978 

*Cos t to next par t icipant 

Cost ($ M) 

5 * 

20* 

4 1  

1 34 

530 

32 

40 

5 1 0  

1 10 

286 

60* 

1 26 

25 
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Descr ipt ion of Pr oject 

Beaufor t  Sea Floor Geophys ical  Study 

lee Is land Exper iment 

Of fshore Alaska Se ismic Study (OASES )  

Aer ial Mapping of 1 979  Sea lee in 
Nor ton Sound and Nor ther n Ber ing Sea 

Beaufor t  Sea lee Movement Study 
1 9 7 8- 1 979  

Beaufor t Sea l ee  Movement Stud ies 
( BS IMS)  Three Year Summary and 
Ana lysis 

Norton Sound and Nor thern Ber ing 
Sea Rubble Pile Inve s t igat ion 1 978-
1 9 79 

Beaufor t  Sea Fir s t-Year lee Survey 

Ber ing Sea Phase 1 Oceanograph ic 
S tudy 

Re indeer Is land Ice Is land and Ice 
Br idge Stud ies 

Arc t ic Skimmer F inal Des ign 

Arct ic Di sper sant Study 

Rev iew Air Cush ion Platform 
Capabi l i t ies for Oilspill  Cleanup 
in Beaufor t Sea 

Conica l Structure Test  Pr ogram 

Under- Ice Rig No ise Measurement 
Pr ogram 

Beaufor t Sea Hindcast 

Ber ing Sea Aer ial Photography 
Dat a  - 1 9 7 7  

RIST Mud and Cut t ing Dispersal Study 

*C os t to next par t icipant 

Status 

Completed Apr . 1 9 79 

In Pr ogress  

Completed Mar . 1 9 7 8  

In Pr ogress 

In Pr ogress 

In Pr ogress 

In Progress 

In Pr ogress 

In Progress 

In Progress 

In Progress 

Comp leted June 1 97 9  

I n  Progress 

In Pr ogress 

Completed 

Completed 

Comple ted Jan. 1 9 78 

Cost ($M)  

1 20 

380 

1 4 1  

1 34 

1 50 

1 6 6  

1 6 3  

204 

68 

20 

3 2 

400 

50 

20* 

16*  
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Descr ipt ion of Pr oject 

GOAOC PROJECT-- Yakutat Wave Data 

GOAOC PROJECT--Gr oup Oceanographic 
Survey - Gul f  of Alaska 

(,0 

GOAOC PROJECT--Weather Forecast  Tr ial 

GOAOC PROJECT-- 1 9 7 3  So il  Bor ing 
Pr ogr am 

GOAOC PROJECT--Dynamic Soil Analys is 

GOAOC PROJECT--ARCO COST Wel l  

GOAOC PROJECT--Lab Dynamic Soil 
Ana lys is 

GOAOC PROJECT--Oil Spi l l  Tra jectory 

GOAOC PROJECT--Socio-Economic Impact 
of Dr i l l ing and Production 

GOAOC PROJECT--Sea and Subsea Floor 
Proper t ies 

GOAOC PROJECT--Seismic Risk Analys is 
for the Gul f  of Alaska 

GOAOC PROJECT--Super s tructure Ic ing 

GOAOC PROJECT-- 1974  Ocean Current 
Measurement Pr ogram 

GOAOC PROJECT--Gulf of Alaska 
Hindcas t Eva luat ion (WHEP) 

GOAOC PROJECT--cont inued Ear thquake 
Gr ound Response 

GOAOC PROJECT--Gulf  of Alaska 
Meteorolog ical and Oceanographic 
Forecast ing Program (MOFP) 

*Cos t to  next par t ic ipant 

Status 

Comp leted Oct . 1 9 70 

Comp leted Sept . 1 9 70 

Completed 1 9 7 2  

Comp leted 1 9 7 3  

Comp leted Fall , 1 974 

Completed Oct . 1 9 7 5  

Completed Nov . 1 9 7 5  

Comp leted 1 9 7 4  

Completed May 1 9 7 5  

Completed 1 9 7 5  

Completed Sept . 1 9 75 

Completed Sept . 1 9 7 5  

Completed Sept . 1 9 7 5  

Completed 1 9 7 5- 1 9 7 6  

Completed 1 9 7 6  

Completed July 1 9 7 6  

Cost  ($M) 
23 

1 , 400 

38 

359 

35 

1 1 , 9 30 

25 

5 

80 

60* 

20 

20* 

69 

70 

4 1 6 
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De s c r ipt i on of Project  

GOAOC PROJECT--Gulf  of Alaska 
Wave and Wind Measurement Progam 
( GAWWMP ) 

6 1  

Status Cos t  ( $11 ) 
Comp le ted  July 1 9 76  1 , 300 

GOAOC PROJECT--Pl a t f orm Seismic S tudy Comple ted Nov . 1 9 7 6  3 6  

GOAOC PROJECT--Gul f  of  Alaska Wave Completed Sept . 1 9 78 1 9 7  
Hindcast  Pi lo t  Study ( GAPS) 

ASOC PROJECT--St . George Bas in/ Comp leted Feb . 1 9 78 534  
Wes tern Bristol  Bay Wave and Wind 
Measurement Program ( BOHP ) 

ASOC PROJECT--Bering Sea Oceano- Complet ed Apr . 1 9 7 9 324 
g raphic Measurement Program 
1 97 7 - 1 9 78 

Yakutat  Wave Dat a  

Kodiak COST Well 

Kod iak COST We l l  Geotechnical 
S tudy 

St . George COST Well 

Marathon Satel l i t e  Current Study 

She l l  Kod iak Geotechnical 

Shell  Phase I Soil Res ponse Program 

1 97 9  Break-up 

1 974- 1 9 7 5  Aer ial Reconna issance 
Study 

Model Te s t s  and Analys is  of Mul t i­
yea r Pres sure Ridges Fa i l ing Agains t 
a 4 5° Cone 

Sonar Ice Mapping Sys tem ( S IMS) -
The Deve lopment and the 1 97 7 - 1 978  
Measurement Program 

...,...,.------ - - - -
*Co st  to  next part i c ipant 

In Progress 

In Progress 

In Prog re s s  30* 

Comp leted 30* 
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Descr ipt ion of Projects 

Feas ibi l i ty Study of an Air 
Cushion Dr i l ling Sys tem for 
Sha l low Water Areas of the 
Nor th Slope of Alaska 

62  

Yukon De l ta Tide Gauge Program 1979  

Status 

Comp leted 

In Pr ogress 

Cos t  ($M) 
25 

6 1  
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SECTION I I  

BACKGROUND PAPER I 

WINDS , WAVES , CURRENTS , AND TIDES 
By Paul Aagaa rd 

INTRODUCTION 

Scope of Paper 

The focus of thi s  paper i s  on the development of "ext reme" environmental 
exposure data . I t  should be noted , however ,  that data on the full range 
of cond i t ions are needed for analyz ing s t ruc tural fatigue , select ing a p­
p ropriate d r i l l i ng and cons t ruc t ion equipment , and s cheduling opera t ions . 
For brevi ty , de t a i l s  are omi t t e d ;  a more complete d iscuss ion of ocean 
phenomena and force  calcula t ions is presented in Re ference 1 .  

Background 

The technology for pred i c t ing envi ronmental exposure was meager 
when off shore ope ra t i ons s tarted in the Gul f  o f  Mexico but in these 
s hal low wat e r  opera t i ons ext reme wave heights  we re l imi ted by the 
breaking height  of waves , and the cos t of conservat ive des ign a s s um p­
t ions was n o t  a severe economic penalty . The technology imp roved as  
opera t i ons moved into deepe r wat e r . The o i l  indus t ry has  re l ied 
heavily on oceanographic and me teorological s pec iali s t s  for  the pre­
d i c t ion of the necessary envi ronmental data . In the ear l y  1 95 0s 
consultants drew heavily on work done by o r  for the u . s .  Navy and the 
u . s .  Army Corps of Eng inee rs . 

The o i l  indus t ry s tarted measurement programs in the early 1 9 50s . 
Two ma jor wave force pro jec t s , along wi th a l is t ing of  seve ra l add i­
t ional pro ject s ,  are described in Refe rence 2. A sequence of wave 
heigh t  measurements and the subsequent deve lopment of improved hurr icane 
wave hei ght  predi c t i on mode ls for the Gul f  of  Mexico a re we l l  documented 
in  Refe rence 3 through 6.  Measurements we re made i n  the Gul f of Alaska 
in the late  1 960s and aga in in  the 1 970s . [ 7 )  Fur the r work has been done 
in extending the type of wave he ight cal cula t ion model deve l oped for the 
Gulf of Mexico into  the Gulf of Alaska and other f ront ier  areas . 

The amount of detai led informat i on on winds , wave s , currents ,  and 
t ides now avai lable for  the proposed OCS lease  sale a reas va ries  con­
s ide rably among area s ;  for  example , pro jects  for det e rmining envi ron­
mental exposure data for  the Be r i ng Sea OCS areas a re at  a re lat ively  
early s tage of deve lopme nt compa red with  the Gulf  o f  ttexico s t ud ie s  
noted above . Suf f i c i ent informa t ion is  p robably known about wind , 
wave , current , and t i de cond i t i ons for  a l l  prospect ive OCS sale  a reas 
so that s i gn i f icant envi ronmental ha zards  can be adequa t e l y  ident i f ied 
for  purpos es of  pr e-lease sale planning . 

6 3  
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SUMMARY 

In planning any program for deve l op i ng envi ronmental exposure da ta , 
care ful a t tent i on mus t  be given to  i dent i fyi ng t he spec i f i c  envi ron­
mental parame ters used i n  the various s t eps of t he program . The form 
of the recorded data and the subsequent data proce s s i ng s teps mus t  be 
des i gned to  produce the va ri ous parameters needed for ( 1 )  corre l a t i on 
wi th exi s t i ng data , ( 2 )  cal i brat i on of ma t hema t i cal mode l s , and ( 3 )  use 
in force calculat i ons . Table I l i s t s  envi ronmental parameters 
t ypically  used . 

Devel opment of envi ronmental exposure data requi res a l ong-term 
data base . Meteorol ogi cal data  f i les are t he key source for developing 
l ong-term data . Rindca s t i ng techniques , wi th  me teorol ogi cal data as 
i nput , are used t o  ma t hema t ically  model , uti l i zi ng hi s t ori cal events to 
establ i sh the data base for the parti cular parameters needed . The cal­
culat i on met hods used in  hindcas t i ng are i n  a relat ively advanced s tate  
of development , but ca l i bra t i on of the met hods used i s  desi rable  before 
t he resul t s  are appl i ed i n  important s tudies . 

Except for measurement of the d i rect i onal propert i es of  waves , 
commercial i ns t rumentat i on i s  adequate for measurement programs needed 
for cal i brat ion of wi nd , wave , current , and t i de cal cul a t i on me thods . 
The cri t i cal cons idera t ion i n  measurement programs i s  t he locat i on and 
mechani ca l support of the sensors . Special  a t t ent i on mus t  be given to 
l oca t i ng sensors free of obs tuc t i ons and mounted so as to be free of  
bothersome mot i on and vibra t i ons . Cal i bra t i on of the ent i re sys t em ,  
i nclud ing effect of support i ng platform, i s  des i rable . 

Envi ronmental  exposure data are devel oped from t he hi ndcast  
sequence of  hi s tori cal events by represent i ng the magni tude of  t he 
events i n  the form of a probabi l i ty d i s t ri but i on .  The as sumpt i on i s  
made that i f  a d i s t ribut ion func t i on f i t s  the data  in t he range of t he 
measured da ta , then ext reme values can be es t imated from the "tai l "  of 
t hat  d i s t ribut i on func t i on .  

Not a l l  c i rcums tances jus t i fy comprehens i ve i nves t i ga t i ons t o  
develop envi ronmental exposure data . Ins t ead of hindcast i ng many 
severe st orms , a si ngle "de s i gn st orm" might be chosen to s imulate  
ext reme cond i t i ons at  the s i te of  interes t .  
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Tab le 1 

TYPICAL ENV IRONMENTAL PARAMETERS 

Suatained Wind8peed (typically 10 minute average) 
Guat Speed (Typically S aecood average) 

(Or auat fac t or - ratio of guat 8peed to euatained 8peed ) 
Direction 
llevat ion (Elevation of aenaor or reference datua) 

WAVES•* 

A .  Si f icant Wave Hei h t  Deacri tion 
Significant Wave Height Average of higheat 1/3 of waves in a 

wave t rain (or record ) )  
Significant Wave Period (Average period aasociated wi t h  highe s t  

1/3 of the wave s )  
Direct ion 

MOTE : Wave deacrip t i ona .. y be either aa aea (local genera­
tion) and ewe ll (diatant generation,-;i th sign i f i cant 
height , period , and dire c t ion given f or each ; or com­
binded sea and ewell with a aingle composite signif i­
cantlheight and petiod given . 

B .  N on  Directional Spectra 
Wave Energy Spectra (Energy Denaity vs Frequency with all directions 

combined as obtained by fourier analysia of t ime aeries recorded 
f ro. a aingle wave staf f or baaed on a theoretica l re lationship ; 
e . g . , Bret schneider or Pieraon Monskowi t z . )  

Direc t ion (Reported f r om  associated observations , measurement s , or 
hindcast )  

C .  Directional Spectra 
Matrix of ener'y denai ty aa a function of frequency and direc tion 

CURUMT* 

TIDE 

Current Speed "(Typically 15 minute average ) 
Direc t i on 
Depth 

MOTE : Current .. y be given as total current or as separat e 
values for storm, tidal , and general oceanic cir­
culat ion ;  also , current .. y be given as values a t  
discre te depths or as a current prof i le . 

---- Total Tide (Average water leve l over durat ion of .. ny wave period s  re lat ive 
to ref erence datum) 

MOTE : Tide .. y be given as total t ide or as separate va lues 
for storm and aatronomical tides . 

*Al l factora required for c�lete description 
**A , B ,  and C are al ternative descrip t ions 
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The program needed for a spec i f i c  OCS area wi l l  depend on 
expe rience i n  the area , severi ty of cond i t i ons , type and frequency of 
s torms , type of fac i l i t ies  or operat i ons under cons i dera t i on ,  and t he 
t ime avai lable for devel opi ng the requi red i nforma t i on .  These cons i dera­
t ions apply t o  data for bot h des i gn and ve ri f i ca t i on .  

Spec i f i c  recommendat i ons f o r  further  work relate to the fol l owi ng 
act ivi t ies : ( 1 ) archiving and d i ssemi nat ing envi ronmental dat a ,  
( 2 ) improvi ng i ns t rumentat i on for di rec t i onal wave measurement s ,  
( 3 )  improving wind , wave , and current mode l s , ( 4 )  conduc t ing l imi ted , 
wel l  planned , spec ial purpose measurement programs , and ( 5 )  conduc t i ng 
hindca s t  s tudi e s  as appropriate . 
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DI SCUSSION 

The deve l opment of useful and re l i ab l e  envi ronmental exposure data f o r  
t he des i gn and ve r i f i ca t i on of o f f s ho re s t ruc t ures requi res ( 1 )  care ful 
cons i de ra t i on of t he phys i ca l  phenomena i nvo l ved . ( 2 )  charac t e r i zat i on 
o f  the phenomena i n  t e rms of parame t e rs tha t  a re read i l y  useabl e  i n  
engi nee r i ng cal cula t i ons , ( 3 )  a t horough unde rs tand i ng o f  data a l ready 
ava i l a bl e , and ( 4 )  knowl edge o f  me t hods tha t  can be used to deve l op t he 
requi red data . 

ne s c r i p t ion of W i nd , Wave , Current , and Tide Phenomena 

Typi ca l l y ,  at an exposed s i t e waves , wi nd s , current s ,  and t i des 
a re dom i na t ed by the ef f e c t s  o f  a l oca l s t orm ,  but t hese e f f e c t s  may be 
superimposed on o t he r  i ndependent phe nomena ;  e . g . , swe l l  propaga t i ng 
f rom d i s tant s torms , t he gene ral oceani c c i rcula t i on current s .  or 
a s t ronomi cal t i de s .  F i gure 1 i l l us t ra t e s  t he i nt e rre l a t i ons h i ps of 
t hese phenomena . 

Wi n d  

Wi nds a re i mportant as a phenomenon l oad i ng a s t ruc t ure and a s  
a phenomenon gene ra t i ng ocean wave s . current s ,  and s t orm t i des . The 
winds of pa rt i cular s i gni f i cance a re t he surface w i nd s . Surface wi nd s  
or bounda ry l aye r wi nds vary wi t h  e l eva t i on and a re i nf l ue nced by t he 
c ha rac t e r  o f  t he sea surface . Surface wi nd data mus t  incl ude sensor 
e leva t i on for prope r i n t e rp re t a t i on .  

Waves 

The waves of eng i ne e r i ng s i gni f i cance a re wi nd-gene ra ted wa ves and 
t sunami s ;  t he l a t t e r  a re a hazard onl y in coa s t a l  a rea s . Wi nd-gene ra ted 
waves a re t he pri nc i pa l  oceanographi c des i gn cons i d e ra t i on f o r  OCS a reas 
( except whe re i ce cond i t i ons p reva i l ) .  Wave g rowt h i s  a func t i on of 
wi nd speed , f e t ch leng t h ,  and wi nd dura t i on .  F i gures 2 and 3 f u r t he r  
des c r i be t he gene rat i on and propaga t i on of w i nd-gene ra t ed wave s and 
t sunami s .  
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Barometric 
Pressure 

F ield 

_t 
Windfield 

I 

Waves � Currents - Tides 

I 

Swell General Astronomical 
From Distant Oceanic Tide 

Storms Circulation 

FIGURE 1 Interac t ion of Ocean Phenomena 
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Wave Growth and Propagation 

R ipples Chop 

69 

Sea or 
Wind Waves 

�+--------- Fetch ---------!� 

Shallow Water Propagation 

Refraction 

(When Wave Direction Is not 
Perpendicular to Bottom Contours) �-----.....-

FIGURE 2 Wave Processes 

Swell 

LE 79-5 1 06  
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TSUNAMI 

Clu•: Submarine Seiunic DlaturbMce or LAndslide 

--t-w (E. G. ,  Thrust Falltlng) 

A Deep Water 2 ft. Hilt! Wave 
Traveling 500 MPH 

Speed •V 11 X Water Depth 

Wave Length In Deep Water May Be 1 50  Mi.  

A 1 00 ft. Hilt! Wave 
Traveling 30 MPH 
At The eo.tline 

FIGURE 3 Tsunami Propagation 

LE 71-6107 
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7 1  

In intermediate and shal low water the e f f e c t s  o f  wave re f rac t ion , 
shoaling , breaking , and energy diss ipat ion mus t  be cons ide red . Bathy­
met ry and sea-f loor sed iment characteris t ics are important in shallow 
water  s tud ies . ( For cons iderat ion he re , intermediate depth water  is  
less than approxima t e ly 300 fee t . )  

Cur rents 

Fac tors cont roll ing ocean currents are water level changes ( e . g . , 
t ide , storm surges , e tc . ) ,  wind s t ress , earth rotat ion , sea water  
dens ity  differences , sea-f loo r conf igurat ion and coas tal boundaries , 
r ive r outflow ,  and ocean waves ( nearshore currents ) .  For purpose of 
analys is , current s  are gene ra l ly clas s i f ied into three types : 
( 1 )  gene ral oceanic c i rcula t i on , ( 2 )  s torm ( wind drif t , s torm t ide , and 
wave-r elated ) , and ( 3 )  t idal ( as t ronomical ) .  Ocean current s at  a s i t e  
vary in speed and d i rect ion i n  both depth and t ime because of the large 
number o f  factors con t roll ing currents .  

Tides 

Fact ors affect ing t ides are typically clas s if ied into two 
categories : astronomical and s t orm . As t ronomical t ides inc lude the 
gravitat ional a t t ract ion of the moon and sun , cent ri fugal force due to 
the eart h' s orbit , and resonnances in  the water bod y .  Storm t ides are 
caused by low barome t ric pressures , coupled long waves , and wind set-u p .  

Ke y  Envi ronmental Parame t e rs 

Va rious d imens ional descript ions of complex oceanographic 
phenomena are poss ible . For example , a given sea s tate  can be 
descr ibed by some "average" wave he ight , associated wave period , and 
dominant wave directio n ;  or it could be described in great detail  by 
c on touring the wa ter surface f rom a s tereo-pair  of  pho tographs . The 
lat te r , however , would be diff icul t t o  use in enginee ring calculat ions . 
Pract ical cons t raints l imi t the dimens ional  descript ions that can be 
used . These cons t raints inc lude : type of  data avai lable , type and 
quant i ty of measurements that may be prac t icable , form of  s tat is t ical 
analys is and ext rapolat ion to  be applied t o  the data , and f inally , need 
t o  descr ibe the phenomena in a form compat ible with the appropriate 
force model . Other cons idera t i ons include developing da ta for ma the­
mat ical mode l cal ibra t ion; in this case i t  is des i rable for data to  
contain the same amount of d etail  as included in  the mathema t i ca l  
models . Thus , wave data in the form o f  direct iona l  spect ra a re 
des i rable for calibrat ing d i rect ional spec t r a-type wave calculat ion 
me thods . 
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From the point  of vi ew of des i gn and ve ri f i ca t i on o f  offshore 
st ruc tures , the pa rame t e rs needed to ca l culate  forces a re mos t important . 
Table I l i s t s  the t yp i ca l  envi ronmental pa rameters used , and Tabl e I I  
i dent i f i es spec i f i c appl i ca t i ons o f  these pa rameters . As noted ear l i er , 
o the r forms o f  envi ronmental  exposure da ta are needed for  planni ng 
ope ra t i ons , et c . ; d i scus s i on o f  such data i s  presented i n  Refe rence 8 .  

Me thods for  Deve l op i ng Envi ronmental Exposure Da ta 

As conc luded in the body of the report , deve l opment of envi ron­
mental exposure da ta requi res a l ong-t erm da ta base  and the i nte rpre ta­
t i on of this  data base to  provide a re l i able est imate  of  the ful l range 
of future occurrences ,  pa rt i cularly  the ra re occurrences .  Anothe r  con­
clus i on i s  tha t  hi ndcas t i ng i s  the mos t rel i able met hod of es tabl i shi ng 
t he long-t erm data base i n  a t imel y  fashion because ve ry l i t t l e , i f  any , 
relevant l ong-term measured data i n  t he v i c i n i t y  of proposed i ns t a l l a­
t i ons are ava i labl e .  Thi s sec t i on revi ews bri e f l y  the t ype of  data 
genera l l y  avai labl e , the ca lculat i on me thods used i n  hindcas t i ng ,  i ns t ru­
mentat i on for ca l i bra t i on prog rms , and the i nt e rpretat i on of the da ta . 

Data Sources 

Da ta used t o  develop wind , wave , current , and t ide envi ronmental 
exposures fal l i nto the fol l owi ng categori es : general meteoro l ogical  
data f i l e s ;  short-t erm, s i te-s pec i f i c  measurement s ;  ad hoc regi onal 
oceanographi c stud i e s ;  rout i ne coastal measurements and observa t i ons ; 
s ta t i s t ical summa ri e s ;  and a t l ases . Background pape r I I  l i s t s  re feren­
ces that  are examples of such data sources .  

Meteorologi cal data f i l e s  are the key data source for developing 
l ong-t erm dat a .  Background paper I I I  d i scusses wind f i eld  hindcas t i ng 
f rom thi s data base and the t ype of data ava i lable . The met eorologi cal 
data f i les  i nc lude shi p-reported ba rome t r i c  pressure , wi nd speed and 
d i rect i on ,  and sea s tat e  ( i n order  of dec reas i ng re l i abi l i t y ) . Seve ra l 
of  the s t a t i s t i ca l  summa ri es described i n  Background paper I I  derived  
f rom ship-r eported da t a .  

F�amples o f  shor t-te rm ,  s i t e-spec i f i c  measurements i nc l ude NOAA 
data buoy programs ; the oi l i ndus t ry ' s coopera t ive data col lec t i on 
programs i n  t he Gul f of Mexi co [ 3 ] ,  Gul f  of  Alaska ( 7 ] ,  and Be r i ng Sea 
[ 7 ] ; vari ous measurements made duri ng exploratory d ri l l i ng ope rat i ons 
[ 9- 1 0 ] ; and measurement s made in suppo rt of planning spec i f i c  faci l i t i e s .  
Measureme nt s o f  thi s type can se rve i n  a va riety  o f  ways i n  deve l oping 
envi ronmental exposure da ta , the mos t  important o f  whi ch i s  ca l i bra t i ng 
hindca s t ing mode l s .  Othe r  uses i nclude es tabl i shi ng correlat ions wi th 
l ong-te rm coas tal s ta t i on data and determi ni ng seasonal , mont hl y ,  or 
d iurnal va ria t i on i n  oceani c phenomena . 
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Ad hoc measurement programs are of ten conduc ted by oceanographic 
i ns t i tu t i ons to i nve s t i gate par t i cular phenomena of s c ien t i f ic 
i nt e re s t . Repor t s  on such s tudies f requent ly se rve to  ident i f y  
s igni ficant oceanographic cond i t ions in  an area and a r e  valuable i n  
p re-l ease sale planning . [ 1 1 - 1 2 ]  The propens ity of  oceanographe rs t o  
seek out unusual cond i t i ons has lead t o  the i dent if icat ion of  mos t  o f  
the severe hazards encount e red i n  OCS areas . 

A wea l th of  informat ion exi s t s  on coastal  cond i t ions , including 
sys tema t ic me teorological observa t ions , wave height data recorded at  
pi ers  by  the u . s .  Army Corps of Engineers [ 1 3 ] ,  logs of  harbormasters 
and l i feguards , and local newspape rs . These  sources frequent l y  cover 
many decades and are va luable in developing long-term s it e-s pe c i f i c 
data in ad jacent off shore a reas . Such data may help t o  ident ify 
unusually seve re s torms and thus aid  in screening cand idate s torms for  
h indcast ing . 

Stat i s tical summaries and oceanographic at lases are useful in 
making preliminary appraisals  of  operat ing cond i t ions but are of very 
l i t tle  value i n  developing informa t i on on ext reme cond i t ions . 

Background pape r II  l i s t s  several examples of  wave hindcas t s tudies 
conducted at  various t imes for various purposes . Use of  these s tud ie s 
f or other purposes  requires care ful evaluat ion o f  hindca s t  model used , 
calibrat ion , data base , ef fect  of grid s ize ( if applicable ) ,  shallow 
water  cons idera t i ons , etc . 

Calculat ion Methods 

For hindca s t ing t o  produce satis fac tory pred ict ions of envi ronmental 
exposure , i t  is  impe rat ive that the calculat ion me thods accurately 
s imulate nature ' s  phys ical processes  and the method ' s  input data be 
readi ly derived f rom data covering a long period . In recent years good 
p rogress  has been made irt unde rs tand ing the various physical p roce sses  
taking place in the ocean and in developing mathemat ical formulat i ons 
t hat  approximate  these processes in

,
t rac table computat ion p rocedure s .  

Wind Baromet ric pres sure f ields , which are deve loped from the 
met eorological dat a  base , are the bas i c  input t o  wind field calculat ion 
me thods .  Tropical s torms and ext rat ropical s t o rms are d i f ferent in 
t ime and s pace scales and in the type of data avai lable in  me teorological 
f i le s ;  hence , d i f f e rent calculation schemes have eme rged for  these  two 
s torm types . 

Tropical s t orms have a t ight cyc lonic pat t e rn that is  highly 
o rgani zed . In mos t  cases the dens ity of  me teorological observa t ions i s  
completely inadequate to  represent the deta i l s  of  a t ropical s t o rm .  
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However ,  wind models and paramet ric representat ions of t ropical storm 
windfields have been developed to  the point where they produce adequate 
descript ions of surface windf ields for the purpose of wave calculat ions . 
The information on which these models are based evolved f rom years of 
inve s t igat ions us ing coastal s tat ion data , aircraf t-based measurements , 
and oil indus t ry offshore platform dat a .  Reference S describes the 
development of windf ields for t ropical s t orms . 

Extrat ropical s t orms are typically not as organized as t ropical 
s torms and have a much larger areal extent ; hence , me teorological 
observat ions are used direc t ly to  develop surface windf ields . 
Reference 1 4  d is cusses me thods used for developing windf ields , the 
historical data bases used , and error characteris t ics for ext rat ropical 
s torms . 

Typically , the output of the windf ield analys is is  sus tained wind­
speed at a specif ied elevation . Gus t speeds are usually derived f rom 
"gust  fac tors" determined f rom measured data . 

Waves Methods for calculat ing wave heights have evolved to  the 
point that  the phys ical processes of wave growth , diss ipat ion , and 
p ropagat ion are modeled sat isfactorily for engineering calculat ions . 
Background paper I I  discusses the two basic methods used : the sig­
nificant wave me thod and the wave spec t ra me thod . I t  also summarizes 
several of the important wave height calculat ion models and discusses 
t he methods developed spec if ically for hurricanes . Addi t ional comments 
on direct i onal wave spec t ra are included . 

Background paper IV presents an assessment of  present me thods for 
wave height calculations . The author of that paper , D .  T .  Res io , warns 
tha t  the various wave height calculat ion me thods produce dif ferent 
result s  given the same input windf ield and furthe r  recommends that the 
models mus t be careful ly evaluated and verif ied wi th data be fore the 
resul t s  are used in important s tudies . 

Wave hindcas t s  for  several days before the peak o f  a s t orm may 
be required to include swell and adequately es tablish the background 
s ea condit ions . 

The basic  out put of "s ignificant wave he ight"  models is s i gnif i­
cant wave height , wave period , and wave direct ion . The out put for the 
directional spect r a-type models  is  a mat rix of  wave energy dens ity as a 
funct ion of  both wave direction and wave f requency . Empirical correla­
t i ons for es t imat ing wave spectra f rom s ignificant wave height predi c­
t ions are discussed brief ly in Background paper II . 

For water depth less than 300 feet , the effect of se a-f loor ba thy­
met ry and frict ion must be accounted for in the wave growth , dissipa­
tion , and propagat ion. In mos t regions of the world where wat e r  depth is  
les s  than SO feet , the ext reme wave heights are limi ted by  breaking 
heigh t ;  this is  usually considered to  be 7 5-80 percent of the water depth . 
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Mos t  wave hei ght ca lculat i on model s  a re for "deepwater" and do not 
i nc lude the sha l l ow wa ter e f fec t s . When us i ng such model s , wave 
ref ra c t i on ,  shoa l i ng ,  and breaking mus t  be accounted for separately . 

Current s  The determi na t i on of  extreme current probabi l i t i es i s  
usua l ly d i f f i cu l t  because ocean currents  vary cons iderably f rom l oca­
t i on to loca t i on and current i s  the vector sum of a number of i ndepen­
dent component s ;  e . g . , gene ra l ci rculat i on ,  t ida l currents ,  s torm wind 
current s ,  s torm t i de current s ,  rive r  ou t f l ows , and local edd i e s . Each 
component may hav� i t s own i ndependent d i re c t i on and probabi l i ty of 
occurrence . 

Methods used for deve l oping ext reme current exposure da ta depend 
on the ove ra l l  seve r i t y  of the current in the area and the s i gni f i cance 
of the va ri ous components  cont ribut i ng to  the total current . Another 
cons idera t i on is that  in calculat i ng wave forces the current mus t be 
a dded to  t he wave orbi tal  ve loci ty . 

If  t he ocean current problem requi res a very accurate  answer , 
t hen a combined measurement and ca l cula t i on program may be requi red . 
A lengthy current measurement pro ject may not be as  necessary a s  wi th  
waves , and t he measurement project  can  perhaps be performed during 
exploratory dri l l i ng opera t i ons . A measurement program shou l d  be 
d es i gned to record the fea tures of the domi nant current types for the 
area . Thus , i f  t he genera l  ci rculat i on domi nates , data representa t i ve 
o f  each season may be adequa t e ;  i f  t i da l  current s domi na t e , con t i nuous 
data duri n� one luna r cyc l e  may be adequat e ;  i f  s torm currents domi nate , 
con t inuous data duri ng one storm season may be adequa t e ;  and i f  currents 
are hi ghly i rregular i n  a regi on of  i nteres t , an areal array o f  measure­
ments may be necessary .  

The ava i labi l i ty o f  large d i g i ta l  computers has permi t t ed the 
development of de tai l ed numerical  current ca lcula t i on me thod s . 
References 1 5  and 1 6  a re examples of the appl i ca t i on of such methods . 

The current parame t e rs needed a re the current speeds and d i rect i ons 
as  a func t i on of depth.  In  general , there may be s i gni f i cant changes 
in d i rec t i on wi t h  depth.  This i s  part i cula rly t rue for wi nd-d ri ven 
current s .  Current speed i s  typi ca l l y  reported as an ave rage speed over 
a 1 5-minute peri od . 

Ti des  Storm t i de s  and a s t ronomi cal t i de s  a re ca lcula ted 
i ndependent l y .  The requi red accuracy depends on the t ype of s t ruc ture 
under cons i dera t i on ,  the wa t er  depth , and proximi ty to the coas t l i ne .  
T i des are a factor when selec t i ng the maximum breaki ng wave hei ghts i n  
sha l l ow wat er , set t i ng platform deck e l eva t i ons , and des i gn i ng coa s tal 
fac i l i t i es .  Storm t ides a re i nt imately  rela ted t o  s torm currents and , 
i n  fact , may be cal culated i n  the same computer program. 
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Ast ronomical t i des  are pred i c ted o n  a yearly bas i s  for represent­
a t i ve shore s t a t i ons a l ong t he ent i re Uni ted States  coast l i ne .  In some 
cases measurement s at  offshore loca t i ons may be needed t o  re late the 
s i te to  nea rby t i d e-table s tat i ons . 

The important t i da l  parameter  needed i s  the comb i ned a s t ronomi ca l 
and s torm t i de to be used i n  ca lcula t i ng the breaki ng wave he i ght o r  
t he maximum eleva t i on of  a wave c res t at  the s i te  o f  i n t e res t .  Care 
mus t  be taken in selec t i ng t he appropriate  t i de he i ght at t he time of 
t he peak wave because storm and a s t ronomi ca l t i des  a re i ndependent 
phenomena . 

Ins t rumenta t i on for Cal i bra t i on of Calcula t i on Met hods 

The des i gn and execut i on of successful measurement programs 
requi res ca re ful a t tent i on to the fol lowing cons idera t i ons : 

1 .  Na ture of phenomena t o  be measured ( threshold , dynami c range , 
f requency response , other phenomena on whi ch va l i d i ty of 
measurement depends , etc . ) . 

2 . Cha racteri s t i cs of sensors ( threshold , dynami c range , frequency 
response , dri f t  s tabi l i ty ,  res i s tance to  f oul i ng ,  mechanical 
shock res i s tance , e t c . ) .  

3. Charac teri s t i cs of data logg i ng sys tem ( data  logging forma t , 
t hreshold ,  dynami c range , s tabi l i ty ,  record leng t h ,  servi c i ng 
i nterva l , tempe ra ture/ humi d i t y/vi bra t i on of loggi ng sys t em 
l oca t i on ,  we i ght / s i ze , powe r requi rement s ,  etc . ) .  

4 .  Type of sensor pla t form ( anchored f l oa t i ng dri l l i ng rig , 
f ixed offshore s t ruc ture , buoy , shi p ,  a i rc raf t ,  et c . ) .  

5 .  Ef fect of pla t form on sensor ( d i s turbance of phenomena bei ng 
measured and mot i on of  pla t form) . 

6 .  Ca l i brat i on of sensor/data loggi ng sys tem/ plat form ( t e s t s  and 
compa r i s ons wi th primary or secondary s tandard , e i ther  as 
s i ngle element i n  sys tem or preferably as  a complete  system ) .  

7 .  Proces s i ng s teps requi red t o  obta i n  paramet e rs o f  i nterest  
(manua l vs . computer analys i s  vs . computer analys i s , ana l og-t o­
d i g i tal convers i on , stat i s t i ca l  analys i s , etc . ) .  

The fol l owi ng sect i ons di scuss spec i f i c  cons i de ra t i ons re levant to  
wind , wave , current , and t i de measurement s . 
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Wind Measurement The ma i n  d i f f i cul ty i n  wind speeds and d i rec­
t i on measurement i s  loea t i on and support of the sensors and not the 
s ensors themselves . Sensors , whieh mus t  be l oeated on a rigid mas t  
f ree o f  obs t ruc t i ons i n  a l l  d i rect i ons , of ten fail beeaus e o f  mas t  
vibra t i ons at  hi gh windspeeds . Sensors on offshore platforms and 
dri l l shi ps are d i f f i cul t t o  loeate  f ree of obs t ruc t i ons . The top of  
t he derriek i s  elea r ,  but it  is  usua l ly d i f f i cul t t o  serviee an i ns t ru­
ment l oeated there . Many eho i ee loca t i ons are el imina ted beeause the 
hel i copter  land i ng approaeh mus t be elea r .  Wind measurement s f rom 
buoys should only be cons idered for buoys tha t  are very stable i n  p i t eh 
a nd rol l and tha t  have a good mas t . 

Wi nd mea surements should  be made a t  the reference eleva t i on 
(usually  1 0  meters ) , but t hi s  i s  not prae t i eable for mos t  plat form and 
buoy i nstal lat i ons . Careful consi dera t i on should be given to  making 
t he appropriate  eleva t i on eorreet ions by aeeoun t i ng for obs t ruc t ions 
and sea surfaee roughness . Documenta t i on of cond i t i ons around the 
i ns tal la t i on is valuable t o  subsequent i nve s t i ga t ors us ing data f rom 
that  insta l l a t i on .  

Wave Measurement s  The highly random nature o f  the sea surfaee i n  
both t ime and spaee ereates  a very d i f f i cul t measurement problem .  As 
noted earl i er , it  is  usua l l y  necessary to  east the parame t r i c  representa­
t i on of t he sea surfaee i n  rela t i vely s impl e  terms . 

Mos t wave surfaee measurement s are nond i reet i onal . The mos t  re l i­
able and aeeurate measurements are f rom f i xed platforms . Measurement s 
made f rom semi submersible  dri l l shi ps requi re compensa t i on for the heave 
d i splacement of the pl a t f orm. The mos t  popular sensor used f or 
pla t form measurement i s  the rugged , i nduct i ve-t ype wave s ta f f , whi eh 
eons i s t s  of two paral lel s teel eables . Elee t r i eal  res i s tanc e-type 
s ta f f s  tend t o  foul and requi re f requent eleaning . Wave measurements 
wi th  radar and laser devi ees are i n  the early s tages of eommere i a l  
appl i ca t i on .  These devi ees are mounted above the water  surfaee and 
beamed downward . They measure the two-way t ravel t ime between the 
s ouree / reee iver and the wa ter surfaee . 

In wa ter depths l ess  t han about 100 f t .  wave measurement s ean be 
made wi t h  bot tom-mounted p�essure sensors . The water  depth l imi t of 
sueh measurement s depends upon the f requency eontent in the wave 
energy . Pressure sensor da t a  wi l l  requi re compensa t i on for the deeay 
of wave energy , wi th depth as a fune t i on of  wave f requency . Nea rshore 
i ns tal l a t i ons are usua l ly eonneeted t o  shore by power and s i gna l 
eables . When thi s i s  not praet i ea l , bat teries  and data l ogging mus t  be 
i ncorpora ted wi th t he sensor uni t .  

Surfac e-fol l owing buoys conta i ni ng a gimba l ed vert i ea l  aeee lero­
meter are t he mos t  popular type of sensor used i n  open oeean , deep 
wa ter wave measurement s .  The buoys are moored on loea t i on wi th  hi ghly 
compl i ant moorings . Da ta may be t e l emetered to  a nearby dri l l s hi p ,  
platform, o r  shore l oea t i on and /or reeorded interna l l y .  Furthe r  
measurement compari sons be tween thi s t ype o f  sensor and wave s t a f f s  on 
fixed plat forms are desi rable for seve re sea states . 
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Shi pborne wave he i ght measurements have been a t t empted us i ng a 
combi na t i on of sensors tha t  measure water  pressure on the hul l ( t o 
s ense hul l subme rgence ) , vert i ca l  heave acce lera t i on ,  pi tch,  and rol l . 
Mos t of the experi ence wi t h  such measurements has been i n  t he North Sea 
and North At lant i c . 

Successful d i rect i ona l wave measurements have been made i n  recent 
years from f i xed offshore pla t forms us i ng a wave s ta f f  and 
elect romagne t i c  current meters . The elect romagnet i c current meter i s  
needed for thi s appl i ca t i on because the d i rect i ona l i nformat i on i s  
obta i ned from the measurement o f  the two hori zontal components o f  wave 
o rbi t vel oc i t y .  Di rec t i ona l wave propert i es may a l s o  b e  measured wi th 
an array of wave s ta f f s  or pressure sensors . 

An essential  pa rt of planning d i rect i onal wave measurement s i s  the 
selec t i on of a compat i ble data analys i s  procedure for calculat i ng the 
d i rect i onal sea charac teri s t i cs f rom the recorded �ata . I t  should be 
recogni zed that  di rec t i ona l sea cha racteri s t i cs can be represented i n  a 
variety of forms . Examples i l lus tra t i ng s i gni f i cant ly  d i f ferent forms 
are ( 1 )  wave d i rect i on given as  a s i ngle va lue represent i ng di rec t i on 
of domi nant wave energy , and ( 2 ) a ma t rix present i ng wave ene rgy i n  
narrow bands of wave f requency and wave di rect i on .  The f o rm  of t he 
d i rect i onal prope r t i e s  needed and t he resolu t i on of d i rec t i on a re 
important cons i dera t i ons i n  selec t i ng t he appropriate arrangement of 
s ensors . Di rec t i onal prope rt i es of waves have been measured wi t h  a 
variety  of other schemes such as  stereophotography , high resolut i on 
laser a l t ime ters mount ed i n  low-f lying a i rcraf t ,  SEASAT 1 synthe t i c  
ape rature rada r ,  and surfac e-fol lowi ng buoys containing gimba l ed 
vert i cal  accelerometer• and pi tch and rol l sensors . Seve ral of these 
schemes appear to be promi s i ng but requi re further  evalua t i on ,  develop­
ment , and ca l i bra t i on .  (S ee F i gure 4 )  

Data l oggi ng for wave moni toring syst ems requi res the fol lowing 
cons i dera t i ons : ( 1 )  expec ted f requency content of wave energy and the 
resolut i on desi red in  t he subsequent analys i s , ( 2 ) s t orage capaci ty 
cons i s tent wi th f requency and dura t i on of  s t orms as wel l  a s  servi c i ng 
interval , ( 3 )  l engt h  of i nd i vi dua l record as  requi red for FFT spect ral  
analys i s  or s impl e  st at i s t i ca l  average s , and ( 4 ) t ime coherence of data 
from mul t i ple sensors for use in d i rect i onal ana l ys i s .  

Mini computers and mi croprocessors provi de the capabi l i ty for rea l­
t ime data processing .  Such proce s s i ng can subs tant i a l l y  improve the 
t ime durat i ons moni t ored wi t hout servi c i ng .  For example , sma l l  surface­
fol l owi ng buoys us i ng mi croprocessors have the capabi l i ty of l ogging 
processed da ta (maximum and s i gni f i cant wave hei ght and the zero 
cros s i ng period ) a t  hourly interva l s  for severa l months on s tandard-s i ze 
magne t i c  tape casse t t es . 
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Current Measurement s Ocean current tteasurement s of engineering 
interest  are made from buoys moored in the open ocean , moored ocea n­
ographic ships , anchored d r illships , and f ixed plat forns . 

In terms of the accuracy required  for engineering data , com­
mercially available sensors appear to give adequate  performance ; 
howeve r ,  re l iabi l i ty of  certain commercial uni t s  is  marginal . Severa l 
types of sensors are in use . Current me ters , us ing e i ther ducted rotors 
or vector averaging , a re often used in the nea r-surface zones because 
the revers ing water par t icle orbi tal veloc i ty can be averaged out of 
the ne t flow.  Savonius rotor current me ters should be used be low the 
z one of wave ac t ion; f low reversal cannot be detected by the conven­
ti onal Savonius rotor met e rs and a false value of ne t flow may be 
obtained . Elec t romagne tic current sensors can detect rapidly changing 
condi tions and a re use ful when measurements of  both wave orbi tal vel o­
c ity  and ne t flow are des ired . The s tate o f  the a r t  in current measure­
ments is desc ribed in Refe rence 1 7 .  Figure 5 i l lus t rates several 
types of current measurement operat ions . 

The moorings for current meters  mus t be carefully designed for 
good s tabi l i ty ,  adequa t e  s trength , and easy re trieval for servic ing . 
Signif icant improvements  have been made through the years in  the 
durability  of mooring systems . 

Current sensor calibration , both before and after  deployment , is  
an important cons ideration in crit ical studies . 

Data logging for sys tems deployed a t  unat tended , remote locat ions 
is usua l ly done with internal recorde rs . A variety of techniques are 
used . Typically , shor t-term ave rage current speed and ins tantaneous 
d irect ion values are recorded at  re lat ively frequent intervals . Data  
from electrooagnet i c  current sensors are logged along with  the assoc i­
a ted wave pro f i le data in the same format and at  the same sampling rate 
when the data are used in d i rect ional wave s tud ie s .  

Tide Measurements  Mos t  t ide informa t ion is  gathered in harbors , 
using relat ively s imple mechanical floa t-type sensors . Measurements at 
remote  locat ions in deep water have been made with high resolut ion pres­
sure sensors coupled wi th internal recorders . In connect ion wi th explora­
t ory drill ing opera t ions , t ide data have been obtained by measuring the 
vertica l  pos i t ion of the vessel  relat ive to  some mechanical connection 
to the sea floor ( such as a guidel ine ) , and appropriately averaging . 

Interpretation of Da ta on llis torical Occur rences 

The discuss ion up to  this  point has dea l t  with the procedures for 
recons t ruc t ing the his torical occurrences of envi ronmental phenomena at  
a given s i t e . This  sect ion i l lus t rates one of several  approaches applic­
able to developing the probabil i t y  d i s t r�t i ons that describe envi ron­
mental exposure , given a sequence of his torical events . The intent 
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8 3  

here i s  to  i l l us t ra t e  important cons idera t i ons i n  the interpretat i on o f  
hindca s t  resul t s . References 1 8-20 present fundamental d i s cus s i ons of 
ext rapola t i on procedures . 

The bas i c  s teps in  the method d i scussed here a re to : ( 1 )  deve l op 
cri teria for selec t i ng t he severest  event s  af fec t ing the s i te ,  ( 2 )  re­
cons t ruc t t he hi s torica l  occurrences of these events ,  and ( 3 ) use a n  
ext rapolat i on procedure t o  obtain  the ext reme values . These s t eps are 
i l lus t ra ted i n  F i gure 6 .  

The ext rapola t i on me t hods are based on the assump t i on tha t  i f  a 
probabi l i ty d i s t ribut i on func t i on f i t s the data represented by the 
occurrences of hi s t orical s t orms , t hen the extreme values of tha t  storm 
popula t i on can be  est ima ted by tha t  d i s t ribut i on func t i on .  The ba s i c  
s teps are as  fol lows : 

1 .  Rank the magni tude of the h i s t orica l  events i n  descend i ng 
o rder . 

2 .  Ass i gn probabi l i t i es  of occurrence to  each of them accord i ng 
t o  a "pl o t t i ng pos i t i on" formula .  

3 . Pl ot t he magni tude of events vs . thei r exceedance probabi l i ty 
on spec ial  graph papers on whi ch par t i cular types of d i s t ri bu­
t i on func t i ons plot  as  s t ra i ght l i nes .  

4 .  Cons t ruc t the bes t-f i t  s t ra i ght l i ne t hrough the da ta ( s teps 3 
and 4 are f requent ly  done us i ng computer techniques ) ,  and 
select the d i s t ribut i on func t i on t ha t  bes t  desc ribes  the da ta . 

These s teps are i l lus t ra ted i n  F i gure 7 .  The s t rai ght l i ne i s 
i n  essence the d i s t ri bu t i on func t i on represent i ng the data , and ext reme 
values beyond the data a re ext rapolated us i ng the s t ra i ght l i ne .  No � 
pri ori bas i s  exi s t s  for selec t i ng a pa rt i cular d i s t ri but i on func t i on;  
We i bu l l , Ex t rema l ( Gumbel ) ,  and  Log-normal d i s t r i bu t i ons are often 
used . Reference 2 1  d i scusses the selec t i on of the "best"  d i s t ri but i on 
func t i on for a given set  of data . 

The res t r i c t i ons on da ta used i n  the ext rapola t i on of da ta 
characteri zed by a s i ngle parame t e r  such as  wave he i ght are rather 
obvi ous but bear repea t i ng :  ( 1 )  t he da ta mus t  have a common def i ni t i on 
and be derived by cons i s tent method s ;  ( 2 )  the magni tude of the event 
used for each storm mus t be t he la rgest  event at the s i t e of intere s t  
f o r  t ha t  s t orm; ( 3 )  the da ta set  mus t  i nc lude a l l  s torms occurri ng in 
the hindca s t  per i od tha t  exceed t he magni tude of the lowe s t  ranked 
s t orm; ( 4 ) a l l  s torms mus t  be from the same popula t i on but s t a t i s­
t ical l y  i ndependent ;  and ( 5 )  the resul t s  a re not appl i cable where 
the phenomenon of i nteres t i s  t runca ted by phys ical l imi tat i ons such as 
breaking-height l imi ta t i ons of  waves in sha l l ow water  or wi nd-f etch 
l i mi ta t i ons . 

Ths probabi l i ty d i s t ribut i on func t i on represented by the s t rai ght 
l i ne as  plot ted in s t e p  3 above is used to  descr i be t he probabi l i ty of 
exceed i ng t he magni tude of an event given the event has taken place . 
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The d i s t r i but i on funct i on does not g i ve i nf o rma t i on about t he i n t e rva l 
o f t i me be tween occurrences of  t he event s .  The conve rs i on o f  t he 
exceedance p robab i l i t y sca l e  to  re turn pe ri od ( average i nt e rva l i n  
yea rs be tween event s  equa l t o  o r  g rea t e r  than a presc r i bed magni tud e )  
i s  accompl i s hed b y  mul t i p l ying i t by t he ave rage numbe r o f  event s pe r 
yea r that we re i nc l uded i n  t he ranked data , and t hen t aki ng t he 
rec i p roca l of  t he resul t .  

A meani ngful measure of the chance of occur rence of an ext reme 
event i s  t he p robab i l i ty t han an event correspond i ng to a g i ven return 
pe riod i s  not exceeded dur i ng t he exposed l i fe of t he s t ruc ture . Thi s  
probabi l l i�of nonoccu rrence i s  ca l l ed the nonencounter  probabi l i ty 
(NE ) ; i t s rela t i ons hi p t o  re turn pe r i od (R�) and exposure l i fe ( t d ) 
i s  g i ven by the fol l owi ng equa t i on .  ( 22 ]  The equa t i on i s  based on the 

assumpt i on t ha t  t he Po i s son d i s t r i but i on i s  a va l i d  representa t i on of 
t he numbe r of  occurrences of s evere s t orms dur i ng a given t ime i nt e rval 
and t hat  t he s t o rms a re s t a t i s t i ca l ly i ndependent . 

I f  sepa ra te phenomena , each having i ts own probabi l i ty of occur­
rence , combi ne to  produce an event ( e . g . , s t orm t i de  and a s t ronomical  
t ide  combi ni ng to p roduce t he total  t i de ) , t hen t he p robabi l i ty of 
occurrence of t he s epa rate phenomena and t he i r i nt e rdependence mus t be 
cons ide red app rop ri a t e l y .  

Next i t  should  b e  recogni zed that c i rcums tances may no t .1us t i fy 
t he l eng t hy sequence of hindca s t i ng a l a rge numbe r of  s t o rms t o  deve l op 
an adequa t e  l ong-term data base .  The "des i gn s t orm" approach i s  an  
a l t e rna t i ve tha t  has me r i t for par t i cular  cases . 

In t he des i gn s t orm me thod an ext reme hypot he t i cal  or  rea l s t orm 
i s  used t o calcu l a t e  ex t reme cond i t i ons a t  a s i t e .  A bl ock d i agram of 
the me t hod is p re sent ed i n  F i gure 8 .  

The use of  des i gn s t o rms for deve l op i ng t he data o n  ext reme 
cond i t i ons i s  a va riat i on of t he ext rapolat i on of hindca s t  data 
approach d i scussed above . Ins tead of hindca s t i ng ,  for  example , t he 20  
mos t seve re h i s torical  s t o rms , a s t orm of "des i gn i ntens i ty" i s  
c ha racteri zed i n  t he form o f  an i deal i zed mode l  o r  s ca l ed h i s t o r i ca l  
s t orm . The s t o rm  pa t h  i s  s e l ected so  as  t o  produce t he mos t  ext reme 
cond i t i on a t  t he s i t e of i nt e re s t .  The cond i t i ons for  the s i t e o f  
i nt e rest  a re ca lcul a t ed us i ng a "hindcas t "  mod e l  o f  t he type d i s cussed 
in t he previ ous sec t i on .  

In p rac t i ce ,  cons i d e rable  subjec t i vity  i s  used i n  cha rac t e r i z i ng 
t he des i gn s t o rm .  Howeve r ,  i n  p r i nci ple , the analys i s  i nvo l ve s the 
fol l owing : ( 1 )  i nve s t i ga t i on of s t o rms affec t i ng the reg i on 
surround i ng the s i te of int e res t ( not  jus t s t orms a t  t he s i t e ) , ( 2 )  
veri f i ca t i on t ha t  s t orm s t a t i s t i c s  are uni form f o r  t he regi on s e l e c t ed , 
( 3 ) cha ract e r i zat i on of s torm by s imple pa rame t e rs ( e . g . , for  t rop i cal  
cyc lones : rad ius to max imum wind s , cent ra l pressure depress i on ,  and 
f orwa rd ve l oc i ty) , and ( 4 )  s e l ec t i on of t he combinat i on of pa rame ters  
that produce t he "des i gn" cond i t i on . 
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The d i sadvantage of t he met hod is that  cons iderabl e  subjec t ivi ty 
may be requi red i n  speci fying the characteri s t ics  of the des i gn s torm, 
parti cularly assi gni ng the recurrence i nterval . In nature , a uni que 
s torm descri pt i on wi l l  not exi st  that  wi l l  produce a lOQ-year wave 
hei ght for a s i te , but rather , several comb i nat i ons of s torm 
characteri s t i cs mi ght crea t e  t he lOQ-y ea r cond i t i on.  

Experi ence wi t h  hindcast ing and fami l iari ty wi th  t he area of  
i nterest are  important fact ors in  deri ving sat i s fact ory resul t s  using 
t he des i gn s t o rm met hod . 

Force Ca l cul at i ons 

Thi s sec t i on present s a brief revi ew of f orce cal cul a t i ons from 
t he point of view of what parameters are used in present force cal cu­
lat i on methods . A good summary of force cons iderat i ons i s  conta i ned  
i n  t he API recommended pract i ce RP2A.  ( 23 )  

Wave Forces 

Wave forces usua l l y  domi nat e  the other envi ronmental  forces 
d i s cussed i n  t hi s  sect i on .  Wave forces a re a l s o  the most  complex and 
have been the subject  of a very s i gni f i cant . amount of research s i nce 
the early 1950s . Much of this work has been sponsored by the o il 

i ndustry .  
Two o f  t he early wave force measurement projects  are desc ri bed 

in Reference 2 .  The f i rs t  of these , Wave Project 1 ,  i nvolved the 
measurement of wave f orces on vert i cal cyl i nders havi ng d i ameters of 
1 ,  2 1  3 ,  and 4 f ee t . Forces were measured at  7 l evel s  for each 
cyl inder diame t e r .  The i nstal lat i on was l ocated i n  t he Gul f of 
Mexico i n  about 3 0  f ee t  of water and waves up t o  22 feet in  hei ght 
were measured at thi s  instal lat i on .  

The second of these projec t s , Wave Project 2 ,  i nvolved the 
measurement of forces on dynamometers clamped around the legs of a 
Gul f of Mexi co plat form. The out s i de diameter  of the sens i ng uni t 
wa s 3 . 7  fee t . The wa ter depth at thi s loca t i on was 100 f ee t ;  t he 
l arge s t  wave measured was about 4 0  feet . The wave force data 
provided the bas i s  for several analyses , many of whi ch have been 
publ i shed . ( 24-26 ) 

A very comprehens ive wave force measurement program , the Ocean 
Test S t ructure (OTS) , was conducted in the Gul f of Mexi co for two 
winter seasons and one hurri cane season ( 19 7 6- 1978 ) .  Total  forces 
and overturning moment were measured on an approximately  one-q uarter 
sca l e  s t ructure , whi ch was l ocated i n  65  feet of water.  In add i t i on ,  
l ocal wave f orces were measured a t  several l ocat i ons on vert i cal , 
hori zont al , and i nc l i ned members . References 2 7-29  describe t he 
project data col l ected and References JQ-36 present some of the 
resul t s  from t he analys i s  of the dat a .  
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Wave fo rce pred i c t i on probl ems re l evant to offshore s t ruc ture des i gn 
can be class i f i ed as  ( 1 ) stat i c  wave l oad pred i c t i ons for space frame 
s t ructures , ( 2 )  dynami c wave l oad pred i c t i ons for space frame s t ruc tures , 
and ( 3 )  s tat i c  l oad pred i c t i ons for large bod i es ( e . g  • •  concrete  gravi ty 
s t ructures ) .  The stat i c  wave force pred i c t i on procedure s can be used 
when the natura l  peri od of the s t ructure is suf f i ci ent ly short so that 
dynami c ampl i f i ca t i on factors can be negl ected i n  calcula t i ng st ruc tural 
response . Space frame s t ruc tures wi th na tural  pe ri ods greater  than three 
or four second s usual l y  requi re a dynami c wave force pred i c t i on . [ 37 ] Wave 
force cal culat i ons for space f rame s t ruc tures are based on t he assumpt i on 
t ha t  t he s t ructure i s  suf f i c i ent ly  t ransparent t o  waves t hat waves are 
not d i s turbed by t he wave propaga t i ng through the s t ructure . Wave force 
calculat i on me thods that  account for wave d i f f ract i on a round large bod ies  
are requi red for the · large monol i t hi c-type gravi ty off shore s t ructures . 
[ 38-39 ] Reference 40 i s  a comprehens ive overvi ew of force cal c 1 1 1 �-t t· i n r t� . 

Wave f orces for s ta t i c  analys i s  for a space frame s t ruc t • a �" • �  ,_. ,. �  
calculated us i ng an emp i r i cal  force equa t lon  cons i s t i ng of a drag t e rm  
and a n  i nert ia  t erm. The fol l owi ng equa t i on presents the bas i c  
funct i ona l rela t 1 onshi p : [ 41 ]  

F • Fn + FI • Fn ( Cn . u2 ) + F r ( CM •  u) 

where : 

F • wave force 
Fn • d ra2 � omnone nt 
F1 • i nert ia  component 
Cn • drag coe f f i c i ent 

CM • i nert ia coe f f i eci ent 
u • wave orbi tal  ve l oci ty 
u • wave orb i t a l  acce l e ra t i on 

The drag and inert ia  coe ffi c i ent a re empi rica l l y  de rived from 
experimental data ; e . g  • •  Wave Project s 1 and 2 [ 24-26 ] and t he Ocean 
Tes t  S t ruc ture . [ 30 ] Water  part i c l e  vel oc i ty and accelera t i on va lues 
are calculated f rom wave t heory . 

Typical ly the wave theori e s  used f or stat i c  force pred i c t i ons 
represent smooth , symmet rical , unid i rect ion waves speci f i ed by wave 
hei ght , wave period , and water  dept h.  A vari ety of wave theories are 
used ; each has a d i scret e  range of appl i cabi l i ty which depends on wave 
hei ght , wave per iod , and water  dept h.  API-RP2A l i s t s  severa l  wave 
t heori es typ i cal l y  used . Background paper V l i s t s  addi t i onal wave 
theory references . 

The select i on of the d rag and inert ia  coe f f i cients used i n  des i gn 
wave f orce pred i c t i ons mus t  be made wi th  the recogni t i on that the wave 
t heories used i n  determining these coe f f i c i ent s mus t  be cons i s tent wi th 
the theories  used in  force pred i c t i ons . Wave theo r i es are usua l l y  used 
i n  determini ng t he coe f f i c i ents because wave orbi tal ve loci ty  and 
accelera t i on are neede d ;  [ 24 ]  unt i l  recent l y ,  orbi tal ve l oc i ty was not 
readi ly measured in the ocean . 

For cases where currents  are superimposed on waves , the total  
wave-p lus-current force is  cal culated us ing the current added 
vectoria l l y  to the wave _ orb i tal  ve loc i ty .  
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Two me t hod s are typ i ca l l y  used in  dynami c wave force pred i c t i on :  
t ime hi s t ory and spec t ral . These approaches ut i l i ze a mod i f i ed form of 
t he f orce equa t i on used i n  s ta t i c  ana l ys i s .  Thi s mod i f i ca t i on accounts 
for the movement of the s t ructure . Re ferences 37 and 4 2  i l lus t rate  t he  
t ime hi s t ory approach and 4 3  and 44 t he spec t ral  approach. 

Wave force pred i c t i ons for large monol i thi c gravi ty s t ructures are 
t ypica l l y  made us i ng a combinat i on of sma l l  scale model  t e s t s  al ong 
wi th  mathema t i cal  cal culat i ons . Input data i n  these force cal culat ions 
are wave he i ght , pe riod , and water dep t h ,  as in t he case of forces for 
space frame s t ructure s . References 40 and 45 present examp l es of model 
s tud ies  and force cal culat i on met hods for such s t ructures . 

Wi nd Forces 

Wind force ca l cula t i ons typica l l y  fol l ow procedures prescri bed i n  
bui l di ng codes .  Wind force i s  proport i ona l to  wind vel oc i ty squared , 
mul t i pl ied by the appropri ate shape coe f f i c i ent . Sus ta i ned  wind 
ve loc i t i es are usua l l y  used i n  the computat i on of the overal l plat form 
wind l oad , and gus ts  are used for  the des i gn of i nd i v idual s t ruc tura l  
element s .  The wind ve loc i t y used i s  a func t i on o f  e l evat i on .  Equa t i ons 
f or the ad jus tment of wind for e l eva t i on a re given in Re ference 2 3 ;  
they are a l s o  included i n  bui l d i ng codes . 

Current Forces 

As noted earl i e r ,  when waves and currents act s imul taneous l y ,  the 
force calculat i on for the combined action of waves and current s i nc l udes 
t he current vel oc i ty added vec t ori a l l y  t o  the water part i c l e  orbi t 
vel oc i t y .  When the current is  act i ng a l one , current drag and l i ft forces 
a re calcula t ed using emp i r i cal drag and l i f t  coeff i c i ent s and t he cur­
rent veloc i ty at the eleva t i on of the member .  The drag forces act i n­
l i ne wi t h  the current d i rect i on ,  and the l i f t  forces act perpend i cular 
t o  t he current d i rect i on .  Li f t  forces are typ i ca l l y  caused by vortex 
s hedding , whi ch induces t ransve rse forces al ternat i ng in d i rect i on .  

Pract i ca l  Cons i derat i ons 

The int ent of the precedi ng sec t i ons in this paper has been to  
describe methodology appropriate for developing envi ronmenta l  exposure 
data for des i gn and veri f i ca t i on of offshore s t ructures . I t  should 
a l s o  be recogni zed , however ,  that  such a program i s  not needed i n  a l l  
OCS areas at  t hi s  t ime . The speci f i c  requi rements vary from area t o  
a rea dependi ng upon the maturi ty o f  opera t i ons and the type o f  hazards 
in the area . Some knowl edge al ready ex i s t s  on wind , wave , current , and 
t i de cond i t i ons in each of the prospect i ve OCS sa le  a rea s .  Some a reas 
have been the subject of detai led s tud ies for the development of 
envi ronmental  exposure data . 
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The resul ts of an accurate detailed environmental exposure study 
are needed at  the t ime of start ing the f inal des ign of  an offshore 
s tructure . The t iming of this f inal des ign may vary subs tant ially f rom 
area t o  area . As a rule , f inal des igns are only init iated �fter wells 
have conf irmed a commercial d iscove ry and the type and s ize of produc­
tion fac i l ities needed are ident if ied . The timing for the f inal des ign 
may thus be on the order of two years after a lease sale ;  however ,  in 
the more d i f f icul t operating areas , this period may be much longer . 
The t iming for init iat ion of a de tailed program for developing 
environmental exposure data will  depend on whe ther adequate  cal ibrated 
hindcas t  models and data are available for the area and the length of  
t ime needed t o  develop a model and gather adequate data for hindcas t 
mode l cal ibrat ion , if  needed . 

At earlier s tages of OCS lease planning and deve lopment , less  
accurate environmental exposure data are needed . In  the pre-lease sale 
planning phase , only a pproximate  descript ions of  envi ronmental hazards 
are necessary for iden t i f icat ion of sens it ive areas and crit ical operat­
ing requirements . This is needed by indust ry for proper preparat ion of  
lease bids and by  government for preparat ion of environmental impact 
statement s .  More accurate s tudies may be needed for part icularly 
crit ical phenomena i f  the ability  to cope with such phenomena is  a 
deciding factor in whether a lease is offered . 

In planning exploratory dril ling operat ions , the accuracy of the 
informat ion needed ranges somewhere between that required for presale 
planning and f inal des ign informa t ion . Generally exploratory drilling 
operations a re conducted f rom world-class dri l ling rigs des igned for  
condit ions more severe than most of the OCS lease  areas . 

When a detai led and accurate envi ronmental exposure s tudy is  
needed , a careful ly  thought out prog ram of modes t  proportions is  
probably all  that is required to obtain the des ired informat ion .  This 
planning requi res expe rienced pe rsonne l . 

The press ing need within government is to  assimilate the 
expe rience that now res t s  with indust ry and indus t ry consul tants . ltuch 
informat ion already exi st s ;  the need , then , is to f irst es tab l ish the 
credibil ity of the available informat ion and judge i t s  adequacy in the 
context in which this envi ronmental exposure data wil l  be used . New 
programs should be def ine� jointly by gove rnment and indus t ry to 
ef ficient ly cover new a reas . 
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RECOMMENDATIONS 

Speci f i c  recommendat i ons for further  work on wi nd and ocean forces 
rel ate  to  t he fol l owi ng ac t i vi t ies : ( 1 )  Archi ving and di ssemi na t i ng 
envi ronmental  data , ( 2 )  improving i ns t rumenta t i on for d i rec t i onal wave 
measurement s , ( 3 )  improving wind , wave , and current mode l s , ( 4 )  conduct­
i ng l imi ted , wel l  planned , special  purpose measurement programs , and 
( 5 ) conduct ing hindcas t  studies , as appropriate . 

Dat a  

The princ i pal need i n  archiving data i s  the expans i on o f  the 
met eorol ogical dat a  f i l es t o  i nclude a l onge r data base and add i t i onal 
observa t i ons . In add i t i on ,  i t  would be desi rable t o  encourage i nve s t i­
gators t o  depos i t  both raw and analyzed data i n  publ ic  archives . The 
general awareness of  ava i labl e data would be improved by comp i l a t i on of 
special i zed i ndexes that i dent i fy data sources , ana l yz ed resul ts , and 
related technical report s .  

Ins t ruments 

In t he t echni cal area of i ns t rument development , measurement of 
d i rect i ona l wave characteri s t ics  at remote ,  open ocean l ocat i ons 
deserves f i rs t  a t t ent i on .  Seve ra l d i rect i onal wave measurement schemes 
are i n  the deve l opment stage . These schemes were d i scussed at the 
Atlant i c  Offshore Prog ral!l Pl anni ng lolorkshop , held at  the Un i vers i t y  of 
Delaware , Septembe r 1 9-2 1 ,  1 97 7 . ( 46 )  The workshop concl uded that 
add i t i ona l funds are requi red to bri ng some of these sys tems to  the 
s tage whe re they can be f i e l d  tes ted , and proposed the fol l owi ng s t eps : 

1 .  Cont inuat i on of development of promi s i ng sys tems to the 
point where they can be f i el d  t es ted ( 1  t o  2 years ) .  

2 .  Deve l opment of direct i onal wave analys i s  techniques . 

3 .  In-ocean compar i s ons o f  t he promising sys tems wi t h  
"ri gorous " ground t ruth.  

4.  Devel opment of "bes t "  sys tem for ope ra t i ona l use . 
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5 .  Fundamenta l  resea rch ( p robabl y at  un i ve rs i t i es )  o n  new 
d i rect i ona l wave measurement sys tems . 

Wi nd Model s  

Good progress i s  bei ng made i n  evol ving pract i cal  me thods for 
pred ic t i ng surface wi nd f i e l ds over the ocean , but re lat i ve l y  few 
i nve s t i ga t ors a re act ive in t hi s  techni ca l  f i eld . In view of the wel l ­
funded government programs on atmos phe r i c  resea rch and wea t he r p red i c­
t i ons , greater  e f fort should be placed i n  marine surface wi ndf i e l ds . 
One object ive should be to  improve understandi ng of  the bas i c  phys i ca l  
process i n  s t orms t hrough anal ys i s  of data from offshore platforms , 
satel l i tes , and othe r  sources .  Th i s  improved unders tand i ng should  l ead 
to a more accurate  assessment of t he val i d i t y  of the d i f ferent wi nd­
f ield  mode l s  for vari ous areas , types of s torms , and types of i nput data 
ava i lable . Thi s assessment of mode l s  wi l l  in turn p rovide  a be tter  
bas i s  for recons t ruc t i ng t he hi s tori cal  event s needed t o  deve l op the 
l on g-t e rm data base . 

Wave Mode l s  

The Unive rs i ty o f  Delawa re workshop refe rred to  above a l so evalua t ed 
t he s tatus of  wave he i ght cal culat i on me thods . It  recommended further 
devel opment , ca l i brat i on ,  and veri f i cat i on of wave pred i c t i on model s .  
In part icula r ,  the deve lopment work on model s  should i nclude "model i ng 
wave genera t i on in i ntermed i a t e  and sha l l ow water depths s imul taneous l y  
w i t h  wave refrac t i on ,  nonl i near wave-wave interact i ons , bot t om fri c t i on ,  
and wav e-current interac t i on for i rregular bot tom contours . "  

Current Models  

Ocean current model i ng appears to  be  receiving cons iderable 
a t tent i on i n  connect ion wi t h  ocean dump ing s tudies , o i l  spi l l  mi gra t i on ,  
and gl obal  cl imatol ogy st ud i e s . The component o f  ocean current t hat  i s  
mos t rel evant t o  ext reme envi ronmental exposures i s  the s t orm current . 
Furt her  improvement i n  st orm current models  i s  desi rabl e .  In orde r to 
make progress  i n  s t orm current model i ng ,  add i t i onal s t orm current 
measurement s are needed , a l ong wi t h  rel a t ed wi nd , wave , t i de ,  water 
t emperature , and wa ter  sal i ni ty measurement s .  

Measurement s 

Future measurement programs for  the ove ra l l  assessment of  wind , 
wave , current , and t i de cond i t i ons for an OCS area mus t be planned i n  
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the contex t of the data need and t imi ng for that a rea , along wi t h  the 
recogni t i on that the princ i pal  use of the data is to cal i brate t he 
appropriate models  needed for hindca s t i ng the long-t erm data bas e . 

Hi ndca s t s  

The f i nal  recommendat i on i s  that t he hi ndca s t s  b e  undertaken in 
front ier areas as needed and tha t  the s t ud i es be conducted us i ng the 
mos t qual i f i ed pe rsonnel avai labl e .  
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BACKGROUND PAPER I I  

WAVE FORECASTING AND HINDCASTING MODELS AND TECHNIQUES 
By Charles L .  Bre t s chneider 

Int roduct ion 

There are a number of wave foreca s t i ng models  for ocean waves . Thi s 
paper d i s cus ses them and t races t hei r deve l opment , i nclud i ng revi s i ons 
and cal i bra t i ons t hat are be i ng made as more and more wind and wave 
data become ava i l abl e .  

There are essent i a l l y  two me thods o f  wave foreca s t i ng :  t he s i gni­
f i cant wave me thod and the wave spec t ra method . Each has i t s va lue , 
depend i ng upon t he preference of  the researchers and the type of  
i nforma t i on requi red . The two met hods are compe t i t i ve and compl ement 
each othe r , and t hey also serve as  cal i bra t i on t echni ques for each 
othe r .  Each method has about 10 vari a t i ons . A short di scus s i on on the 
d i f ferences between them fol l ows , wi th an abs t ract i ncluded on 
each of the varia t i ons . 

The paper also  i ncludes a bri ef  hi s t ory on the vari ous methods of 
wave forecas t i ng used in  the u . s . ( see the l i s t  of references ) ,  up to  
t he present state  of the art , and sec t i ons on hurri cane wave forecas t­
i ng mode l s  and wave spect ra .  I t  ends wi th genera l comment s on wave 
f orecas t i ng models  and on Ekna wi nd dri f t  and wave mass ve loc i ty .  Ice 
foreca s t i ng has not been included . 

Compari son of Wave Foreca s t i ng Techni ques 

The s i gni f i cant wave method is based on a very s imple concep t . I t  
f orecas t s  the pri nc i p l e  paramet ers , that i s ,  the s i gni f i cant wave 
hei ght (Hs ) and ei t he r  the s i gni f i cant wave peri od (Ts ) or the 
modal peri od of the f requency spec t rum , f0

- 1 • The normal uni t form 
of the theore t i cal  spect rum can be used to  est imate  the wave spect rum . 
The normal form of the d i rect i onal spec t rum ,  whi ch i s  f requency depend­
ent , can be used to e st imat e  the complete  di rect i onal spect rum .  

The wave spect rum me thod i s  t he reverse of the s i gni f i cant wave 
metho d ;  t hat  i s ,  i t  pred i c t s  the di rec t i onal spect rum ,  f rom whi ch 
t he one-d imens i onal spect rum and the s i gni f i cant wave are determi ned . 
The s i gni f iyant wave peri od (Ts ) i s  c l osely re lated to  the modal 
period ( f0

- ) of the f requency spec t rum .  

100 
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. In both met hods t he Rayleigh d i s t ribut i on is used to  determi ne t he 
mos t probabl e  maximum wave hei ght . Some foreca s ters prefer to  use the 
Weibul l d i s t ribut i on for wave hei ghts and wave periods . 

Both  met hods a re based on measured wave data for cal i brat i on .  I f 
t he same or s imi lar wave data are used , then bot h  methods should give 
essent i a l l y  t he same resul t s  i n  regard to d i rec t i ona l spec t rum , the 
one-d imens i onal

1
spec t rum ,  t he s i gni f i cant wave hei ght and peri od , and 

the pe ri od ( f0
- ) of maximum energy dens i t y .  

· 

The s i gni f i cant wave met hod i s  eas i e r  t o  use and certai nly less  
expens ive , s i nce t he wave spect rum method requi res a hi ghly sophi st i­
cated computer program. Users should select  the met hod based on t he 
par t i cular purpose for whi ch t he da ta i s  to be used , and the choice  
should be  cos t-e ffec t i ve .  

Both met hods are needed t o  compl ement and serve a s  cal i bra t i on 
t echni ques for each other . 

Both methods i nclude t he ext reme wave cond i t i ons associated wi th 
des i gn cri teria  and day-by-day or opera t i onal wind and wave forecast i ng .  

Other reasons for selec t i ng one concept over the ot her  gene ra l l y  
have to  do wi t h  user preference . 

Brief  Descript i on of Model s  

SMB Wave Foreca s t ing Model ( 1 947 , 1 9 5 1 , 1 9 5 2 , 1 970 ) 

The Sverdru p�unk-Bre t s chnei der , or SMB model , i s  the model used 
by t he u . s . Army Corps of  Engineers Research Center in  i t s Shore 
Protect i on Manual ( 1 973 ) .  Thi s i s  a very useful model , whi ch has been 
cal ibrated by measured North At lant i c  wi nd-f etch-dura t i on wave data . 
I t  i s  i ntended primar i l y  for wi nds of constant speed and d i rec t i on and 
i s  therefore a one-d i rect i on s i gni f i cant wave foreca s t i ng model . The 
forecas t i ng charts re late  s i gni f i cant wave hei ght and peri od to wi nd 
s peed and the equivalent fetch l ength.  However ,  the foreca s t i ng wave 
charts are presented i n  such a manner that graphical i ntegra t i ons a re 
pos s i b l e  to  take into account both wi nd speed and wind di rec t i onal 
variabi l i ty.  Thi s  has led t o  the two-d i rect i onal s i gni f i cant wave fore­
cas t i ng model ,  whi ch has spec i a l  app l i ca t i ons to  hurri cane-genera ted 
waves and is d i scus sed under the sec t i on on hurri cane wave forecas t i ng 
model s .  The three-parameter Bre t schneider  ( 1 959 ) wave spec t ral  formula­
t i on i s  a l so useful . 

Wi lson Model ( 1 965 ) 

The Bas i l  w .  Wi l son model for wave forecas t i ng i s  based essent i a l ly 
on the SMB model , i n  par t i cular i n  the data analys i s .  The hyperbo l i c  
tangent equa t i on of Wi l s on ,  and later the quadra t i c  equa t i ons f o r  wave 
f orecas t i ng ,  are based on addi t i onal wave da ta used for the SMB model . 
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Thi s model uses vari ous t raverses i n  which the wi nd i s  t ime dependent . 
Wave forecasts  and hindcas t s  a re then made for s i gni f i cant wave height 
and pe riod . Sat i sfactory hi ndca s t s  for s i gni f i cant waves have been 
obtained by use of thi s  mode l . 

PNJ Me thod ( 1 965 ) 

The Pi e rson ,  Neumann , James (PNJ ) method of wave forecas t i ng i s  
given i n  USN H . O .  Pub . No 603 , "Prac t i cal Me thods for  Observi ng and 
Foreca s t i ng Ocean Waves by means of wave spect ra and stat i s t i cs . "  The 
wave spect rum used i s  after  Neumann ( 1 949 , 1 9 5 2 , 1 95 3 ) .  Thi s me thod 
has been used extens ively both to  forecast  and hindcas t waves .  

The method was mod i f i ed later  by Baer ( 1 963 ) and cal i brated by use 
of  North At lant i c  wi nd and wave measurement s .  The ori g i nal  computer  
p rogram of Baer ( 1 96 3 ) was mod i f i ed and adapted by  the u . s .  Naval Fleet 
Nume ri ca l  Weathe r  Center (FNWC ) , as d i s cussed be low .  

L .  Baer Mode l  ( 1 962 ) ( "An experiment i n  numeri cal forecast ing of deep 
water  ocean waves , "  Ph . D .  Disserta t i on ,  New York Uni vers i ty ,  Department 
of Me t eorology and Oceanography )  

Thi s  method i s  based o n  the ori g i nal NYU At lant i c  Wave Model , 
whi ch became known as the Icosahedral-Gnomoni c  Wave Spect ral  Model ( the 
I . G .  Wave Model ) ori gina l l y  des i gned by Professor Pi erson .  The 1 96 2  
Baer model was mod i f i ed and later  cal i brated by use o f  North At lant i c  
wi nd and wave data , as de tai led b y  Lockheed Mi s s i l e  and Space Co . in  i t s 
1 9 63 report No . LMSC-80 1 296 . ( Ident i ca l  to  Baer di ssertat i on . ) The Baer  
forecas t i ng model was the bas i s  for the model used  by  the u . s .  Naval Fleet 
Numeri cal Weather Cente r  (FNWC) . 

The FNWC S i ngular Advec t i ve Wi nd Wave /Swe l l  Analys i s  and Forecast  Model  
( F lee t  Nume r i cal  Weat he r  Center , Technical Not e  No . 7 2-3 , July  1 9 7 3 , by 
Schwa rt z , E .  and w .  E .  Hubert ) 

A new wi nd wave / swe l l  analys i s  and pred i c t i on model  has been 
devel oped for opera t i ona l use at  Fleet Numerical  Weather Center , 
Monterey , Ca l i forni a .  Thi s mode l  i s  s i ngular i n  that  i t  t rea t s  onl y 
the predomi nant wi nd , wave , and swe l l  component s ,  but i t  mai nta i ns wave 
cont i nui ty through advect ive propaga t i on .  Wave d i s s i pa t i on is a 
func t i on of the angle between the d i rec t i on of  propaga t i on and the new 
wind di rec t i on .  Prel imi nary ca lcula t i ons involving adve c t i ve 
propagat i on and decay are used as the base for scalar  analys i s  of 
synop t i c  wave he i ght observat i ons f rom shi ps .  Al though the model  i s  
run on a Mercator grid sys t em for a globa l band extend i ng from 40°S 
t o  60°N , values are ext racted for subs t i tut i on into the s tandard FNWC 
polar s t ereographi c  gri d f rom the northern hemi sphere .  No rtherly swe l l  
t ra i ns whi ch ori g i nat e  i n  the Arc t i c  are i nserted into the g l oba l band 
grid  at the northern boundary .  
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The FNWC Hemi spherical  Operat i onal Wave Spec t ral  Mode l  ( Numeri cal )  
(Fleet Nume ri cal Weat he r  Center , Techni ca l Note No . 7 5- 3 , June 1 97 3 ,  
1 03 pp. ) 

The open ocean nume r i ca l  wi nd wave spec t ral  model , devel oped by 
w .  J .  Pi erson , Jr . ,  of C i ty Univers i ty of New Yo rk , has been i n  real 
t ime opera t i onal use at FNWC as Spect ral  Ocean Wave Model  (SOWM) s i nce 
1 97 2 . It computes semi-dai ly  the spectral analys i s  and foreca s t s  to 7 2  
hours for t he Northern Hemi sphere worl dwi de at  points  on a " square" 
grid 5° on a side . 

The wave energy growt h for a given wi nd ve l oci ty at  grid poi nt s  i s  
p red i c ted by the Mi les-Phi l l i ps techni que , a s  l imi ted b y  the Pi erson­
Moskowi t z  ful ly devel oped spectrum for the given wi nd speed and energy 
d i rec t i on by equa t i on derived by Pi erson' s S t e reo Wave Observa t i on 
Project  ( SWOP ) . 

The energy spec t rum at  each grid point i s  represented by a I S­
f requency by 1 2-di recti onal mat rix . 

SOWM has been veri f i ed i n  a t  least t hree cases : November­
Decembe r 1 969 agains t  FLIP measurement s ;  Oc tober 1 97 3 aga i ns t  weather 
ship measurement s ;  and December-January 1 9 7 5  against  wave buoy 
measurement s .  

JONSWAP Model  (Hasselmann , e t  a l . ,  1 9 7 3 ) 

Devel opment of thi s model i s  based on an extens i ve wave measure­
ment program. The Jo int  North Sea Wave Project ( JONSWAP ) i s  important 
for i ts measurement of fetch l imi ted wave growth .  Nume rous papers 
resul ted f rom the projec t , lead i ng to  the JONSWAP spect rum .  Other 
i nve s t i gators have veri f i ed the JONSWAP spec t rum for l imi ted fetch 
l ength  as wel l  as  for l imi ted fetch wi dth , such as  i n  the Taiwan 
Stra i t s  ( see OU , 1 9 77 ) .  

NORSWAM (North Sea Wave Model )  

Thi s mode l  was developed at the Max-Planck Ins t i tute , Hamburg , and 
was used to determi ne long-t erm wave s tat i s t i c s  for the North Sea . The 
wave stat i s t i cs we re determi ned f rom windf i e l d s  for  4 2  seve re s t orms 
dur i ng the 1 0-year peri od f rom 1 966 t o  1 976 . The selected s torms were 
ana l yzed f rom a period 2 4  hours before the onset of the ga l e  to 24 hours 
after  the abatement . The s torms chosen we re representa t i ve of 1 1 3 
vi gorous gales  during the period , preserving the i r  monthl y ,  annual , and 
c lass d i s t ribut i ons . The spect ral  shape of the deve loped wi nd sea 
spect rum can be full y  described i n  terms of f i ve parameters  - based on 
the hei ght and wi dth  of the peak of the spec t rum , the f requency of the 
peak energy , and the Phi l l i ps "Cons tant . "  
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For 1 4  o f  t he s torms , some wave measurements were avai lable and 
were used to prove , adjus t , and cal i bra te the wave model for the North 
S ea envi ronmental cond i t i ons . 

The stat i s t i cal data we re used to predi c t  the probabi l i ty of occur­
rence of ext reme s i gni f i cant wave values ove r a 5-year peri od . 

NORSWAM was j oint ly funded i n  the Uni ted Ki ngdom by t he Department 
of  Energy and Indus t ry ,  the Uni ted Ki ngdom Offshore Operators As soc i a t i on .  
and the Department o f  the Envi ronmen t ' s Hydraul i cs Research Stat i on ,  and 
was carri ed out in coopera t i on wi th  the Ins t i tute of Oceanographi c Sc i ences . 

Two relevant publ i cat i ons are : 
1 )  Ewi ng ,  J . A. , Weane , T .  J .  and B .  A .  Worthington. "A Hindca s t  

Study of  Extreme Wave Cond i t i ons i n  the North Sea . "  Vol . 84 , No . C 9 ,  
PP • 5 7 39-5747 .  Journal of  Geosphys i cal Re search , 1 9 7 9 .  

2 )  Hardi ng , J .  and A .  A .  Bind i ng . "The Spec i f i ca t i ons of Wi nd and 
Pressure Fields  Over t he North Sea and some Areas of the North At lant ic  
During 4 2  Ga les  f rom the  Period 1 966- 1 97 6 . "  Ins t i tute of Oceanographic 
Sci ence , lOS Report 5 5 , 1 9 7 8 . 

Source of the above i nforma t i on comes f rom Offshore Research Focus , 
Department of Energy No . 1 0 , November 1 9 7 8 , I SSN : 0309-4 1 89 ,  publ i s hed 
by CIRIA for the Department of Energy , The Uni ted Ki ngdom . 

WES Wave Foreca s t i ng Model  ( Donald  T .  Res i o )  "An As sessment of  Current 
Met hods For Est ima t i ng Climatologi cal  Sea States"  

T .  Res i o  of  the  U . S .  Army Engineer Waterways Experiment Stat i on (WES) 
has been devel op i ng a computer program for forecast i ng wave spectra on 
a real t ime bas i s . The t heory behi nd thi s mode l  represents the bes t  
components  o f  the vari ous other avai lable model s .  For example , the re 
a re severa l other model s  that are supposed ly good predi ctors for fetch 
but not dura t i on , and severa l  that  are good for dura t i on but not fetch.  
If  t hi s  i s  the case , then the WES model  s hould give t he overa l l  bes t  
predi c t i on i n  wave growth wi t h  respect to both t ime and d i s tance , that 
i s ,  to wi nd dura t i on and fetch d i s tance . 

Thi s  model  seems to  hol d  great promi se  for future efforts i n  wave 
f orecas t i ng and hindca s t i ng .  By proper cal i brat i on o f  the mode l  and 
veri f i ca t i on of wind and wave data , it should represent an advancement 
i n  the s tate  of the art on wave foreca s t i ng and hi ndca s t i ng .  

"An Evalua t i on o f  Two Great Lakes Wave Mode l s , "  by Edward F .  Thompson 
( 1 978 ) 

Two opera t i onal numer ica l  Grea t Lakes wave models  are described in  
deta i l  i n  thi s report and evaluated . One is  a modern spect ral  wave 
model deve loped at the u . s .  Army Engineers Waterways Experiment Sta t i on 
(WES) for hindca s t i ng ext reme hi storic  wave cond i t i ons i n  the Grea t 
Lake s .  The other model i s  a rela t i vely s imple s i gni f i cant wave model  
devel oped at the  Techni ques Development Laborat ory (TDL)  of  the 
Na t i ona l Wea ther Servi ce (NWS ) for providing pred i c t i ons to  aid  loca l 
f orecasters i n  the Grea t  Lakes area . 
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The evaluat i on of t he WES model is based on a compa ri son of wave 
hindcas t s  for ni ne s t orms i n  Lake Erie during fal l 1 9 7 5  wi th  Waverider 
accelerometer buoy measurement s taken near  Cleveland , Ohi o and Eri e , 
Pennsylvani a . Evalua t i on of the TDL model cons i s t s  of a compa ri son of 
f orecasts  duri ng fal l 1 97 5  and fal l  1 9 7 6  with Wave rider buoy measure­
ments a t  the Lake Eri e s i tes and at  three Lake Michi gan s i tes , nea r 
Hol l and and South Haven , Michigan and Michi gan C i t y ,  Indiana . 

When a l l  the data i n  thi s s tudy are combi ned , the WES hi ndcast 
s igni f i cant hei ghts for spec i f i c  t imes are genera l l y  wi thin 0 . 5  meter 
( 1 . 6 feet of gage s i gni f i cant hei ght s ) , but occa s i onal d i f ferences of 
over 1 meter  ( 3 . 3  feet ) are observed . The WES peak spect ra l  periods 
for high wave condi t i ons have a s l i ght tendency to  be shorter t han gage 
peak spect ral  peri ods . The hindcasts , espec i a l l y  hindcast  spect ra l  
shapes , tend to be more accurate  f o r  s i tuat i ons whe re fetches are 
reasonabl y  wel l-d ef i ned than for s i tua t i ons where fetches are poorly 
defi ned and highly variable ,  wi t h  s l i ght changes in wind d i recti on .  
The d i fference may be sys temat i c .  

TDL-forecast  s i gni f i cant he i ghts have a s t rong tendency t o  be 
h igher than gage s i gni f i cant he i ght s , a l t hough there may be a reverse 
tendency duri ng very hi gh wave cond i t i ons . TDL-forecas t s i gni f i cant 
periods  are re latively unbi ased but less  va riable than gage peak 
spec tral  peri ods . (Abs t racted di rect l y  f rom the report referenced 
above . ) 
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HURRICANE WAVE FORECASTING AND HINDCASTING MODELS 

Early Work on Hurri cane Wave Pred i c t i ons 

The art of wave foreca s t i ng as f i rs t  i nt roduced duri ng World War II , and 
a report t racing i t s  deve l opment was presented by Sverd rup and Munk i n 
1 97 4 . In 1 944 , Franci s ,  Jr . presented a me thod for foreca s t i ng waves 
generated by t ropi cal s torms . (Report i s  out of  pri nt . )  Otherwi se , 
s tanda rd wave forecast i ng t echni ques ba sed on cons tant wi nd speed and 
d i rect i on were adapted to the variable wi nd speed and d i rect i on for  
hurri canes . The fol l owing hurri cane wave model s have been deve l oped . 

The Bre t s chneider  ( 1 959 ) Model 

Thi s  was devel oped as  a very s imple  and useful formula for determin­
i ng the maximum val ues of t he s i gni f i cant wave hei ght and pe ri od , whi c h  
were re lated to the hurri cane pa ramet ers R , o r  rad ius of maximum wi nd ; 
6 P ,  or cent ral pressure reduct i on f rom norma l ;  and V ,  the forward speed 
of the hurri cane . The formulae were based on l a t i tude � • 35° , and 
suggested correct i ons were given for a lat i tude of 2 5° . In 1 9 58 
Bre t schne i der presented a general i zed ' graph whi ch could be used to  
estimate t he hurri cane wave field  for a s l owl y movi ng hurri cane , of the 
type that occurs i n  the Gul f of Mex i co . Thi s was a s i ngl e d i rec t i on 
model  t hat  was used qui te  extens i ve l y ,  but i t  has now been replaced 
wi t h  a more accurate  two-d i rec t i on variable wi nd model .  

The Two-Di rec t i on S i gni f i cant Wave Foreca s t i ng Model  ( Bret schneider , 1972 ) 

Thi s mode l  represent s the vector sum of two one-d imens i ona l 
( vari abl e wi nd ) s i gni f i cant wave forecast i ng mode l s .  It  i s  not a 
d i rect i onal wave spect rum foreca s t i ng model . Thi s model has been 
ca l i brated by use of North . At l ant i c  wave data , and i t  was appl i ed to  
t he u . s .  Wea ther Service hurri cane wind mode l  to  obtain a hurri cane 
wave f i eld mode l .  Thi s was appl i ed to Hurri cane Cami l l e  ( 1 969 ) ,  and 
very good veri f i ca t i on was achi eved . 

There was an error i n  t he scale  of the map for She l l  Oil  Company' s 
Ocean Da ta Ga thering Program ( ODGP ) l oca t i on s ta t i ons . Thi s error was 
corrected and reported by Bretschneider ( 1 978 ) ,  and t he revi s i on wa s 
made for veri f i ca t i on of Hurri cane Cami l l e , 1969 . As a resul t of t hi s 
corrected scale , the re was found to  be a far be t ter corre l a t i on be tween 
t he predi cted s i gni f i cant wave hei ghts and the measured s i gni f i cant 
wave hei ght s .  The hurri cane wave model had previ ous l y  been appl i ed t o  
a l l  of the U . S .  Weather Service s tandard project and probabl e maximum 
hurri canes for the Gul f of Mexi co and the U . S .  East Coas t ,  and the 
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co rrespond i ng va lues of the s i gni f i cant wave hei ght and pe r i od we re 
gi ven i n  tabl es by Bre t s chne i d e r  ( 1 97 2b ) .  The two-d i rect i on s i g­
n i f i cant wave foreca s t i ng mode l  can eas i l y  be appl i ed t o  ext ra-t rop i ca l  
s t o rm s ; t he tw o-pa rame t e r  wave spe c t rum of Bre t s chne i d e r  ( 1 9 5 9 ) can b e  
appl i ed t o  t he s i gni f i cant wave he i ght and peri od t o  obt a i n  t he corre s­
pond i ng wave s pe c t rum  for nea r or ful l y  deve l oped seas . In case o f  
hurri cane s , t he t hree-parame t e r  wave spec t rum , whi ch i nc ludes  t he 
correlat i on coeffic i ent be tween wave hei ght and wave l engt h  ( wave 
peri od squared ) ,  can be used to  est ima t e  t he wave spect rum for young 
s teep sea wave s , i nclud i ng hurri cane gene rated waves . 

The two-d i rec t i on s i gni f i cant wave foreca s t i ng mode l  can be put on 
a s impl e  compute r , and the computer cost i s  markedly less  t han t he cos t 
o f  beg i nn i ng wi t h  t he wave spec t ral mode l  approach. 

The Cardone , Pi e rson , and Ward Me t hod ( 1 9 7 5 ) 

These researche rs deve l oped a me t hod for h i ndca s t i ng t he d i re c t i onal 
spect ra of hurri cane gene rated wave s .  Thi s me t hod used hurri cane wi nd 
and wave dat a , primari l y  from Hurri cane Cami l l e ( 1 95 9 ) ,  a l ong wi t h  norma l  
wind and wave data . These data we re obtained from t he Ocean Da ta Gathe r­
i ng Pr ogram (ODGP )  for t he Gul f of Mex i co . A hurri cane wind and wave 
model was devel oped and ca l i bra t ed by use of t he dat a .  The s o-ca l l ed 
Pi erson-Moskowi t z  ( 1 964 ) wave sp�r. t rum was used t oge t her wi t h  t he d i rec­
t i ona l i ty as governed by t he cos � law. The Pierson-Moskowi t z  
wave spec t rum is  a spec i a l  form of t he two-p arame t e r  Bre t s chne i de r  
( 1 9 5 9 ) wave spec t rum f o r  a ful l y deve l oped sea . Nor t h  At l ant i c  wi nd 
a nd wave spect ra data we re used to ca l i brate the ful ly  devel oped sea 
pa rameters , us i ng the measured and /�r ad justed wi nd speed to t he 1 9 . 5  
met e r  ( 60 f oot ) e l eva t i on .  The cos e l aw o f  spreadi ng was derived 
f rom mea sured spec t ra f rom Pro j e c t  SWOP ( Cot e , et  al . 1 9 60 ) .  

Fai rl y  good veri f i ca t i on was obta i ned be tween the
1

measured s i g­
ni f i cant wave hei ght , Hs and t he mod e l  wave pe r i od f 0- and t ha t  
p red i cted by t he mode l  t ha t  was ca l i brated f rom t he same data t o  be 
pred i c ted . The wave s pe c t ra compari son i nd i ca t ed tha t  the measured 
wave s pec t ra was na rrower and more peaked a s compared wi th the 
Pi e rso n-Moskowi t z wave spec t rum ( t he same i s  t rue for the 1 9 5 9  two­
parame t e r  Bre t schne i der wave spect rum) . There i s  no ve ri f i cat i on of 
t he di re c t i ona l spect rum because i t  was not measured and could not be 
det! rmi ned f rom t he measured data . It  is que s t i onable whether  t he 
cos 8 l aw appl i es f o r  hurri canes . ( See Sec t i on 2 . 2 . 4  on Di rec t i onal 
Wave Spec t ra . )  The re i s  need for d i rec t i onal wave spect ra data  und e r  
s t rong cyc l oni c s t o rms such as t ropi ca l  cycl ones . 

The Ij ima ,  et a l . Mode l  ( 1 968 ) 

Ij ima and hi s col l eagues proposed a f o rmula f o r  hurri cane wave 
f i elds , includ i ng t he maximum va lues for s i gni f i cant waves . They used 
t he same model hurri cane wave f i e l d  equa t i on t ha t  was used by 
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Bre t schne i der ( 1 9 7 2 ) .  However , to obtain the appropriate 1 D-meter  
level wi nd speed used i n  the wave forecas t i ng relati onshi ps , they used 
a reduc t i on coe f f i c i ent of 0 . 6  i ns t ead of  0 . 8 65 ,  as  recommended by the 
u . s .  Wea ther Servi ce ( 0 . 88 5  for Zone B Gul f  of Mexi co ) .  The procedures 
of  the I j ima team for calcul a t i ng the wave he i ghts and wave per i ods  
a l s o  di ffer  from t hat used by Bretschne i de r ; the team fi rs t  used t he 
wave foreca s t i ng relat i onshi ps given by Wi l son ( 1 955 ) ,  but t here i s  no 
argument here for the select i on of one wave forecas t i ng formula ove r 
any othe r .  The real di ffe rence i n  the me thod i s  that I j ima and hi s 
col l eagues made the i r cal cul ati ons along a s t ream l i ne ,  as sumi ng that 
t he predomi nant waves change d i rect i on as  the wi nds change d i rect i on . 

The Manabe ( 1 966 ) and Manabe and Kawakat su ( 1 968 ) Model 

Thi s represents a very s imple  me t hod for obtai ning hurri cane wave 
f i elds , based on a model  hurri cane i n  t he labora tory as we l l  as on 
f ield observa t i ons . The resul ts  relate maximum s i gni f i cant wave 
hei ght as a funct i on of t he square of the maximum sus tained wi nd speed , 
and the maximum s i gni f i cant wave period as  a func t i on of the maximum 
sus tained wind speed . They t hen give a l i near rel a t i onship for wave 
hei ght and wi nd speed a t  one part of t he s torm between wave hei ght and 
wi nd speed at some othe r  part of t he s torm. 

Duncan Ross , a s impl i f i ed model  for foreca s t i ng hurri cane-gene rated 
wind waves . ( Bull e t i n  Ameri can Me teorologi ca l Soc i e ty , January 1 97 6 ,  
P • 1 1 3 . )  

Us i ng this  s impl i f i ed model  for forecast�ng hurri cane-gene rated 
wind wave s , observa t i ons of surface wi nd fi elds  and wave spect ra in 
Pac i f i c  Hurri cane Ava were obtained from an ai rcraft . Surface wi nds 
were determined from 30-s econd averages of 1 50 and 300D-meter  f l i ght 
al t i tude observed winds , computed by an i nert i a l  navi gat i on sys tem and 
reduced to t he equi va l ent 1 D-meter surface wind , as sumi ng a logari t hmi c 
profi le he ld to an al t i tude of 1 50 me ters near the eye wal l  and t o  500 
meters at regi ons greater t han 80 km from the eye . Whi le  a peak one­
second gus t of 68 m/ s was obse rved during pene t rat i on of the eye wal l  at  
a f l i ght a l t i tude of  3 000 meters , the above t rea tment resul ted i n  a 
maximum 1 0  me ter equivalent (U1 o > of 45  m/ s .  

Observa t i ons o f  wave profi les  were obtained by means o f  a laser 
a l t imeter and used for cal cula t i on of on e-dimens i onal wave spec t ra .  A 
remarkable feature of the spec t ra i s  the s teepness  of  the forwa rd face , 
whi ch compared we l l  wi t h  spect ra obtained from other  high wi nd fetc h­
l imi ted s tudi es and the JONSWAP spect ra l  form, i nd i ca t i ng that  t he wave 
f i el d  mi ght be determined largely by t he local wi nd and equiva lent 
fetch.  Thus encouraged , a data set f rom Hurri cane Cami l l e  and t he Ava 
data we re combined and t he total energy,  E ,  and peak f requency , fm , 
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were non-d imens i onal i zed i n  the JONSWAP manne r and plot ted against  t he 
s imi larly non-d imens i onal i zed rad i a l  d i s tance f rom the eye , R ,  whi ch i s  
proport i ona l t o  equival ent fetch.  A power law f i t  t o  t he data yi elded ... 

- 4 - 0 26 � -0 25 • E = 1 . 0 x 1 0  ( R ) • and fm = 1 . 6 ( R ) • • The da ta scat ter 
about the bes t- f i t  l ine in a manner which indicates quadrant ef fects 
were ef fec tively parame t erized . 

· 

The a i rcra f t  experiment i s  descri bed i n  the report , and t he model 
i s  tes ted against  a set of  measurements obtai ned in a subsequent a i r­
cra f t  f l i ght i nto  At lant i c  Hurri cane E l oi se .  (Abs t racted d i rec t l y  from 
t he Rul le t i n  of the Ameri can Me teorol og i cal Soc i e ty ,  Janua ry 1976 . )  
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DIRECTIONAL WAVE SPECTRUM 

Exper i ment s and Laws 

P r o j e c t  SWOP Di rec t i ona l Spe c t ra ( C ha s e , e t  a l . ,  1957 ) 

The f i r s t  great exper i ment i n  t he ocean on d i rec t i ona l wave spec t ra was 
t he phot ographi c S t e re o  Wave Obs e rva t i on Pro j ec t , known as P r o j e c t  
SWOP , f rom whi ch t he c os 2s 8 l aw evo l ved , l i mi t ed t o  t he s p read i ng 
range of - � < e < �· The exponent , s ,  i s  f requency dependent , but i t  
has been co�on pra c t i ce t o  use s • 1 when applyi ng t hi s  l aw ,  i n  whi ch 
case 3 / 4  of t he wave ene rgy i s  r e s o l ved i n  t he prima ry wave d i rect i on 
and 1 /4 resolved a t  ri ght angl e s , 1 / 8 t o  t he l e f t  and 1 / 8 t o  t he ri ght . 
I n  t he ca se of swel l ,  s - 4 has been used , whi ch g i ves 9 / 1 0  o f  t he wave 
ene rgy resolved i n  t he prima ry wave d i rect i on and 1 / 2 0  t o  t he r i ght and 
1 / 20 t o  t he l e f t . 

NIO Di rec t i ona l Wave S pec t ra ( Longue t-H i gg i ns , e t  a l . ,  1 963 ) 

The second grea t expe riment i n  t he ocean wa s mad� u� i ng t he buoy­
acce l e rome t e r  t e c hn i que . Thi s pro j �c t  �ed t o  the co s s · re  law, 
l imi t ed t o  t he spread i ng ra nge - � < 8 < � ,  whe re s • 1 t o  4 a nd i s  
f requency dependent , not exa c t l y  t he same s a s  f o r  t he SWOP spec t rum .  
F o r  s • 1 ,  f o r  t he NIO spect rum , 1 / 2 t he wave ene rgy i s  re s olved i n  t he 
prima ry wave d i re c t i on and and 1 / 4 t o  t he r i ght and 1 / 4 t o  t he l e f t .  
The ene rgy re solved i n  t he prima r y  d i rec t i on i nc reases wi t h  i ncrease o f  s .  

The ma i n  d i f f e rence be tween the SWOP and NIO ca l cul a t i ons has t o  
d o  wi t h  t he l imi t s  of ene rgy spread i ng .  A s  poi nted o u t  b y  Longue t­
Hi ggi ns , e t  al . ( 1 9 63 ) ,  s t e reo pho t ographi c wave obs e rva t i ons do not 
g i ve wave d i rec t i on but onl y  a l i gnment o f  the wave c res t s .  For 
exampl e ,  t he re is no way t o  d i s t i ngui s h  d i rec t i on be tween wave s from the 
n o r t h  and t he s ou t h  because the a l i gnmen t  wou l d  be eas t-wes t i n  bot h  cases . 
The buo y-acce l e rome t e r  expe riment does make such a d i s t i nc t i on ,  and 
t hus p rovi des d i rec t i ons whi c h  are t rue . The measurement s of Longue t-
Hi ggi ns s how t ha t  t�e r� we re waves t rave l i ng oppos i t e t o  the wi nd 
d i re c t i on .  The cos s -8 l aw does not i nc l ude wave s goi ng oppos i t e t o  
wi nd d i rec t i on .  

2 

We i bul l Di s t r i but i on Di rec t i ona l Wave S pe c t rum ( Ou , e t  a l . ,  1 97 7 )  

Ba sed on t he data o f  Longue t-Hi ggi ns ( 1 963 ) ,  a n  a t t emp t wa s made by 
Ou , e t  a l . ( 1 974 ) and Ou ( 1 977 ) t o  i mprove t he d i rec t i ona l s p readi ng 
func t i on . Thi s was done by a s sumi ng t ha t  t he d i rec t i ona l d i s t ri bu t i on 
o f  wave ene rgy could be represented by a form of t he We i bul l d i s t r i bu­
t i on func t i on .  The da t a  of Longue t-Hi ggi ns was reana l yzed to d e t e rmi ne 

1 10 
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1 1 1  

the parameter of the Wei bul l d i s t ri but i on func t i on ,  re la t i ng s to  a 
non-dimens i ona l frequency.  Thi s i s  an improvement in that a l l owance i s  
made for waves t rave l i ng oppos i te t o  the wi nd di rec t i on a s  observed i n  
the NIO wave spect ra . Howeve r ,  t he me thod i s  not as  pract i cal  as  us i ng 
t he analyt i cal  expressions of the SWOP cos2 s  S and NIO - c05 2S  iS  

2s 1 laws . I t  would a�cear that the NIO - cos ie law is mo re accurate 
than the SOWP cos 8 law , al though the cos 2� law is more practical . 

I t would appear that t he NIO - cos2s te l aw i s  more accura t e  than 
the SOWP cos 2S e law ,  al though the cos 28 e law i s  more prac t i cal . 
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1 1 2  

COMMENTS ON WAVE FORECASTING MODELS 

The vari ous foreca s t i ng mode l s  have been br i efly  descri bed , but cert a i n  
comment s are i n  order .  The work of Res i o  ( 1 979 ) us i ng t he resul t s  of  
Hasselman ( 1 97 6 )  has recent ly  advanced t he s tate of the art . Of par t­
i cular s i gni f i cance i s  the fac t that Res i o  appears to  have es tabl i s hed 
the proper re lati onshi p ,  at  leas t in pa rt , for the genera t i on of waves as  
a func t i on of t ime . Whereas t he previ ous s i gni f i cant wave methods of 
Sverdru p�unk-Bre t s chne i der , Wi lson ,  and others used t he s o-ca l led s i g­
n i f i cant wave peri od t ime rate  of growth as  the parameter for wave 
genera t i on ,  Res i o  uses the modal period of the frequency spect rum ,  that 
i s ,  the peri od assoc ia t ed wi t h  maximum ene rgy. The non-d imens i onal 
moda l  wave peri od ( f0- 1 ) det e rmi ned by Hasselman ( 1 9 7 6 )  has the 
fol l owi ng form 

f - 1 g 0 
211'U 

[ �0 . 33 
. L  .!IE 

711' l7 

and i s  t hus related to approximately the 1 / 3 power of the fetch 
parame t e r .  

The s i gni f i cant wave peri od re la t i onshi p gi ven b y  Bre t schneider 
( 1 9 7 0 )  i s  re lated to the 1 / 4 power of the fetch  pa rame t e r , and that  
given by Wi l son ( 1 965 ) to  the  1 / 3  power of the fetch parame t e r .  

Thus , there i s  convinc i ng evi dence that  the wave peri od growth a s  
a func t i on of fetch d i s tance i s  re lated to  the 1 / 3  power of the f e t c h  
parameter , and t hat  i t s i ntegra t i on wi th  re spect to  t ime gives the 
proper growth ra te for wave he i ght , peri od , and the peak of the 
s pect rum max S ( fo )  = sm X . 

However ,  t he f ormufa t i on of Res i o  i s  not ye t qui te complet e , s i nce 
i t  does not have an upper t rans i t i on for la rge fetch paramet ers whe re 
further i ncrease in fetch l ength and t ime wi l l  resul t in no furt he r  
i ncrease i n  wave he i ght and peri od . The or i gina l  formula t i on of 
Sverdru p�unk-Bre t schne i der , Wi l son ,  and others have such a t rans i t i on 
wi t h  an upper l imi t .  

Recent analys i s  of hurri cane wave data for the upper l imi t shows 
t ha t  the complete formula for the genera t i on of the modal wave peri od 
i s  given by : 
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� l /3 !  
gf - l  gf 2:0 a 2. 0 tanh • 0235 [-::1] . 024 ) u 

whi ch reduces almos t exact l y  to  the express ion used by Res i o  ove r t he 
limi ted range of data given by Has selman . A formula such as the one 
above can be used in the Res t o  model , and we can forget ent i rely  about 
the s l gnl f l cant wave peri od concept , except for those who s t i l l  choose 
to use i t .  There is not too much d i f ference be tween the s i gni f i cant 
wave period and the model peri od for many pract i cal  appl i cati ons . 

The wave hei ght of IE growth parameter of Res t o  vari es as t he s qua re 
root of t he fetch pa rameter , and except for the cons tant determi ned by 
Hasselman , i s  exactly t he same as t ha t  given by Bre t schne i der  ( 1 959 ) 
for high wi nd speeds and short fetches  used i n  t he f i rs t  hurri cane wave 
f oreca s t i ng model .  However ,  for the general re lati onshi p ,  
Bre tschne i der ( 1 97 0 )  changed t he exponent from 1 / 2 t o  5 / 1 2  i n  order to  
obtai n  a bet ter f i t  over t he ent i re range of da ta , f rom the l ow-t o­
moderate  fetch pa rameter  through t he t rans i t i on zone to  large fetch 
parameters . 

The Res t o  model does not have an upper t rans i t i on zone , but i s  l im­
i ted at  a cut-o ff , wi t h  the sl ope of 1 / 2  for the wave hei ght - fetch para­
meter re l a t i ons . However ,  t he Res i o  model can be modi f i ed for t he uppe r 
l imi ts  i n  a manne r simi lar to  that  used by Sverdrup-Munk-Bretschneider , 
Wi l s on ,  and o t hers , wherein Res t o ' s rel a t i ons hi p woul d become : 

and for hi gh wind speeds and short fetches (JONSWAP data of Hasselman 
express i on)  

where A B  • 1 . 27 x 1 0-3 , as given by  Hasselman , and only the upper 
l imi t coeffi cient KA needs to be determined and is some thi ng l i ke 
KA • . 2 1 ,  . 2 6 ,  . 2 8 , . 3 0 ,  as reported i n  the l i tera ture . 

Fina l ly , one of the important parameters whi ch has not yet been 
given much cons i derat i on i nsofar as  wave genera t i on is concerned is the 
peak energy of t he frequency spect rum , Smax or Bmax• It  can be 
shown by use of the Bucki ngham t heory and dimens i ona l ana l ys i s  t hat  the 
fol lowing func t i ona l re lat i onshi p exi s t s : 
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Whe re Sma� i s  t he maximum and has t he dimens i ons of (t2T) or 
M2 sec ( f t 's ec ) . For the two-paramet e r  wave spect rum , the formula i s : 

S ( f ) • 
5 e·5/4 H 2 f - 1 

0 lJ s 0 

For short fetches and hi gh wind speeds , t here i s  an ampl i f i ca t i on 
fact or , say GF • such t ha t  t he above express i on can be wri t ten as  

• G [ 5 e-5/4 H 2 f - 1 ] 
F 16 s o 

and i n  func t i ona l form 

where 

gf o 
- 1 

[gF e_l
c 

2wU • X3 TJ 
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I n  the above expres s i on Fe i s  known as t h e  equi va l ent fetch , o r  
mi nimum fetch a s  l imi ted b y  t he wi nd dura t i on .  

Present ana l ys i s  o f  a l imi t ed amount o f  da ta for h i gh wind speeds 
and short fet ches seem to i nd i cate  t ha t  a+2b+c • 1 . 0X 1 / 1 2 , but passes 
t hrough a t rans i t i on and reaches an uppe r l i mi t  of GF • 1 .  The 
JONSWAP data of Hasselman ( 1 97 6 ) hi gh wi nd speeds and short fet ches 
used GF X 1 . 4 to 1 . 4 5  a nd greater . Thus , r� decreases  s l owl y from 
low fetch parame t e rs t o  high fetch  pa rameters , having a s l ope re l at i on­
s hi p  of about - 1 / 6  t o  - 1 / 1 2  wi th respect to  t he fetch pa rame t e r , depend­
i ng upon what express i ons are used for t he wave hei ght and peri od 
parameters . 

Therefore , i t  i s  recommended t ha t  i n  further wave spec t ra data col­
l ect i on and ana l ys i s , determi na t i on be made for 

as  wel l  as  

gH1 '3 • "  K • [.sf. ' .911 
u 1 3 U2 u J 

The shape fact or , Gs , such as i n  t he Has selman JONSWAP spec t-
rum or t he Bre t schneider  ( 1 959 ) three-p arame ter  wave s pec t rum , can be 
obt a i ned by curve f i t t i ng ,  us i ng the above re lat i onship  and t he fact 
t ha t  t he a rea under t he spect rum i s  given by 

CID 

E • I S ( f ) df 
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COMMENTS ON EKMAN WIND DRIFT AND WAVE MASS TRANSPORT VELOCITY 

I t  seems wor t hwhi l e  to make a few comments on wi nd dri f t  current and 
mas s  t ransport vel oci ty , s i nce many users in t he pas t  have added wi nd 
dri f t  current to orbi tal ve l oc i t i es to obt a i n  the ne t horizontal 
part i c l e  ve loci t i e s  for calcul a t i ng wave forces . I t  is  tota l ly wrong 
to add the wi nd dri f t  current in thi s manner ,  because the mas s  t ran s­
port vel oci ty i s  a l ready i nc l uded i n  t he wi nd dri f t  ve l oci t y ,  or vi ce 
versa , by t he ve ry na ture of current measurements and the determi na­
t i on t here f rom of the wind s t re s s  d rag coe f f i ci ent s . Such a procedure 
would  t hus be l i ke add i ng mas s  t ransport ve l oc i ty a second time . Thi s  
i s  further  compl i ca t ed b y  t he fact t hat  measured current vel oc i t i es 
a l s o  i nc lude component s that are due t o  t i da l  and geos t rophi c f l ows . 

The probl em a ri ses  f rom t he fact  t ha t  t he d rag coe f f i c i ent  of  wi nd 
on wa ter  as reported i n  t he l i t e rature has been determi ned f rom d i rec t  
measurement s , wi thout taki ng i nt o  account t he wave mas s  t ransport 
ve l oc i t y .  The refore , any t heory t hus far devel oped t o  cal cul a t e  s t orm­
genera ted currents  tha t  does not t ake i nto account wave mas s  t ransport 
vel oc i ty s houl d  be used wi th  caut i on .  One pos s i bl e  way to  g e t  around 
t hi s  i s  to cal cula te  t he mas s  t ransport ve loci ty for the wave spect rum 
and subt rac t  thi s ve loci ty f rom t ha t  component i n  t he wi nd d i rect i o n  
p red i c t ed by use of the avai lable wi nd current formulas . Thi s  ne t 
vel oc i ty would  t hen be coupled wi t h  the wave orbi tal ve l oc i t i es 
cal cul a t ed by hi gher  order wave theory . 

An al terna t i ve i s  t o  s tart f rom the begi nni ng wi t h  the wave ma s s  
t ransport included i n  t he equa t i ons . Thi s was done by 
Korvi n-Kroukovsky ( 1 9 7 2 ) ,  who found t ha t  pure wi nd dri f t  was i ns i gni f i­
c ant , but thi s was onl y for deep wa t e r  cond i t i ons . 

The problem for s ha l l ow wa t e r  i s  far more complex , and cons i de r­
ably more theory and measurement wi l l  b e  necessary bef ore a sui table 
pred i c t i on formula can be deve l oped . I t  s eems t ha t  Forri s ta l  ( 1 974 ) 
would  have had the ri ght approach i f  he had i nc l uded wave mas s  
t ransport ve l oc i ty f o r  s ha l l ow wat e r , s i mi l a r  t o  Korvi n-Kroukovsky' s 
a pproach for deep wa ter . The ai r d rag coe f f i c i ent on t he wa ter  surface 
needs a much be t t e r  d e f i n i t i on t han is found in t he l i t era ture . How 
much of t he current i s  pure dri f t  due t o  d rag , how much due to wave 
mas s  t ransport , how much due to t i da l  f l ow and geos t rophi c f l ow?  I f  
a l l  o f  the curren t s  coexi s t  i n  t he measurement s , t hen wha t i s  the mean­
i ng of t he d rag coef f i ci ent i n  t e rms of wi nd speed?  The Von Ka rman 
wind prof i l e  and z0 mea surement s  would be a be t ter way of determi n i ng 
the drag coe f f i c i ent i ns t ead of  us i ng measured current s .  
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BACKGROUND PAPER I I I  

HOST RECENT DEVELOPMENTS ON WIND AND WAVE FORECASTING 

Marine Surface Windfi eld Analys i s  in S t orms 
By Vi ncent Cardone 

Int roduct i on 

The need to descri be accurately the t emporal and spatial  d i s t ri but i on 
of  t he surface wind over the sea ari ses both in the cal i bra t i on of hi nd­
eas t  mode l s  desi gned to simulate envi ronmental  factors associated wi t h  
s torm cond i t i ons and i n  the appl i ca t i on o f  the models  t o  l ong meteor­
ological series t o  provide a data base of envi ronmental  ext remes for 
s ta t i s t i ca l  evalua t i on .  Speci f i cat i on o f  the mos t  accurate  windfield  
descript i on possible  i s  e special ly  cruc i a l  i n  the cal i brat i on studies . 
There i t  i s  important to  i solate errors i n  predi ct i ons of envi ronmental 
fac t ors (waves , current s ,  surge , etc . )  whi ch are model-re lated ( physics , 
numeri cs )  from those int roduced by def i c i enci es in the i nput wind f i e l d s . 
Of course accurate wi nd f i e l d  speci f i ca t i on i s  desi red in long-term 
hi s t ori ca l  simulat i ons , though the spars i ty of h i s t orical me teorologica l  
data places an upper boundary o n  a t t a i nable  accuracy . I n  l i eu of  h i g h  
accuracy , i t  i s  important t o  determine the error s t ruc ture i nherent i n  
hi s t ori cal wi nd f ield  descri pt i ons and the impact o f  those errors on the 
accuracy and rel i abi l i ty of envi ronmental  data generated by the hindeast  
model .  

Met hods of Wind f i e l d  Analys i s  

The re are t hree basi c  techniques avai lable  for spec i f i ca t i on of 
mari ne wi ndfields : ( 1 )  use of wind model s  or parame t ri c  representat i ons ; 
( 2 )  objective compute r-based analys i s  of me teorologi ca l  dat a ;  and 
( 3 )  manual synopt i c  ana l ys i s . The method of choi ce i n  a given appli ca­
t i on depends upon several factors ; these include the class of me teo r­
ological syst em under cons idera t i on and the type and quant i ty of bas i c  
meteorologi cal data and the t ime and resources that a r e  avai lable . 

Wi nd Model s  and Pa rame t r i c  Representat i ons 

These met hods have been rather success ful ly  app l i ed in t he spec i f i­
cat i on of the surface wind in t ropical cyclones , whi ch compromi se a very 

11 7 
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spec ial c lass o f  storm. In mos t  s chemes , the surface windf ield is 
specif ied from a small  number of  parameters which describe the s torm 
mot ion , size , and intens ity . Ea r lier methods were based upon s imp le 
empirical mode ls , but recent ly numer ical dynamic mode ls have been shown 
to provide accurat e  cyc lone windf ie lds when initialized through 
parametric rep resentat ions of the s torm p resure f ield . A s ignif icant 
new development has been the proliferat ion of accurate near-surface 
wind data in severe hurricanes . That data , availab le as a result of 
government buoy and aircraf t-based p rograms and indus try-sponsored 
offshore p latform-based measurement p rograms , has al lowed precise 
calibrat ion of hurricane wind models in terms of a meaningful measure 
of the surface wind , name ly ,  the t ime-averaged anemometer leve l wind . 
Further , recent s tudies have shown that for the u . s .  Gu lf coas t , the 
convent ional meteorological data availab le for mos t hurricanes of this 
century are suf f icient to uti lize the wind mode ls for historical  
hindcas t s tudies . 

Parametric representat ions have not been especially helpful in 
describ ing extratropical  wind systems . For such sys tems , the obj ective 
or  manual methods are required. 

Obj ect ive Analys is 

Obj ec t ive analys is methods were developed in the 1 960s to satisfy 
the need for fas t p roduct ion , in real t ime , of f ie lds of  meteorological 
variab les on grids for use in numerical  weather forecas t models . 
Obj ective analysis schemes for marine surface wind usually include a 
procedure for the specif icat ion of the sea level pressure f ield on a 
regular grid , enab ling calculat ion of a windf ield by the use of a 
t rans formation relat ing the surface wind to the local pressure gradient ; 
tests to automatically screen a body of wind reports from ships to elimi­
nate highly discrepant and presumab ly erroneous wind reports ; and a 
method for b lending the p ressure-derived winds and the ship wind reports . 
The accuracy of obj ect ive methods depends critically upon the accuracy 
of under lying pressure f ields and the amount of ship data availab le for 
use in a given analys is . Sys tematic errors can be minimized if recent 
theoretical and experimental results on the wind /p ressure transforma­
t ions are utilized and if ship wind reports are ass imilated in a manner 
which t reats accordingly the various types of wind observations made 
f rom ships . Obj ect ive methods require that marine pressure f ie lds and 
ship data be in machine-readab le form. This limits the ready app lica­
t ion of the method to the las t decade or s o ,  s ince gridded sea level 
p ressure f ields (6-hourly , Northern Hemispher e) have been archived on 
magnetic tape s ince 1 966.  There is also a considerable amount of ship 
data which is not in machine-readab le form. 

Another type of obj ective analysis method is available for 
enc losed or semi-enc losed bodies of water surrounded by convent ional 
land-based weather observing s tat ions at which his torical wind data 
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series are availab le . The method involves the transformat ion of the 
synoptic wind data from coas tal windf ield s tat ions to equivalent over­
water winds , and the synthes is of an over-water windf ield direct ly from 
the transformed winds . Recent experimental programs over the Great 
Lakes have p rovided reliab le transformations , at leas t for measurement 
s ites situated s imilarly . Transformed wind data  are also useful to 
validate cyclone windfields produced from parametric models and as an 
auxilary data source for the manual synopt ic analys is methods . 

Manual Synopt ic Analysis 

The third method availab le for surface wind analys is is the 
c lass ical subj ective synthesis of discrete  meteorological observat ions 
into a continuous field. Experienced ,  skilled analys ts  can produce 
accurate marine windf ields by th is technique , though it is more t ime­
consuming than computer-based methods . However ,  manuscript analys is 
has certain advantages for his torical storm windf ie ld def init ion over 
other methods :  ( 1 )  unrepresentative or er roneous ship reports can be 
screened more effective ly ; ( 2 )  ship data not at nominal synop tic hours 
can be incorporated into the analys is ; (3 )  marine and t rans formed 
coas tal wind data can be uti lized whether or not the data are available 
in machine-readab le form ;  and (4 ) by impos ing cont inuity cons iderat ions , 
an ent ire sequence of wind analyses at discrete t imes in a speci f ic 
storm can be  assemb led into a credib le three-dimens ional series . This 
capacity for space-t ime analys is has never been effective ly imp lemented 
in obj ect ive schemes . 

Histo rical Surface Mar ine Meteorological Da ta 

All of the methods availab le for marine windfield const ruction 
rely direct ly or indirect ly on the his tor ical data base of ship reports . 

Desp ite the efforts of nat ional meteorological and climatic 
centers in the u . s. and abroad , despite the genuine int eres t taken by 
the World Meterologica l Organizat ion (WMO) in marine weather data , no 
comprehens ive f i le of historical surface marine observations exists 
today . 

Perhaps the mos t extens ive s ingle archive of ship reports is the 
Marine Deck , compiled and updated at the Nat iona l Climat ic Center (NCC) 
of the Na tional Oceanic and Atmospheric Administration (NOAA) . Th is 
"deck , "  actually about 500 magnetic tapes , contains abou t 4 5  million 
ship reports f rom the period 1 85 4  t o  1 9 72 , sorted by 1 0° lat itude/ 
longitude (Marsden) squares . The Marine Deck results f rom merging 
punched decks of ship reports produced in this country and several 
foreign centers (mainly Germany , Great Britain , Japan , Nether lands , 
Norway , and USSR) . The component decks were produced by manually 

Copyright © National Academy of Sciences. All rights reserved.

Environmental Exposure and Design Criteria for Offshore Oil and Gas Structures:  A Report
http://www.nap.edu/catalog.php?record_id=19784

http://www.nap.edu/catalog.php?record_id=19784


1 20 

extract ing data f rom ship' s weather logs rece ived at nat ional metor­
ological centers , usually within a month of their creat ion . These card 
decks cover var ious periods . Fo r examp le , logs f rom u . s .  merchant ships 
before 1949  were never punched and so are missing from the Marine Deck;  
however , an extensive collection of Japanese logs for the period 1 9 33-
196 1 has been punched and is in the deck . Foreign programs are 
underway in Ge rmany , Japan , and Ho lland ; the punching program at NCC 
has recent ly resumed, and eventually the Marine Deck will include u . s .  
reports af ter 1 9 72.  

Another important source of mar ine data cons ists of ship ' s  weather 
reports transmitted to shore in real t ime by radiotelegraph . The 
dens ity of thes e  transmiss ions is s trongly dependent on local t ime ; a 
night telegraph operator is a luxury foregone by many ships . No tele­
graph reports earlier than the mid-1 960s exis t in machine-readab le  
form. They are to be found either on printouts of weather teletype 
transmissions or plot ted on arch ived marine surface analyses that were 
p repared in real t ime at weather analysis and forecast centers , some 
c ivil , some military . From the mid 1960s onward , s everal centers have 
recorded on magnet ic tape all transmiss ions of synopt ic weather data , 
inc luding ship reports , through the global weather telecommunications 
sys tem (GTS ) ; these tapes are archived at FNWC and NCC . 

It is not generally realized that the ship reports in archives on 
non-real time sources (Marine Deck , foreign decks , manuscrip t  logs , etc . ) 
and of real t ime sources (GTS)  are almos t non-overlapping set s , so that 
their union is a much greater set than is availab le f rom any one source . 
Thus s tandard real t ime surface analys is charta , such as the 6-hourly 
"f inal analys is" series from the u . s .  Weather Bureau , have relied on 
data sets s everely limited by the cons traints of real t ime analys is . 
Historical series such as the 24-hourly No rthern Hemisphere surface 
analysis ser ies also rest on data sets that predate the extens ive 
internat ional exchange of punched decks of marine surface data . 

Recommendat ions 

1 .  . A greater effort should be made to synthesize the various 
internat iona l his torical ship report data collect ions into a 
usab le ,  cent rally located machine-readable source . The WMO 
has estab lished an international framework for exchange of 
data , but apparent ly lack of adequate support at the nat ional 
level , at leas t within this country , has resulted in a 
deteriorat ion of the e f f iciency of the marine data collect ion 
archival and dis tribution system. 

2 .  More s tudies should be directed toward the derivat ion of the 
errors inherent in windf ields produced by dif ferent methods 
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and for dif ferent his torical periods in a given area . Those 
s tudies should seek to ident ify the mos t accurate analys is 
method for a given region and class of weather sys tem and to 
quant ify the impact of windf ield analys is errors on hindcas ts 
of environmental factors produced by hydrodynamic models . 

3 . Greater emphas is should be given to the acquisit ion o f  
accurate and representative wind data as a part o f  all 
offshore measurement p rograms . 

4 . Studies should be directed toward the development of 
techniques to ass imilate newer sources of marine data f rom 
buoys (NDBO ) and satellites (e . g . , Seasat ) into surface 
windf ield ana lys is schemes . 
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BACKGROUND PAPER IV 

AN ASSESSMENT OF PRESENT METHODS FOR 
ESTIMATING CLIMATOLOGICAL SEA STATES 

By Donald Res i o  

Int roduc t i on 

Understand i ng of the phys i c s  of wave genera t i on has i ncreased markedly 
in  recent yea rs . Prev i ous concepts  of d i rect atmospheri c i nput to  al l 
f requenc i e s  i n  t he wave spec t rum have been cha l lenged by theories  wi th 
i nd i rect mechani sms i nvolving conserva t i ve wave-wave interact i ons . 
Al though many of the deta i l s  of t he phys i c s  a re not understood a t  
present , t here i s  growing emp i ri cal support f o r  these newer theories o f  
wave genera t i on .  Thi s might n o t  seem t o  affect  the pred i c t i on of wave 
paramet ers in actual  prac t i ce ,  s i nce such pred i c t i ons a re prima ri l y 
based on observa t i onal , ra t her  than theore t i cal , evi dence . However , i t  
can be demons t ra t ed analyt i c a l l y  t ha t  t he energy t ransfer  i n  a d i rect  
a tmospheri c i npu t model cannot equal t hat  i n  a model  whe re t he ene rgy 
gain  on the forwa rd face of t he spect rum i s  due prima ri l y  to wave-wave 
i nt e ra c t i ons . Hence , i t  i s  not reasonable to as sume tha t  a l l  wave 
p red i c t i on mode l s  wi l l  produce s i mi l a r  resul t s  g i ven t he same wi nd 
cond i t i ons . Thi s would seem to re fute  argument s tha t  a lmos t any wave 
p red i c t i on techni que , prope rly appl i ed , can supply a good c l i ma t olo­
g i ca l  e s t ima t e  of s ea s t a t e s . I t  i s  necessary t o  exami ne t he i nte r­
play among vari ous met eorol ogi cal , oceanograph i c , and numeri cal fac t ors  
i n  orde r to  determi ne t he effec t s  of va ri ous combina t i ons of data and 
wave mode l s  re la t ive to  errors in wave c l i ma t e  es t ima t e s . Thi s i s  
par t i cul arly t rue i n  t he range o f  ex t reme wave cond i t i ons , s i nce these 
a re important re l a t i ve t o  s t ruc ture des i gn .  

Qua l i ty of Ava i lable Me teorolog i cal  Input Da t a  
and Cho i ce of Wave Model 

S i nce all wave hindcas t s  begi n  wi th  recons t ruc t i on of pas t wi nd­
f ields  f rom hi s torical  record s , a bas e l i ne e rror t ha t  i s  present i n  a l l  
f i nal  wave e s t imates  i s  due t o  i naccura c i e s  i n  avai lable me t eorol ogi cal 
dat a .  An impl i cat i on of thi s mi ght seem to be that whe re ava i lable 
met eorolog i cal  data is of hi gh qua l i t y ,  a wave model of  high qua l i ty 
s hould be used , and tha t  whe re ava i lable me teorologi cal da ta i s  of low 
qua l i t y ( or spa rse i n  t i me and space ) ,  a s impl e  wave model wi l l  
suf f i ce .  Thi s log i c  a s sume s that any errors i nt roduced b y  the wave 
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model should be of comparab le magnitude to those imp licit i n  the 
meteorological input . It is not at all c lear , howeve r ,  that this is a 
reasonab le argument with respect to errors , s ince they tend to be 
additive . Thus , the rms error wil l  be increased by i2 when a wave 
model with independent error characteris t ics of equal magnitude to the 
meteorological data is app lied.  If the error is al ready large , the 
addit ional 40 p ercent could be quite detrimental to the f inal results . 
Likewise , if a wave mode l is b iased toward high or low results , the 
f inal results will contain this b ias even if the original input wind­
f ields are unbiased ; if both the input data and the wave model are 
biased , it is highly unlike ly that their biases wi ll exactly cancel .  

Rather than pursue this line o f  argument , let it suf f ice to say 
that it is op t imal in mos t  cases , especially those involving large 
economic or environmental consequences , to minimize independent ly both 
the errors in the input meteorology and the wave mode l .  Any s tatement 
to the effect that errors in results are dominated by errors in inpu t 
windf ields should be viewed skep tically unless fully substantiated by 
extens ive test ing and comparisons . 

The Se lect ion and Evaluat ion of Wave Models for 
Climatologica l Studies 

Given that one is trying to select a wave model with minimal error 
characteris t ics , it  is important to dis tinguish between those aspect s 
of wave mode ls which are well es tab lished by observat ional evidence and 
those which are based on theoret ical extens ions of bas ic concep ts or 
perhaps less convincing observat ional data . The recent mult inat ional 
experiment off  the island of Sylt ( the Joint North Sea Wave Proj ec t :  
JONSWAP ) , appears t o  have produced a t  leas t one result  which can now be 
considered as being wel l-es tab lishe d :  the growth of waves along a 
fetch under a uniform wind. Th is result can be summarized in nondimen­
s ional form as 

where K 1 is a cons tant , H is the nondimensional wave height , and X i s  
the nondimens ional dis tance along the fetch .  These are def ined as 

and X •  T ·  
• 

where E0 is the total variance of the surface elevat ion through time 
(multip lied by the specific weight of water , this would be the tota l 
energy of the waves) ,  X is the distance along the fetch ,  g is gravity , 
and U* is the friction velocity of the wind. Since this is a 
s tationary process , i t  is not surpris ing that a self-s imilar growth 
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regime appears to be es tab lished in this case , not only for wave 
height , but also for the wave spectrum. 

The growth of waves through t ime under a uniform wind is a nons ta­
t ionary process and it is not clear at p resent whether the pattern o f  
growth fol lows a s imilarity law such as 

( 2 )  

where K2 is some cons tant , t is  nondimens ional t ime (•g t /0* ) , and n 
is anot6er cons tant . Most so-cal led signif icant wave mode ls are based 
on some form of ( 2 )  for durat ion-limited growth , usually with some addi­
t ional funct ion added to cons t rain the wave height within some limit . 
Spectral models are based on theoret ical rates of transfer of energy 
from the wind to the water and typically do not follow a s imilarity 
growth law through time . Consequently ,  growth rates f rom different 
wave models differ markedly in their ear ly stages . Only the widespread 
accep tance of a ful ly-developed spectrum forces the durat ion-g rowth 
relat ionships toward s imilar results at long durat ions . In terms of 
des ign parameters for offshore , the quest ion becomes whether the des ign 
events are associated with very high winds and low durat ion or somewhat 
lower winds of longer durat ion. In any case , since differences by a 
factor o f  2 in wave height are not uncommon for durations of the order 
of 10 hours , there can be little doub t that the careful app licat ion of 
dissimilar wave models does not always produce s imilar results . Since 
it is p resumed that there is in fact only one right result for each 
durat ion-windspeed combinat ion , the use of other relat ionships could 
introduce a s ignif icant bias into the climatological es t imates , at leas t 
in the range of ext reme values . 

Review of Recent Developments in 
Wave Forecas t ing and Hindcas ting 

In the las t few years , there has been a concerted effort in 
several countries to improve capabilities in modeling wave gene rat ion . 
As a result ,  there has been both an expans ion of the unders tanding of 
the physics of  wave generation and an improvement in modeling 
techniques . Earlier methods of wave modeling , such as SMB ( a f ter 
Sverdrup , Munk , and Bretschneide r) and PNJ (after Pierson , Neumann , 
and James) , essent ially depended on relat ionships among nondiaensional 
wave characteristics and nondimens ional durat ion and fetch .  Following 
init ial efforts by Baer ( 1 963) , Pierson , Ti ck ,  and Baer ( 1 966 ) , and 
Barnet t ( 1 968 ) , there have been progress ive developments of spect ral 
models which do not rely on specific nondimensiona l relat ionships . 
These models at temp t  to s imulate the energy trans fer from atmosphere to 
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water , along with diss ipat ive processes , by parametric representat ions 
of various source terms . Energy is gained or lost in each separate 
f requency-direct ion wave component according to the solut ion of the 
source term equation over each t ime step . For examp le , if the spectrum 
is discretized into 20 f requencies and 1 6  d irections , each grid point 
in this type of a spectral wave model will contain 320  p ieces of informa­
t ion that describe the distribution of wave energy in f requency and 
propagat ion direction . This is termed the two-d imens ional or dire c­
t ional spectrum. If the directional spectrum is integrated ove r 
direct ion , the one-dimens ional or frequency spect rum is obtained.  Along 
with the source term integration , each component of the two-d imensional 
wave spectrum is propagated at each time step . The comb inat ion of good 
parameterization& of the source terms with eff icient , accurate modeling 
techniques for integration and propagation are the maj or factors which 
can produce a reliab le tool for wave predict ion . 

In light of the ear lier discuss ion on wave forecas ting techniques , 
i t  is apparent that the proliferat ion of wave models has s t i l l  not 
answered some of the bas ic concepts such as t ime rates of growth under 
a uniform wind . Ins tead , mos t of these models are relatively unverified, 
and some can be shown to have serious theoret ical or numerical f laws . 
As pointed out previous ly , it is imperat ive that , if a model is to be 
used for des ign cons iderations with important economic and environmental 
consequences , it should be thoroughly evaluated to determine the types 
and magnitudes of error that its applicat ion in a climatological s tudy 
might produce . 

The app licat ion of any recent wave forecas ting models might 
produce adequate results for some purposes ; however , all of them 
contain tacit assumpt ions about things such as spectral adj us tments to 
non-uniform wind speeds and direct ions , the scaling of wave energy in 
the equilibrium range , and the directional d istribut ion of energy in 
specific f requency bands . Since many design parameters are beginning 
to take account of the entire direct ional spectrum, these assump t ions 
mus t be verif ied through comparisons to actual data . It should also be 
noted that for wave generat ion under non-uniform windf ields , 
part icularly regarding the adj us tment of central wave angles and rates 
of growth , spect ral models do not require the degree of subj ectivity in 
app licat ion that the s ignif icant wave models do. 

Conc lus ions and Research Priorities 

1 .  There is a wide range of wave models availab le for app licat ion 
to hindcas t ing waves for des ign sea s tates . It is uncertain , 
however ,  whether any of these models has been shown to be 
accurate over the diverse set of generation conditions which 
might contribute to des ign cons iderat ions . It is not s imp le 
pess imism which leads to this conclusion . The lack of agreement 
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among various wave models even under s imp le windfields , and 
the lack of verif icat ion of these models under more complex 
windf ields , make it virtually impossib le to determine the 
expected wave model errors in a climatological s imulation. 
Hence , a primary research obj ective should be the careful , 
obj ective tes ting of a number of wave models . This testing 
should be s t ructured in such a manner that discrepencies 
between wave gauge measurements and model predict ions can be 
s t ratif ied into different categories of generat ion condit ions . 

In spite of the negat ive tone of this discuss ion , it i s  
highly likely that a very accurate wave model can b e  selected 
f roa availab le sources . The wealth of emp irical data and the 
years of s tudy of wave generat ion provide an excellent concept 
of what a reasonab le wave height is for mos t  generat ion 
condit ions . 

2 . A second high priority research need concerns the effects of 
l imitat ion of fetch width . At present , wave generat ion in 
narrow bodies of water (or along a coas t l ine) is of ten treated 
as though it  were equivalent to wave generation with unlimited 
fetch width , but with a scaled-down fetch . Given that direc t 
wind- to-water energy t ransfer dominates wave growth , this seems 
a logical ass ump t ion . However ,  if wave-wave interact ins p lay 
a dominant role in wave generat ion , it is no longer clear that 
the fetch should be scaled down at a l l .  The consequences o f  
the applicat ion of "equivalent-fetch" methods can b e  extremely 
s ignif icant for s t ructure design near coas ts or in regions such 
as the Beaufort Sea .  

3 . A third area that should be given a high research prio rity 
concerns the trans format ion of  wave spect ra and wave genera­
t ion processes as one moves into shallower water .  There is a 
great deal of research recently init iated to examine these 
effects , and many of the preliminary results do not subs tan­
t iate previous techniques for estimat ing wave decay across 
shallow coas tal areas . Since many s t ructures along the 
At lant ic coas t are present ly p lanned in relat ively shallow 
water , the proper unders tanding of shallow water ef fects is 
essent ial to analyses of the economic and environmental risk 
of different engineering des igns . 

Copyright © National Academy of Sciences. All rights reserved.

Environmental Exposure and Design Criteria for Offshore Oil and Gas Structures:  A Report
http://www.nap.edu/catalog.php?record_id=19784

http://www.nap.edu/catalog.php?record_id=19784


BACKGROUND PAPER V 

ABSTRACTS AND SELECTF.D LIST OF TECHNICAL REFERENCES 
OF DATA ON AVAILABLE WIND , WAVE , AND CURRENTS 

By C .  Bre t s chne i de r  and M. Burkhar t  

There are two prima ry sources o f  wi nd a nd wave dat a : ( 1 )  wind and wave 
hindcas t  dat a ;  and ( 2 )  shi pboard wi nd and wave observa t i ons . The re a re 
a l s o  wave records of short dura t i on ,  but we have i nc l uded onl y  t he 
refe rences perta i ni ng t o  t he Gul f  of Mex i co Ocean Dat a  Ga thering  
Program (ODGP ) . 

Data on currents  i s  genera l l y  l i mi ted t o  u . s .  Depar tment of 
Comme rce and De par tmen t  of the Navy a t lases on surface current s . 
Current s a t  various depths are general ly l imi ted to  geost rophi c and /or 
t i da l comput a t i ons . 

Inc luded are 3 3  references and correspond i ng s hort abs t ra ct s .  Thi s 
l i s t  i s  not necessari ly complete . 

12 7 
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REFERENCES O N  SOURCE , TYPE , AND AVAILABILITY OF 
WIND , WAVE , CURRENT , AND ICE DATA 

ABSTRACTS 

1 .  Art hur , R .  s .  ( 1 947 ) , "A Stat i s t i ca l  S tudy of Wave Cond i t i ons at  
F ive Open Loca l i t i e s  a l ong the Cal i fornia Coas t , "  Scripps  Ins t i tute  of  
Oceanography , Wave Report No . 6 8 .  

The s tudy presented i n  t hi s  report o f  the cha rac teri s t i c s  o f  
ocean waves o f f  t he Ca l i fornia coa s t  was i ni t i ated because ( 1 )  i nforma­
t ion as  to preva i l i ng wave act i on on the coa s t  i s  needed i n  connec t i on 
wi t h  eng i neering problem s ;  ( 2 )  d i rect observa t i ons of waves at  coastal  
s ta t i ons are lack i ng ;  and ( 3 )  conc l us i ons about wave act i on on t he 
coast  can be drawn i f  the offshore waves are known . The wave data have 
been derived by an examina t i on of the wi nd sys tems of the North Paci f i c  
as  they appea r on dai l y  weathe r  maps f rom the 3 -year pe riod 1936- 1 93 8 ,  
i nclusive .  The resul t s  can be expected t o  give a fa i rl y  good 
repesenta t i on of t he average wave cond i t i ons , but do not i nclude t he 
mos t  ext reme cond i t i ons whi ch may occur . 

Onl y  i n  one i ns tance was i t  pos s i b l e  t o  undertake a compa ri son 
between the wave cha rac teri s t i c s  as  de rived from weat her  maps and t he 
observed wave cha racteri s t i cs a t  a coastal  stat i on .  In thi s i ns tance 
t he resul t s  were sat i s factory . 

2 .  Bre t schne i der , c. L . , J .  M .  Cherry , T .  K.  Pyl e s , B .  B .  Scot t , and 
E .  E .  Tamaye ( 1 97 7 ) ,  "OPSES-DEWAC Opera t i ona l Sea State and Des i gn Wave 
Cri teria  for Ocean Therma l  Energy Convers i on Pro jec t s ;  Offshore U . S . A. 
and a l ong Equator f rom N20° S20° lat i tude , "  Vo l .  1 .  Li terature 
avai labl e .  

Pr oject OPSES-DEWAC stands for Opera t i onal Sea State and Desi gn 
Wave Cri teri a .  Thi s s tudy i nc lude s  t he state  of t he art of ava i lable 
i nforma t i on on wind s , waves , and surface current s for deep water 
cond i t i ons . The a rea of t he s tudy is  l imi t ed to  the coa s t s  of the 
u . s . A . , i nclud i ng Hawa i i  but not Alaska , and a l l  ocean a reas of  t he 
world  f rom t he equa t or t o  2 0°S and 2 0� l a t i tude . Shal l ow regi ons 
over t he cont i nenta l s he l f  are excluded i n  t he scope of thi s pro jec t .  
Thus , such effects  a s  ref ract i on ,  re f l e c t i on ,  bot t om fri c t i on ,  breaki ng 
wave c r i t e ri a , et c . , are not i nc l uded i n  thi s s tudy . Al so , s torm surge 
and tsunami e f fect s are not i nc luded . These are cond i t i ons t ha t  mus t 
be evaluated i n  deta i l  a f ter OTEC s i te ( s )  i s  ( a re )  selec ted , i n  
part i cular , for des i gn c r i t eria for cont i nental s he l f  and coastal  
s tructures a s  may be  requi red . 
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Of the many references , 1 5 2  were sel ected as  per t i nent to  t he 
OPSES-DEWAC project . Many other  references , e i ther  of loca l i nterest  
or papers and report s us i ng the pert i nent re ferences , were genera l l y  
not i ncluded , except f o r  a few cases .  Once the pe rt i nent references 
were se lected , the abs t racts  were prepared . 

Thes e  abs t ra c t s  were then used : ( 1 )  to  prepare a code to  di s­
t ingui s h  be tween Pr ima ry ( P ) , Seconda ry ( S ) , OPSES ( 0 ) , DEWAC ( D ) , and 
Zones 1 thru 3 2  and ( 2 )  to  prepare 3 2  c i rcula r  s heet s ,  one eac h  for 
t he 32 zones . The c i rcular s heets  a l s o  i nc l ude a code for a ra t i ng of 
the references ,  as  fol l ows : two or more prima ry s ources of data , 
complete (AA) ; two prima ry s ources of data , almost  comp l e t e  (A) ; one 
prima ry source of data , part i a l ly completed ( B) ; i nadequate , no prima ry 
s ource of date ( I ) ; except i ons ( E ) ; s t rength (+) or weakness  ( - ) ; and 
numbers t hat des i gnate the reference as c i t ed ( 1 , 2 , 3 ,  e tc . ) .  At the 
bot tom of each c i rcular s heet evalua t i ons a re given for OPSES and 
DEWAC , toge ther  wi th recommendat i ons . 

After  the c i rcular s heet s  were prepared for each of t he 3 2  zones , 
i t  appeared t hey were too subjec t i ve for t he user .  Thus , one step 
further l ed to  the class i f i ca t i on of OPSES-DEWAC data . The class i f i ca­
t i on i s  less  subjective and represents an opi ni onated class i f i ca t i on ,  
whi ch s hould be of more value to  t he user .  However ,  i t  i s  empha s i zed 
t ha t  the use r can st i l l  have hi s own opi n i on .  

3 .  Bre t schne i der , Charles L .  and Roy Gaul ( 1 95 5 ) ,  ·�ave Stat i s t i cs 
for the Gul f  of Mexi co , "  u . s .  Army Corps of Eng i neers , Beach Eros i on 
Board , Techni cal Memos No . 8 5 , 86 , 8 7 , 88 , and 89 . 

Sta t i s t i cal  summa ries  of hi ndca s t  wave data are g i ven for a 3-
year peri od for l oca t i ons in t he Gul f of Mex i co of Brownsv i l l e , TX ;  
Caplen , TX ;  Burrwood , LA ;  Apa lachi col a , FL ;  and Tampa Bay , FL ,  
respect ive l y .  Wi th the very s ha l l ow ,  gent l y  s l op i ng cont i nental  she l f  
o f  the Gul f  of Mex i co , waves occurri ng o f f  any pa rt i cular s hore s t a t i on 
wi l l  depend qui te cri t i ca l l y  on the depth of water  a t  t he poi nt of 
i nteres t .  Consequent l y , hi ndca s t  data are presented for f i ve depths i n  
add i t i on t o  deep water ( 1 2 ,  24 , 36 , 4 8 ,  and 9 6  f t .  depths ) .  

4 .  Bre t schnei der , Charles L .  and w .  c .  Thompson ( 1 9 56 ) ,  "Di s s i pa t i on 
o f  Wave Energy on Cont i nental  Shel f ,  Gul f of Mex i co , "  Tech . Report No . 
5 5-9T , Texas A&M Research Foundat i on ,  Col lege Stat i on ,  Texas . 

Dura t i on of winds for d i f feri ng d i rect i ons and cumulative dura­
t i on of wi nd are given f o r  5 mph ranges of wi nd speed for Tampa , FL ;  
Burrwood , LA ; Ga lveston TX ;  Brownsvi l l e , TX ;  and Ve ra Cruz , Mexi co .  
Addi t i onal l y ,  i ndivi dual durat i on o f  wi nd i s  given i n  percentage of a 
year by d i rect i on ,  and t he cumulat ive dura t i ons a re graphed . Wave 
stat i s t i c s  were determined f rom wi nd stat i s t i cs . 
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5 .  Habe l , John s .  ( 1 9 7 7 ) ,  "Deep-water Wave S ta t i s t i cs for the 
Cal i forn i a  Coast , "  prepared by Me teorol ogy Interna t i onal Incorpora ted 
of Monterey , CA , February 1 97 7 . 

The program from whi ch t hi s  compi l a t i on resul t s  was des c r i bed i n  
t he paper "Oc ean Wave S ta t i s t i c s  f o r  the Cal i forni a Coa s t "  b y  John S .  
Habe l , whi ch appeared i n  the Jul y  1 9 7 7  i s sue of Shore & Beach. 
S ta t i s t i c s  are presented for six s t a t i ons i n  s ix volumes . 

The ocean wave s t at i s t i cs tha t  hi t herto have been i n  genera l use 
by coastal  engi neers for t he Cal i fornia coast  were derived in 1 960 and 
1 96 1  f rom 3 years ( 1 956- 1 9 58 )  of synopt i c  weat he r  maps . Thi s work was 
carri ed out by Nat i onal Mar i ne Consul tant s (NKC )  and Mar i ne Advi sers 
(MA) on beha l f  of t he Department of  t he Army , u . s .  Army Corps of 
Eng i neer Di s t r i c t s . 

In order to extend the data bas e · and provi de a wi der range of 
u se ful s ta t i s t i cal  forma t s , the Depa rtment of Nav i ga t i on and Ocean 
Devel opment (DNOD) of t he State  of Ca l i forn i a  began work i n  1 9 7 5  wi t h  
t he u . s . Navy Fleet Numeri cal Weather Cent ra l (FNWC)  and the Naval 
Pos tgradua t e  School (NPGS ) ,  both located i n  Monterey , Ca l i forni a .  In 
March 1 97 6 ,  Dr . Warren c .  Thompson of NPGS prepared a document 
ent i t l ed ,  "Spec i f i ca t i ons for the Product i on of Ocean Wave S t at i s t i cs 
f or t he Cal i f orni a Coa s t  f rom FNWC S i ngula r  Wave Analyses . "  These 
spec i f i ca t i ons formed pa rt of a cont ra c t  placed in June 1976  wi t h  
Meteorol ogy Interna t i onal Incorpora t ed (KII ) , whi ch was selec ted by 
DNOD to produce t he requi red ocean wave s t at i s t i c s .  The spec i f i ca t i ons 
cal l ed for ocean wave c l imatologies , spec i f i ca l l y  des i gned for c oastal  
eng i nee r i ng appl i ca t i ons and based on  FNWC wave ana l yses , for  six  
representative deep wa ter s ta t i ons off  the coa s t  of Cal i forni a ,  
extend i ng f rom the Oregon border t o  t he Mexi can Border .  The resul t s  
were to  b e  presented i n  a series  of s ix volumes , one for  e a c h  s t a t i on ,  
wi th a common i nt roductory t ex t . Thi s volume i s  for one such s tat i on .  
Pr i ce : $50 . 0 0  plus tax . Avai lable f rom t he Cal i forni a  State 
Depa rtment of Nav i ga t i on and Ocean Devel opment , 1 4 1 6  Ni nth S t ree t , 
Sacrament o ,  CA 9 58 1 4 . Tel ephone : ( 9 1 6 )  4 4 5-26 1 5 .  

6 .  Hogben , N.  and F .  E .  Lumb ( 1 967 ) ,  Ocean Wave Sta t i s t i c s ,  Mini s t ry 
o f  Technol ogy , Na t i onal Phys i ca l  Labora tory , England . 

Ocean Wave Stat i st i c s i s  a book containi ng more tha n  3 , 000 tabl e s  
o f  s tati s t i cs based o n  over a mi l l i on s e t s  of vi sua l  observa t i ons of 
t he hei ght s , peri od s , and di rec t i ons of waves reported , under a scheme 
organi zed by the World Meteorolog i ca l  Organizat ion (WHO) , f rom ships i n  
servi ce o n  t he ma jor shipp i ng route s  o f  the world  over the 8 -yea r  per i od 
f rom 1953- 1 96 1 . The wave s ta t i s t i c s  are l i s ted accord i ng to  a group i ng 
of Marsde n-Squares , arranged according to  fairly  homogeneous cond i t i ons 
wi thin each area . The data are g i ven i n  numbe r of observa t i ons of g i ven 
wave he i ght and period , bot h  in cod e .  Corre la t i on rel a t i ons a re give n  
t o  convert  t h i s  data t o  s i gni f i cant wave hei ght and average zero cros­
s i ng wave peri od . The correlat i on rela t i ons a re based on a s t at i s t i cal 
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least squares linear regress ion analysis between sbipborne wave recorder 
data and weather ship visual observat ions , and also a correlation 
between weather ship visual observat ions and volunteer ship visual 
observations . The ship observat ions are along all maj or shipping 
routes excep t the No rth Pacif ic.  The data is given for all seasons , 
all direct ions , all seasons with directional breakdown , and seasonal 
with directional breakdown. The data includes waves generated by off­
shore winds . Statist ical methods may be employed to extrapolate th e 
data in order to obtain des ign criteria . It is found that the relia­
bility of the data is quite good.  Comparison be tween observations and 
measurements show that agreement is quite close with wave heights , 
though somewhat less so with wave periods . 

The book also points out that WMO ,  in its pub licat ion No . 1 00 TP 44, 
"Guide to Climatologica l Practices , "  divides the world's  oceans into 
nine areas ; f or each of these , a part icular member country is ass igned 
respons ibility for collect ion and dissemination of data . Engineers 
with part icular requirements for data not available in published form 
can seek help from the appropriate meteorological agency in the 
relevant member country where access to the moa t up-to-date data can be 
provided and , if necessary , statistics for individually specif ied areas 
can be extracted . 

6a . Bogben , N .  ( 1 9 7 4 ) , ''Five Minutes Slow Af ter Six Years , " in Ocean 
Wave Statistics , Ministry of Te chnology , Na tional Phys ical Laboratory , 
Enaland . 

Durin& the process ing of the data for Ocean Wave S tatis tics , the 
twelve 30° direction classes were ass igned code numbers 1 t o  1 2  to be 
arranged like the numbers on a clock face , with 1 2  corresponding to 
North . Unfortunately , these numbers were decoded with 1 corresponding 
to North . Expressed more precisely , this means that throughout the 
entire book , 30° should be added to all the direct ions in the 
beadings to every direct ional table . Fo r examp le the beading "3 50° -
000° - 0 10°" should read "020° - 030 ° - 040° · " 

7 . Marine Advisors ( 1 96 1 )  "A Stat istical Survey of Oc ean Wave 
Characteristics in Southern California Waters . " Prepared for u . s .  Army 
Corps of Engineers . 

The purpose of this invest igat ion was to develop s tatis t ics which 
would present a detailed analys is by direct ion , height , and period of 
the f requency of occurrence of various types of ocean waves character­
ist ic of Southern Ca lifornia waters . The method of inves t igat ion 
involved obtaining historical weather maps and/or weather recorda and 
informat ion covering all s ignif icant wave-generating areas for the 
specif ied years , and then forecas t ing the waves wh ich would have 
resulted according to Bretschneider' s mod if icat ion of the Sverdrup�unk 
theory . 
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Forecas t s  were made for three definite  locat ions , one of them 
exposure to  ope n-ocean inf luences representat ive of cond i t ions out s ide 
of  the coas tal is lands and the othe r two representat ive of cond i t ions 
in the protected waters near  the mainland shore . The three categories 
o f  No rthern Hemisphere swe l l , Southern Hemi sphe re swe l l , and Sea were 
inve s t igated and di scus sed separately , with the data kept separate  in 
t he tables . The resul t s  presented inc lude a series of tables which 
indicate the percentage f requency of  occurrence of  various types of 
ocean waves at  the three se lec ted locat ions off  the coas t of Southern 
Cal i fornia , clas s i f i ed by locat ion , origin , d i rect ion , heigh t , and 
period . The data are presented for each month , and an annual average 
is also included . Wave ros es for each s tat ion indicated the annua l 
ave rage Sea , Northern Hemisphere swell , and Southern Hemisphere swe l l . 

8 .  National Marine Consul tants , Inc . ( 1 9 6 1 ) ,  "Wave S t a t i s tics for  
Seven Deep Water  Stat ions along the California Coas t . "  Prepared for 
the Depar tment of the Army , u . s .  Army Corps of Engineers Dis t r ic t , Los 
Angele s .  Santa Barbara , CA. 

The work tasks cove red in this report included a compilat i on of  
deep water  wave s ta t i s t ics based upon me teorological records and charts  
for  the years 1 9 5 6 ,  1 95 7 ,  and 1958 .  The s ta t i s t i c s  compiled are wav e 
height , wave d i rect ion , and wave period , and these a re presented as  
monthly and annual averages .  

The genera l area o f  s tudy covers the ent i re coa s t  o f  Cal ifornia 
and is represented by seven carefully se lected deep water  s tat ions , 
including the area f rom the Cali fornia-Oregon bo rder to  San Nicolas 
Island . Statist ics on an eighth s tat ion are presented in a separa t e  
report . 

The resul t s  presented in this report inc lude average annual swe l l  
and sea roses for  each s ta t ion ,  a s  we ll as average monthly and annual 
sea and swe ll  s tat i s t i c s . 

9 .  Neumann , G .  and R. w .  Jame s ( 1 95 5 ) ,  "North Atlant ic Coa s t  Wave 
Sta t i s t ics Hindcas t s  by the Wave Spect rum Me thod , "  u . s .  Army Corps of 
Engineers , Beach Eros ion Board , BEB TM No . 57 . 

Detailed s ta t i s t ical wave data for deep wate r off  the North 
Atlant ic Coas t ,  based on hindcas ts  f rom synoptic  weather cha r t s  for  the 
3 -year period 1 947- 1 94 9 , a re derived by the wave spe c t rum method as  
devel oped by Neumann , Pierson , and James , for the same o f f shore s t a t ions 
for which data was developed in Technical Memo . No . 5 5 .  ( See Abs t ract  4 
above . The wave s ta t is t ics are presented in paramet ers comparable t o  
those previously derived by the Sverdru p-Hunk me thod and given i n  
Technical Memo . No . 55 . Stat i s t ical me thods can be used to  ext rapolate 
the data for des ign c r iteria . 

1 0 .  Put z , R.  R.  ( 1 95 2 ) , "S tat i s t ical Dist ribut ion for Ocean Wave s , "  
Trans A . G . U .  33 ( 5 ) ,  PP • 685-69 2 .  
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S tat i s t ical d i s t ribut ions of  wave hei ght  and pe riod are given 
based on analys is  of 25 ocean wave records obtained along the 
Cal ifornia Coas t s .  Gamma-t ype d i s t r ibut ions are g iven , which deviate  
somewhat f rom the  theore t ical Rayleigh d i s t ribut ion .  

1 1 .  Reynolds , F .  M .  ( 1 9 7 6 ) ,  "Climat ic Wave Stat is t ic s  der ived f rom 
FNWC , "  Synopt i c  Spect ral Wave Analys is , Naval Pos t-Graduat e  School , 
Monterey , CA , M . S .  thes is , 1 4 1  PP • 

The u . s .  Naval Fleet Nume r ical Weather Cent ral ( FNWC ) , Honterey , 
CA in 1 97 4  put into rou t i ne ope rat ion a spect ral ocean wave computer 
mode l  that produces  " real t ime" computat ions , t e rmed analys is , of the 
deep water  wave f ield  in spec t ral  form ,  1 2-hourly , for a grid-p oint 
f ield covering the ma jor oceans of the Northe rn Hemisphe re . The wave 
f ield i s  computed in 3-hour t ime s t eps f rom the surface wind f ield , 
which in turn is derived f rom the observed sea leve l pres sure f ield . 
The grid point s pac ing i s  approxima t e ly 1 50 naut ical mi les . De ta i l s  
concerning the FNWC Spect ral Ocean Wave Model a r e  given b y  Lazanoff  and 
S tevenson ( 1 9 7 5 ) .  ( S ee ref . 1 5  and correspondi ng abs t ract . )  

1 2 .  Savi l le , Thorndike Jr . ( 1 9 54 ) ,  "North At lant i c  Coa s t  Wave 
S ta t i s t ics  Hindcas t  by C .  L .  Bre t s chne ider - Revised Sverdrup-Munk 
Method , "  U . S .  Army Corps of Engineers , Beach Eros i on Board , BEB TM No . 5 5 .  

De tailed s ta t i s t ical wave dat a  for deep water , based o n  hindcas t s  
f rom synopt ic  weather char t s  for the 3 -year pe riod 1 948- 1 95 0 ,  are 
presented for four s ta t i ons in the North Atlan t i c  off Penobscot Bay , 
Ma ine ;  Naus et  Beach , Cape Cod , MA ;  New York Harbor ent ranc e ;  and 
Chesapeake Bay ent rance . An example of the me thod for  obtaining 
shallow wat e r  wave data at  a point between s tat ions by interpo lat i on 
and ref ract ion analys i s  is  worked out for Long Branch , NJ . The data 
are presented in tabular form ,  wi th s ignif icant wave he i gh t s  and 
corres pond ing s igni f icant wave periods , numbe r of  hours occurring for 
each month of the year , and all  onsho re and para l le l-t o- th e-shore wind 
s peeds . Da ta is  not g iven for o f f shore winds . The data are also 
presented in cumulat ive f requency graph s .  The data are suitable for  
operational criteria and can be  used for s t a t i s t ical evalua t ion for 
des ign criteria . 

1 3 .  U . S .  Nava l Weather Service , Summary of Synopt ic Me teorolog ical 
Observat ions ( S SMO ) ( 1 9 73 ) ,  Vo l s . as l is t e d  below , u . s .  Gov ' t .  Print ing 
Off ice . 

Various tables of  data are presented for each spec i f ic geographical 
a rea cove red by the report .  The t ables appear for  each month in the 
annual summary . Of intere s t  to th is  project  are the fol lowing : 

Table 3 :  Pe rcentage f requency of wind d i rec t ion ( 8  pts . )  by 
speed and by hour (GUT) . Thi s  table includes mean wind s peed 
(knot s ) by d i rect ion (8 p ts . ) .  

Table 4 :  
( GMT) . 

Pe rcentage f requency of wind speed by the hour 
This table i ncludes mean speed by hour . 
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Table 1 8 : Pe rcentage f requency of surface wind s peed ( kno t s ) 
and d i rect ion ( 8  pt s )  versus s ea he ight ( f t ) .  Source deck 
1 28 ,  for which data are ava i lable from mid- 1 9 63 , was used for 
these table s . This  deck represents the latest and mos t 
comple t e  homogeneous source of wave data ava i lable . Here 
only sea waves gene rated by local winds in the vic inity of 
the obse rve r a re summa r i zed . 

Table 1 9 : Percentage f requency of wave he ight ( f t )  versus 
wave period ( s ec ) .  In this table , when both sea and swell 
waves are  present in an observa t ion , the  higher of the  two 
is used . If  both are the same height , the longer pe riod i s  
chosen . When only one of the wave groups is observed , e i ther 
sea or wel l , i t  i s  used in the summary . Swel l  waves are 
those generated by wind dis tant f rom the local areas where 
the observat ion i s  taken.  

1 4 .  u . s .  Navy ;  u . s .  Gove rnment Print ing Of f ice , Marine Clima t i c  At las 
of the World , ( 1 95 5- 7 4 ) :  

Vol . I ,  N .  At lant i c  Ocean ( 1 9 5 5 )  ( revised 1 9 7 4 ) 
Vo l .  I I , N .  Pac i f ic Ocean ( 1 9 5 8 )  ( revised 1 97 7 )  
Vol . I I I , Indian Ocean ( 1 9 5 7 ) ( revised 1 9 7 6 )  
Vo l .  IV , s .  At lant ic  Ocean ( 1 958 ) 
Vo l V ,  s .  Pac i f ic Ocean ( 1 959 ) 

Cl ima t ic data are presented by g raphs , tables , and i s ople ths . 
Compilat ions of surface and uppe r-air  wea the r observa t ions are 
presented in s epa rate sect ions . Individual surface charts  for surface 
wind s , gales , visibility , low vis ibi l i t y , prec ipi tation ,  cloud iness , 
wind-v is ib i l i t y-c loud ine s s , ceil ing and vis ibi l i t y , t empe rature , we t­
bulb temperature , low t emperature , sea leve l  pressure , ai r-sea tempera­
t ure d i f ference , and low-p ressure centers are given for each month . 
The wind d i s t r ibut ions are presented by means of a combina t i on of wind 
roses and a c i rcular cont ingency table . The roses g ive the d i rect ion 
f requency and speed f requency.  The c i rcular contingency table serves 
to fac i l i tate  immediate read ing of wind d i rect ion f requency and 
s eparates the selected class inte rvals of Beaufort force within which 
the percentage f requency for  each d i rect ion and class int e rval of  wind 
force is  actually printed . A one-line table is  printed below each rose 
that  gives the percentage f requency of occurrence of each individual 
Beaufort force ( 2-9 ) ,  all d i rect ions combined . Cont inuous records 
obtained f rom f ixed ocean s t a t i ons provide the informa t ion neces sary 
for the graphs showing durat i on frequency and recurrence intervals for 
gales � Force 8 ) . 

Revisons inc lude wave perio d-height and d i rect io n-he ight f requency 
g raphs and ba r graphs , as well as isol ines g iving f requency of waves less 
tha n  1 . 5  and 2 . 5  meters  and equa l to or greater tha n 3 . 5  and 6 met ers . 

Copyright © National Academy of Sciences. All rights reserved.

Environmental Exposure and Design Criteria for Offshore Oil and Gas Structures:  A Report
http://www.nap.edu/catalog.php?record_id=19784

http://www.nap.edu/catalog.php?record_id=19784


135 

Oceanography includes seasonal presentat ions of prevailing surface cur­
rents and mean speed ranges (ent ire area and selected locat ions ) , t ide 
types , corange lines , ice concentrat ions and extremes , and f reeze and 
breakup dates . 

1 5 .  u . s .  NOAA, EDS , RDOC , Euvironmental Conditions Within Specif ied 
Geographical Regions - Offshore Eas t and Wes t Coas t of the United 
States and in the Gulf of Mexico ( 1 9 7 3 ) , NOAA, Environmental Da ta 
Service , Nationa l Data Buoy Center , 1 9 7 3 ,  u . s .  Department of Commerce . 

Percent ile occurrences of surface meteorological parameters in 
the American coas tal waters are presented by month for subregions and 
miniregions . Included are air and sea temperatures , atmospheric 
pressure , wind speeds and direct ions , and ocean wave heights . Monthly 
roses of winds , seas , and swell are also reproduced. 

Spectral values of ocean waves in 1 5  f requency bands for eight 
points in the wes tern No rth At lantic Oc ean in the month of January 1 959 
are presented . These values are given as an aid to the engineering 
decis ion-making process in regard to wave sensor development and 
dep loyment . In addit ion , wave spect ra graphics and one-dimens ional 
wave height analogs are presented. 

1 6 .  u. s .  NOAA, EDS , Wind , Wave ,  Water Level and Air Pressure 
Measurements in Gulf of Mexico , ( 1 960- 1 9 70 ) , Ocean Da ta Ga thering Program 
(ODGP) in Gulf of Mexico , as sponsored by Shel l  Development Co . ;  raw 
data and analys is f i led at Environmental Da ta Se rvice (EDS ) of NOAA, 
Ashville , NC 2880 1 (also Washington ,  D . c .  20235 ) .  

Wind , wave , water level and air pressure as funct ions of t ime ,  
measured at s ix offshore drilling and product ion platforms spaced along 
2 60 miles off the coas t of Louis iana during : winter storm, Feb . 1 969 ; 
Hurricane Camille , Aug .  1 969 ; trop ical depress ion , Sep t . - Oct . 1 969 ; 
Hurricane Laur ie , Oc t .  1 969 ; Hurricane Celia , Aug. 1 9 70 ; t rop ical s torm 
Felice , Sep t . 1 9 7 0 .  

ED S  will provide separate reports f o r  a l l  s ix s torms , as p repared 
by Baylor Co . , Hous ton ,  Texas , on s ingle rol l  of microf ilm f o r  $ 5 ,  and 
all raw data on 2 5 2  magnetic analog tapes f or $ 1 36 p er tape , along with 
compressed t ime scale storm chart (direct read-out oscillograph) for 
addit ional $ 10 p er tape ( 1 975  p rices) . 

Reports contain: wave power spectrum ; s ignif icant wave heigh t  
and period ; maximum wave height and associated period ; maximum gus t ;  
maximum sus tained wind speed las t ing for two minutes ; average wind 
speed ; s ianif icant direct ion of the average wind ; average barometric 
pressure ; and s t il l-water leve l .  

1 7 .  u. s .  NOAA, NODC , Wind , Wave and Current Observat ions f rom Shipboard 
( 1 870 - date) , Nat ional Climatic Center of NOAA , Federal Building,  
Ashville , NC 2880 1 .  (Al so ,  Na t ional Oc eanographic Da ta Center in 
Washington , D . c .  2023 5 ,  which is part of NCC . ) 
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Hol d i ngs da t e  f rom 1 8 7 0  a nd i nc l ude s eve ra l thousand pages of un­
publ i shed t abul a t i ons ( compu t e r-produced summa r i e s  based on older data 
f i l e s )  and ove r 1 00 magne t i c  tapes conta i n i ng ove r 1 00 yea rs of  wi nd 
observa t i ons and s everal decades of  wave observa t i ons whi ch can be pro­
vided in condensed form .  Seve ral ope ra t i onal programs are ava i labl e for 
summa ri z i ng thi s i nforma t i on ,  and / or spec i a l  programs can be prepa red . 

Informa t i on on ove r 4 mi l l i on s hi p ' s s e t s  of sea-s urface current 
observa t i ons for t he Worl d Ocean can be provided on two hi ghly packed 
magne t i c  tapes for $ 1 20 .  F i l es are ma i n t a i ned on current f rom d r i f t  
bot t l e s  and current me t ers . 

Vi s i tors are wel come ; s t a f f  a s s i s t ance ava i labl e a t  cos t .  

1 8 . U . S .  NOAA Na t i ona l C l i ma t i c  Cent e r  ( 1 9 7 5 ) ,  Gui de t o  Standa rd 
Weat her  Summaries  and Cl ima t i c  Serv i ces , NAVSIR-50- 1 C-534 ; ava i l able 
f rom Na t i ona l Clima t i c  Center , Federal  Bldg . , Ashvi l l e , NC 2880 1 . 
About 1 00 PP • 

Par t  1 cont a i ns descri p t i ons of pub l i shed and unpubl i s hed 
c l ima t ological summa r i e s  ava i lable f rom appropri a t e  agenc i es i n  Federal 
Bldg . , Ashvi l le ,  NC . 

Pa rt 2 i s  a ca talag of the " s tanda rd " summa r i e s  ava i lable , presented 
on a worldwide bas i s  in cont i nen t-count r y-s tat i on order . Refe rence mad e  
t o  "S e lected Guide to  Cl ima t i c  Dat a  Sources" (key to Meteorol ogi ca l  
Records Document a t i on No . 4 . 1 1  of Envi ronmental Da ta  Servi ce ) .  

1 9 .  u . s .  De pa rtment of Comme rce and u . s .  De pa rtment of t he Navy , 
Cl imatolog i ca l  and Oceanograph i c  At l a s  for  rmr i ner s .  Volume I I , North  
Pa ci f i c  Ocean , prepa red by  t he Of f i ce of Cl ima t o l ogy and Oceanograph i c  
Analys i s  Divi s i on ,  Washington , D . C .  ( 1961 ) .  

De ta i l ed hi s tori cal wi nd data accumu l a t ed f rom 600- 1 000 shi p 
observa t i ons i s  present ed for each month of  t he yea r .  Wi nd d i s t ribu­
t i ons are  presented by means of a combina t i on of two g raphi ca l  forms , 
t he wi nd rose and t he c i rcular  cont i ngency tabl e .  The c i rc l e s  serve a s  
a sca l e  marked a t  i ncrement s  of . 1 0% t o  e a s e  read i ng of wind d i rect i on 
f requency , as represent ed by the l eng t h  of each bar and as  l i nes  
s epara t i ng the selected class  interval s of Beaufort Force wi thi n whi ch 
t he percentage f requency for each d i rec t i on and c l a s s  i nt e rval of  wi nd 
f orce i s  actua l l y  pri nted . In add i t i on ,  a one l i ne table whi ch g i ve s  
t he percentage f requency of occurrence of each i nd i v i dual Beaufort 
Force for all d i rect i ons combi ned is print ed be l ow each rose . 

Hi s t ori cal wave data i s  based prima r i l y  on observa t i ons compi l ed 
f rom 1 854- 1 9 5 3  by the U . S .  Navy Hyd rograph i c  Off i ce and t he u . s .  
Weathe r  Servi ce . The input was f rom shi ps i n  t rans i t  i n  the Northe rn 
Pa ci f i c . In addi t i on ,  e i ght Ocean S ta t i on Ve s s e l s  provi ded a network 
of regular  observat i on records . The s i gni f i cant wave hei ght data i s  
p resented i n  the form of i sol i ne s  on cha r t s  of the Nor t h  Pa c i f i c . Each 
season is represented by a separate  cha r t , a s  is each sea s t a t e  of 
waves 5 f ee t , 8 f ee t , and 1 2  feet . The i sol i ne s  i nd i cate t he percentage 
f requency of waves at  those hei ght s .  The d i rec t i on o f  t he waves mus t  
b e  inf� rred b y  t he wi nd ros es . Thi s a t l a s  may be purchased f rom t he 
u . s .  Government Pri nt i ng Of f i ce .  
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20. u . s . Department o f  Commerce and u . s .  Department of the Navy , 
Climatolosical and Oceanographic Atlas f or Mariners , Vo l .  I ,  Borth 
At lantic Ocean , Of f ice of Cl imatology and Oceanographic Analys is 
Divis ion , Washington , D . c . ( 1 95 9 ) . 

Contains meteoroloaical charts and his torical wind data as described 
in Vo l.  I I above . Oceanographic charts , seasonal roses , wave direct ion­
heigh t , graphics giving wave period height and period direct ion , and tao­
lines of waves greater than 5 and 1 2  feet . Includes ice concentrat ions 
and extremes , f reezeways , and breakup dates , iceberg reports , ship­
s t ructure icing , sea surface temperature , cot idal lines , types of t ides , 
and surface current vectors . 

2 1 .  u . s .  Nava l Oceanographic Of f ice , Pub . No . 70 0,  Oceanograph ic 
Atlas of the Borth Atlantic Ocean , Sect ion IV, "Sea and Swell , "  2 2 7  p p . , 
Washinaton ,  D . c . ( 1 96 3 ) . 

Covers the entire Bo rth Atlantic , including the Gu lf of Mexico , 
Caribbean , the Mediterranean , and the Balt ic the North Seas . Contains 
monthly charts giving wind roses (wind force by direct ion) , sea s tate 
roses (sea s tate by direct ion) , isolines (seas equal to or greater than 
5 ,  8 ,  1 2  and 20 f ee t ) , predominant sea direct ion and cons tancy , swell 
roses (swell height by direct ion) , isolines of swell equal to or 
greater than 12 f eet , rose correct ion chart , and predominant swell direc­
t ion and constancy . Contains seasonal graphs which give the pers istence 
of waves equal to or greater than 6 ,  9 and 1 2  f eet and less than 6 ,  9 
and 1 2  feet for ocean weather ships and for lightships off  the u . s .  an d 
European coas t s . Includes seasonal graphs of wave height by period and 
wave period by direct ion . Based upon meraed data from domes t ic and 
international sources , observat ion table is given for rose and graphic 
presentations . Contains bibliography . 

2 2 .  u . s .  Naval Oceanographic O f f ice , Pub . No . 7 00 ;  O ceanographic 
At las of the Borth At lant ic Ocean , Sect ion I ,  "Tides and Currents ," 
Washington , D . c .  ( 1 96 5 ) . 

Covers the North At lant ic Ocean , including the Gulf of Mexico,  
the Caribbean , the Mediterranean , and the Bo rth and Baltic Seas . Graphics 
cover types of t ides and cotidal lines , typical t ide waves for coas tal 
regimes , t idal ranges by regions , and t idal stat ions by region . Graphics 
cover seasonal (summer and winter) vectors of prevailing surface currents ,  
isolines of mean current speed in knots , and ocean current roses ( current 
set by direct ion) . Graphs are presented illus trat ing current prof ile with 
depth , vectorial illus trat ions of surface and subsurface current s for se­
lected s t raits , and the Gulf s t ream prof ile and variability .  Surface cu r­
rent vec tors are presented , along with an extens ive b ib liography , and 
numbers of observations are avai lab le for each comp iled current rose area . 

2 3 .  u . s .  Naval Oceanographic Of f ice , B . o .  Pub. No . 705,  Oceanographic 
Atlas of the Polar Seas , Par t  I I ,  Arctic , 1 5 0  pp . ,  Washington ,  D . c . , 
( 1 95 8 )  ( reprinted 1 968,  1 9 70 ) . 
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Contains charts and graphics based upon a l l  domes t ic and interna­
t ional data available over the ent ire Arct ic Bas in in seven section s ; 
support ing text and b ibl iography . 

Sect ion I :  Tides and Current s - Tide type , cotidal lines , t ide 
ranges , and general surface circulat ion for the ent ire bas in and f or  
bordering seas , s traits and embayment& , major vessel and ice is land 
drif t ,  and dynamic topography . 

Sect ion II : Physica l Properties - Seasonal f requency curves of 
sea temperature and air-sea temperature difference ; s easonal isolines of 
surface salinity and dens ity ; water color and transparency ranges . 

Sect ion I I I : Ice - Average and extremes of ice for 1 5-day 
periods , May through November ; comparison of ice condit ions and ice 
pack boundaries by season over about 5 years ; f reezeup dates and 
probability of supers t ructure icing by season . 

Section IV : Wind , Sea , and Swell - Seasonal wind, sea , and swell 
roses , isolines of seas equal to or  greater than 5 feet and swell 
greater than 12  f eet wave period-height and period-direct ion graphs and 
sea heights for coas tal stat ions . 

Section V :  Marine Geology - Geologic s t ructure ; rock types ; bottom 
sediment s ;  seismicity ; volcanoes ; tsunamis ;  gravit y ;  magnet ic variat ion s ; 
magnet ic f ield intens ity ; daily range of intens ity , and Auroral disp lays . 

Sect ion VI : Marine Biology - Distribut ion of fouling ; marine 
algae and seagrass ; d istribution of marine mammals by month ; and the 
Deep Scat tering Layer . 

Sect ion VII : Dis tribution of Oc eanographic Ob servat ions ; bathy­
thermograph and serial station observat ions ; geoaraphic locat ion ; and 
bathymetry of the Ar ctic region . 

2 4 .  Naval Oceanographic Of f ice , spec ia l Pub lications 1 40 0 ,  1 40 1 , 
1 40 2 ,  1 40 3 ,  and 1 404, Department of the Navy , Washington , D . c. , 4 3  
Regional At lases , beginning i n  1 9 7 7 .  

Computerized rep lacement for old Hydrographic O f f ice surface 
current at lases (HOP 56 6 ,  568 , 5 6 9 ,  and 5 70 ) . Cons ists of 4 3  regional 
surface current at lases (not all comp leted) based on more than 4 , 200, 000 
set and drif t observat ions . Compi led by month and by 1° ocean are a 
giving total observat ions , calms , mean speed , vector resultant direct ion, 
percent frequency of and mean speed for primary and secondary direc t io n  
and number o f  observat ions b y  quadrant . I f  there are more than 1 2  
observat ions in an area , the data are assemb led a s  a vectorial presenta­
t ion giving persis tent current , prevailing current , primary current , 
secondary current , b i-zonal f low, and variable current . SP 1 400 - NA6 , 
1 402 - BP6, and 1 402 - NP9 cover waters off the u . s .  Atlant ic and 
Pacific coas ts and the Gulf of Alaska , respect ively . 

25 .  Corps of Engineers , South Pacific Divis ion , '�emorandum for the 
Record of Wave Data meet ing " San Francisco , CA ( 1 9 7 7 ) .  

Reviews a proposed Co rps of Engineers Wes t Coast Da ta (Wave) 
Co llect ion Sys tem, including recommendat ions for standards . Th e  
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proposal is for a 3-year wave measurement program at 1 00 locat ions 
covering the entire California coas t . Data archiving ,  analys is , and 
monthly and yearly publicat ion of spect ral analys is , wave roses , 
maximum wave height , and wave height durat ion . 

26.  Na t ional Oceanic and Atmospheric Administrat ion and Un ivers ity of 
Delaware , Proceedings of a Working Conference on Current Measurement , 
Univers ity of De laware , 1 9 78.  

Conference convened to help determine need for currents , 
availab le and needed technology , and recommendat ions as to solut ions to 
apeeific technology prob lema . Papers covered current measurement 
applicat ions to scient if ic research , ocean engineering , environmental 
impact assessment , and operat ional surveys . Working sessions included 
opinions on the effectiveness and def iciencies of current measurement 
technology , specif ic limitat ions , and ident if ication of tasks 
appropriate to limitat ions . 

2 7 .  American Society of Civi l Engineers , Ocean Wave Measurement and 
Analysis , Vola . I and I I  ( 1 9 74 ) .  

Convened as a forum for researchers to exchange ideas on ocean 
wave measurement and analys is . Included sess ions and papers on wave 
climate programs , retrieval and synthes izing wave dat a ,  remote sensing 
applicat ions , ins trument development , stat is t ical analys is procedures , 
engineering applicat ion of wave data,  wave direct ion measurement and 
analys is , applicat ion to refract ion and velocity determinat ions , and 
analys is and applicat ion of wave data . 

28.  Na t ional Academy of Sc iences , Ocean Wave Spectra , Proceedings of 
a Conference , Prent ice-Hal l ,  Inc .  ( 1 96 1 ) . 

A review of state of ocean wave spectra research , including 
various theoret ical approaches to data measurement ,  analys is , and 
applicat ion .  Part icipants included moa t scient is ts act ively concerned 
with the potential of wave spectra . 

2 9 .  Ho f fman , D .  and D .  A .  Walden , SSC 268 Environmental Wave Data for 
Determining Hull Structural Loading, Ship Structure Committee , 
Washington ,  D . c . , ( 1 9 7 7 ) . 

Reviews methods for obtaining visual and measured wave data,  as 
well as wave hindcaa t techniques . Discusses theoret ical spectral 
formulat ions , wave data from hindcaa t models ( deep and shallow water 
models ) , predict ion of wave loads , effect of format variat ion on load 
predict ion , and wave data needs for des ign . Appendices inc lude : 

Index of Punched Carda with Wind and Wave Da ta 
Sample Wave Observat ion Tab les 
Wave Measuring Systems 
Catalog of References to Avai lab le Measured Spectra 
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Sources of Unpublished Measured Data 
Catalog of Tucke r Shipboard Recorded Da ta 
Compa ri son of Drape r and Spectral Me thods of Analyses 
Sample Measured Spe c t ra 
Ocean Wave Pa rame terizat ion Techniques 
Comparison of Wave Buoy , Wave Hindcas t ,  Wave Spe c t ra 
Proposed South African Wave Measurement Buoy Sys tem .  

3 0 .  Graham , H . E .  and D . E .  Nunn ( 1959 ) "Meteorological Cond i t ions 
Pe rt inent to  Standard Project  Hurricane , At lant ic and Gul f Coas t s  of 
the United States , "  Na t ional Hur ricane Research Pro ject  Report No . 3 3 ,  
u . s .  Weather Service . 

This report was prepared to  provide gene ra l i zed  hu rricane 
s pecif icat ions that are cons is tent geographically  and me teorologically 
for use in planning , evalua t ing , and es t ablishing hurricane des ign 
criteria for  hurricane protect ion works . The Standard Project  Hurri­
cane ( SPH) indices we re de rived for use in select ing the s t andard 
p ro je c t  hurricane c r iteria for spec i f i c  pro j ec t s . The SPH index is the 
wind speed and direct ion pa t te rn with specified dimens ion spans , and 
ranges of forward s peed and d i rect ion of movement for a spec i f i c  
location .  The meteorological charac teris t ics  and dimens ions of t h e  SPH 
indices are based on analyses of pas t hurricanes of record . The report  
presents analyses of the  data  which form the  bas i s  for defining the 
l imi t s  of the SPH ind ices . Various hurricane characteri s t ics  are 
correlated wi th intens i ty criterion , lat i tude , and othe r  feature s . A 
generalized procedure for de termining the SPH criteria i s  shown for the 
At lant ic  and Gulf Coas t s .  

31 . Schwerdt ,  Richard w . , Franc is  P .  Ho , and Roge r  R .  Watkins ( Sept . 
1979 ) ,  Water  Management Informat ion Divis ion , Office of Hydrology , 
National Wea the r Service , Na t i onal Oceanic and Atmos phe ric Admini s tra­
t i on ,  u . s .  Depar tment of Commerce , "Me teorological Criteria for 
S tandard Project Hurricane and Probable Maximum Hurr icane Wind Fields , 
Gulf  and Eas t Coa s t s  of  the Uni ted States . "  

Cri teria for  de termining wind fields  along the Gul f and Eas t 
coas t s  of the Uni t ed States  f rom Texas to  Maine for the mos t  s evere 
hurricane reasonably charac teris t ic of  a region , Standard Project  
Hurricane ( SPH ) , and  for  the  hurricane that wi ll  produce the  highe s t  
s us tained wind that can probably occur a t  a s pec i f ied coas tal  locat ion , 
Probable Maximum Hurricane ( PMH ) , are presented . A s ingle limit ing 
value for the met eorological parame ters of  peripheral pres sure and 
cent ral pressure was determined . Upper and lower l imit s  were 
determined for the radius of  maximum winds , forward speed , t rack 
d i rect ion , and inflow angle . Inte rre lations between the several 
parameters , la t i tude or  longitude we re inve s t igated . Hurricane 
( through 197 5 )  and typhoon ( through 197 4 ) data were used . An 
unders tanding of hurricane behavior through 19 7 7  was used for s tudying 
and evalua t ing value s of parame ters for the SPH and PMH . Other 
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necessary cons i de ra t i ons for def i n i ng wi nd f i elds  are covered i n  t hi s  
repor t . These include the wi nd speed d i s t ri but i on and l imi t s  of  
rotat i on of wi nd f i e lds . The s tudy deve l ops a meteorol ogi ca l l y  
cons i s tent s e t  of  cri teri a .  Thi s report i s  i n  more deta i l  than t he 
report by Graham and Nunn ( 1959 ) and i ncludes about 20 years of more 
recent Hurri canes . 

3 2 . Wi ege l , Robe rt L , Oceanographi ca l Engineer i ng ,  Prent i c e-Ha l l , 
Inc . , ( 1964 ) .  

Bas i c  reference for an understand i ng of the effects  o f  dynami c 
forces on s t ructure i n  t he ocean , wi t h  emphas i s  on waves .  

NOTE : Addi tional references not cited in the above abs tracts are given 
subsequent l y .  
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SELECTED REFERENCES ON DETERMINISTIC WAVE THEORY 

1 .  Airy , G .  B .  ( 184 5 )  : "On Tides and Waves , " Encyclopaedia 
Metropol itana , "  Vol .  5 (Mixed Sciences) , London , PP • 24 1-396. 

2. Bretschneider ,  c. L .  ( 1 96 1 ) : "A theory for waves of f inite height , 
Proc . 7th Conf . Coas tal Engineering , Council on Wave 
Research , the Engineering Foundat ion ,  ASCE , NY, PP • 1 46-1 7 9 .  

3 .  Bretschneider , c .  L . , G .  s .  Pi ck ,  and J .  I .  Co llins ( 1 965 ) : 
"Gravity Wave and Wave Force 'lbeory , Measurements and Dat a  
Analys is : State o f  the Ar t . "  NESCO report SN-98,  Na t ional 
Engineering Sc ience Co. , Pasadena , prepared under contrac t u . s .  
Navy Bureau of Yards and Do cks , NBy-458 1 5 ,  366 PP • 

4 .  Cokelet , E .  D .  ( 1 9 7 7 ) : "Steep Gravity Waves in Water of Arb it rary 
Uniform Depth . "  Ph i l .  Trans . Roy . Soc .  London A 286 , PP • 1 83-2 30 .  

5 .  Dean , R .  G .  ( 1 9 6 5 ) : St ream funct ion representat ion of non-linear 
ocean waves , J .  Geophys . Res . 7 0 ,  P •  456 1 .  

6 .  Gai l lard , D . o .  ( 1 9 3 5 ) : ·�ave Act ion in Relat ion t o  Engineering 
St ructures , "  Reprinted at the Engineering School,  Fort Belvoir , 
Virginia . 

7 . Gerstner , F .  ( 1 802) : Theorie der wellen : Abhandlungen der 
Koniglichen Bohmischen Gesel lschaf t der Wissenschaf ter , Prague ; 
also Gi lbert' s Annalen der Phys ik , Vol .  3 2 ,  PP • 4 1 2-445.  

8 .  Longuet-Higgins , M. S.  ( 1 9 5 3 ) : On the decrease of velocity with 
dep th in an irrotat ional water wave , Proc . Camb . Phil . Soc .  4 9 ,  
P •  5 5 2 .  

9 .  Longuet-Higgins , M. s .  ( 1 9 75) : In tegral propert ies of periodic 
gravity waves of f inite amplitude , Proc . Roy. Soc . , London , A .  
3 4 2 ,  PP • 1 5 7-1 74.  

10 .  Mason , Martin A .  ( 1 95 1 ) :  'lbe t rans format ion of waves in  shallow 
water , Proc . First Conf . Coas tal Engineering ,  PP • 2 2-32.  

1 1 . Rayleigh , Lord ( 1 87 7 ) : On progress ive waves , Proc . London 
Mathemat ical Society , Vol .  IX, PP • 2 1-26.  
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12 .  Rayleigh , Lo rd ( 1 9 1 7 ) : On periodic irrotat ional waves at the 
surface of deep water , Phil Magazine 3 3 ,  P • 38 1 .  

1 3 .  Rossby , c .  G .  ( 1 947 ) : No tes on the dis tribut ion o f  energy and 
f requency in surface waves , J .  Marine Research , Vo l .  6 , 
PP • 9 3-103.  

14.  Schwartz , L .  w .  ( 1 9 7 4 ) : Computer extens ion and analyt ical 
cont inuat ion of Stokes'  Expans ion of Gravity Waves , J .  F luid 
Mech . 6 2 ,  P • 55 3 .  

1 5 .  Skj elbreia , Lars and Jaaes Hendrickson ( 1 96 1 ) : Fif th order 
gravity wave theory , Proc . 7th Conf . Coas tal 
Engineering, Counci l  on Wave Research , the Engineering Foundation ,  
ASCE , NY, PP • 184- 1 9 6 .  

1 6 .  Starr , v .  P .  ( 1 94 7 ) : Moaentua and energy integrals f o r  gravity 
waves of f inite height , J. Marine Res . 6, P • 1 7 5 .  

1 7 .  Starr , v .  P .  ( 1 94 7 ) : Moaentum and energy integrals for gravity 
waves of f inite height , J. Marine Res . 6, P • 1 7 5 .  

1 8 .  Stokes , G .  G .  ( 1 84 7 ) : "On the Theory o f  Os cillatory Waves , " 
Trans . ,  Csabridge Ph ilosoph ica l Society , Vo l .  VII I ,  P • 44 1 ,  and 
Suppleaent Sc ientif ic Papers , Vol .  I ,  P • 3 14 .  

1 9 .  u. s .  Army Corps of Engineers , B . E . B . ( 1 948 ) : "A Study of 
Progress ive Os cillatory Waves in Water , " Te ch . Report No . 1 ,  Corps 
of Engineers . 

20.  Venezian ,  G .  ( 1 9 7 9 ) : Current-wave coup ling and hydrodynaaics , 
Proc . of the 6th OTEC Conference , "Ocean 'lberaa l Energy for 
the 80 ' s , " Wash ington ,  D . C . , June 1 9-22 ,  1 9 79.  

2 1 .  Wiegel ,  R.  L .  and J.  w.  Johnson ( 1 95 1 ) : Eleaents of wave theory , 
Proc . First Conf . Coastal Engineering , PP • 5-2 1 .  

2 2 .  Wilton , J .  R .  ( 1 9 1 4 ) : On deep water waves , Ph il Magaz ine 2 7 ,  
P • 385 . 
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SELECTED REFERENCES ON PROBABILISTIC WAVE THEORY AND DATA ANALYSIS 

1.  Bretschneider ,  c. L .  ( 1 959 ) : ·�ave Variability and Wave Spectra 
f or Wind-Generated Gravity Waves , " u . s .  Army Co rps of Engineers , 
Beach Eros ion Boar d ,  Tech . Memo 1 1 8 . 

2 .  Bretschneider , c .  L .  ( 1 963) : A one dimens ional gravity wave 
spectrum, Proc . Con£ . on Ocean Wave Spectra ,  Prent ice 
Hal l ,  Inc . , Englewood Cl iffs , NJ , PP • 4 1-56 .  

3 .  Bretschneider ,  c .  L .  ( 1 9 7 6 ) : On the determinat ion o f  the des ign 
ocean wave spect rum, Proc . 3rd Internat ional Con£ . and 
Exh ibit ion for Ocean Engineering and Marine Sciences , Dusseldorf , 
Germany , PP • 2 1 8-2 33.  

4 .  Cordone , v. J. , w .  J.  Pierson , Jr. , and E .  G.  Ward ( 1 9 75 ) : 
Hindcas t ing the direct ional spectra of hurricane generated waves , 
Proc . Offshore Technology Con£ . (OTC ) ,  Hous ton , TX Paper 
no.  OTC 2332.  

5 .  Cote ,  L .  J. , J .  o.  Davis , w .  Marks , R .  J.  McGough , E.  Mehr , w .  J. 
Pierson , Jr . , J. F. Ropek ,  G .  St ephenson , and R .  c. Ve t ter ( 1 960) : 
"The Direct iona l Spectrum of Wind-Generated Sea as determined f rom 
Data Ob tained by the S tereo Wave Ob servat ion Proj ect , " Meteor . 
Papers , Vo l .  2 ,  no . 5 ,  New York Univ. , 8 8  PP • 

6 .  Hasselmann , K. , T .  P .  Barnett , E .  Bouws , H .  Carlson , D .  E . 
Cartwright , E .  Enke , J • .  A .  Ewing ,  H .  Gienapp , D .  E .  Hssselmann , P .  
Kruseman , A .  Mersburg, P .  Mul ler , D .  J .  Olbers , K .  Richter , w .  
Sel l ,  and H.  Walden ( 1 9 7 3 ) : Measurement o f  wind-wave growth and 
swell decay during the j o int North Sea Wave Proj ect (JONSWAP) , 
Deut . Hydrogr . z . ,  supp l .  A 8 ,  no . 1 2 ,  9 5  PP • 

1 .  Longuet-Higgins , M.  s .  ( 1 9 7 5 ) : On the j oint distribut ion of the 
periods and ampl itudes of sea waves , J .  of Geophys . Res . 
A.G . U .  Vol.  80 , no. 1 8 ,  PP • 2688-2694. 

8. Longuet-Higgins , M.  s . , D .  E. Cartwright , and N. D. Smith ( 1 9 6 3 ) : 
Ob servat ion of the direct ional spectrum of sea waves us ing the 
m�t ions of a f loat ing buoy , Proc . Con£ . Ocean Wave Spectra , 
Prent ice-Ha ll Inc . , Englewood Cl iffs , NJ , PP • 1 1 1 - 1 3 2 .  
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9.  Mi les , M .  ( 1 9 7 2 ) :  "Wave S pec t ra Est ima t ed f rom a S t rat i f i ed 
Sample of 323  North  At lant i c  Wave Records , "  Prel imi nary report no . 
LTR-SH- 1 1 8A of Mari ne Dynami cs & Shi p  Lab of  the Depa rtment of 
Mechani ca l Engi neering of Canada .  

1 0 .  Mi t suyasu , H .  ( 1 97 3 ) :  '�he One-Dimens i ona l Wave Spec t ra at 
Limi ted Fetch , "  Report , Res . Ins t . Appl . Mec h .  • K.yus hu Univ . ,  
Vo l . 20 , PP • 37-5 3 . 

1 1 . Neumann , G .  ( 1 953 ) :  "On Ocean Wave Spe c t ra and a new Me thod of 
Forecas t i ng Wi nd-Generated Sea , "  u . s .  Army Corps of Engi nee rs , 
Beach Eros i on Board , T . 'H .  No . 4 3 ,  Washington , D . C .  

1 2 .  Oc hi , M .  K. .  and N .  Hubbl e  ( 1 97 6 ) :  Six-parameter  wave s pect ra , 
Proc . 1 5 th Coastal  Eng i neer i ng Conf . ,  ASCE , pp.  30 1 -32 8 .  

1 3 .  Ou ,  Shan-Hwe i ( 1 9 7 7 ) :  ·�a rame t r i c  Determina t i on of  Wave 
Stat i s t i cs and Wave Spect rum of Gravi ty Waves , "  Ph. D .  thes i s , 
Na t i onal Cheng Kung Univers i t y ,  Tai nan , Taiwan . ( I nc l udes 
revi s i ons from Ou e t  al . ,  given in next reference . )  

1 4 . Ou ,  s .  H . , c .  L .  Bre t schne i de r , and F .  L .  w .  Tang ( 1 974 ) :  
Rel a t i onshi p between s i gni f i cant waves and di rect i onal spec t rum ,  
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RACKGROUND PAPER VI 

EARTHQUAKES 
By P .  Arnold 

Int roduc t i on 

A ma jor source of uncert a i nt y  i n  t he des i gn of offshore p l a t forms i n  
se i smi ca l ly a c t i ve regi ons o f  the world  i s  the eva l ua t i on o f  the 
c ha racteri s t i c s  of pos s ible  future ground shak i ng .  

Whi l e  the re a re s imilari t i es  be tween the me t hodol ogy appl ied  i n  
eva l ua t i ng envi ronmental exposure for oceanographi c and se i smi c 
threa t s , the earthquake problem has several  s i gni f i cant aspe c t s  whi c h  
d i s t i ngui sh i t  from t he problem of  pred i c t i ng t he occurrence of seve re 
wi nd , wave , and current cond i t i ons off shore . One notable aspect  i s  
t ha t  the processes whi ch govern t he gene ra t i on ,  t ransmi s s i on ,  and l ocal 
modul a t i on of eart hquake ground mot i ons a t  sea a re such t ha t  
s i gni f i cant d i f ferences i n  t he severi ty of shaki ng c a n  occur a t  s i tes  
whi ch a re rel a t ive l y  short d i s tances apa r t . Thus , eva l ua t i on of  
earthquake ri sk is  of ten be s t  t rea t ed as  a s i t e-s pec i f i c  problem. 
Thi s paper describes the bas i c  e l ement s  of technol ogy avai lable for 
maki ng a quant i tat ive assessment of the severi ty of t he ea rt hquake 
hazard at a s i te of cons t ruc t i on i nt e res t .  The term " s i t e  sei smi c i ty" 
wi l l  be used here t o  imply a quant i t a t i ve descri p t i on of t he s e i smi c 
threat at  a s i t e of interes t .  

S i t e  Sei smi c i ty 

A s i t e-spec i f i c  approach carri es  wi th  i t  the burden of explai ning 
t he cause and e f fect  re l a t i onshi ps whi ch gove rn such spa t i a l  vari at i ons 
in the characteri s t i c s  of ground mot i on ,  e i t he r  theore t i ca l l y  or 
empi r i ca l l y .  Another d i s t i ngui shi ng aspect is t ha t  the occurrence of 
earthquakes is not a pure ly random proces s in e i ther the spat ial  or the 
t emporal sens e .  De ta i l s  of the proce sses  and cond i t i ons whi ch l ead t o  
the genera t i on of an eart hquake are not ye t we l l  unde rstood , but they 
a re rel a t ed to t he faul t s  and d i scont i nui t i e s  of the ea rth ' s c rus t .  
Al t hough i t  may be neces sary o r  desi rable t o  i ncorporate s impl i f i c a­
t i ons i n  t he mode l  deve l oped t o  evalua t e  ea rt hquake exposure , i t  i s  
important to  re t a i n  as  many o f  the phys i cal  rea l i t i e s  o f  t he ea rt h­
quake problem as  pos s i bl e . 
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The key elements in the process of select ing earthquake des ign 
criteria inc lude the severity of the environmental hazard , the init ial 
cos t of the p latform, the incremental cos t assoc iated with an increase 
in reliabi lity , the nature and extent of the consequences if damage or 
failure were to occur , and the length of time the p latform is exposed 
to the environment .  These interact ions can be balanced quantitatively 
to  achieve the des ign obj ect ives of economy and safety through the 
app licat ion of reliability or value analys is . The s t ructural criteria , 
or des ign rules , emp loyed in conf iguring and s iz ing the p latform, 
provide the link between the severity of the environment and the 
reliability and cos t of the p latform, for they include the specif ica­
t ion of materials , a llowab le s tresses , analys is models , j oint detai l­
ing , f itup , inspect ion and other construct ion pract ices which are 
emp loyed . As noted in the text of this report , detailed reliab i lity 
analys is may not be necessary to es tablish earthquake des ign criteria , 
except perhaps in ins tances involving a platform s ize or conf igurat ion 
or a seismically act ive region in which signif icant experience does not 
already exis t .  For a reliability analys is to be meaningfu l ,  all of the 
key elements of the prob lem mus t be ident if ied and each contribut ing 
factor mus t be quant if ied in either an individual or an aggregate form. 

It is essent ial  that the type of p latform be known during the 
process of evaluat ing environmental des ign criteria . This is 
especially t rue with regard to earthquakes . The not ion of maximum 
oceanographic load is fairly s t raightforward ,  as it is mainly a 
funct ion of the maximum combinat ion of wave and current condit ions and 
the geometry of the platform itself . In cont ras t ,  the maximum load 
experienced during an earthquake is s trongly dependent on the stif fness , 
mass , and energy diss ipat ion characterist ics of the platform, as well  
as  the severity of the quake itself . Th is contras t underscores another 
important dif ference between oceanographic and earthquake des ign 
problema . In the oceanographic cas e ,  loading is direct , whereas 
earthquake loading is , by ita nature , indirect . An important 
imp licat ion of the indirect nature of earthquake loading is that the 
des igner has the opportunity to exert more contro l  over the actua l 
severity of loading experienced by the p latform than is generally 
pos s ib le under oceanographic loading condit ions . This control is 
derived largely by varying the size and conf igurat ion of foundat ion 
elements . The foundat ion of p ile-supported platforms generally con­
tributes s ignif icant ly to the f lexib il ity of the overall sys tem and 
can s ignif icant ly ef fect the deformat ion and force transmiss ion 
characteris t ics of the p latform system. 

To be useful as input to the select ion of des ign criteria , the 
results of a s ite seismicity study must include a quant itat ive 
descript ion of both the severity and the likelihood of occurrence of 
future ground shaking at the site.  In addit ion , the characterizat ion 
of the severity of ground mot ion must  be readily translated into a t  
leas t one format which i s  suitab le as direct input to a s t ructural 
des ign procedure . 
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The characteri s t ics  of eart hquake-gene ra t ed ground mot i ons a t  a 
s i te of i nterest a re i nf l uenced by a number of factors . Three d i s t i nct  
phys i ca l  phenomena can be  i dent i f i ed : 

1 .  Source cha racteri s t i c s 

2 . Local s i te modula t i on e f fect s 

3 .  Sourc e-t o-s i t e t ransmi s s i on and a t t enua t i on 

Al though thi s i s  a s impl i f i ed p i c ture of t he complex energy re l ease and 
se i smi c wave propagat i on phenomena associated wi t h  an ea rt hquake , i t  
p rovides a useful f ramework for developing a model for eva l ua t i ng s i t e  
sei smi ci ty.  Important source cha racteri s t i cs i nc l ude t he type and 
geome t ry of faul t i ng and t he f requency of occurrence , l oca t i on ,  and 
magni tude of future ea rthquake s .  Loca l s i t e  modulat i on e f fects  i nclude 
t he i nf l uences of l ocal surface and subsurface topography and soi l 
cond i t i ons i n  modi fying the i ncomi ng sei smi c wave s . Sourc e-t o-s i te 
t ransmi s s i on and a t t enua t i on i s  conce rned wi th the cha rac t e ri s t i cs of 
ea rt hq uake groun� mot i ons and thei r va riat i on wi th d i s tance f rom t he 
s i te and t he geol ogi c cond i t i ons a l ong the t rave l  pa t h .  

Cha rac teri s t i cs of Ea r t hquake Ground Mot i on s  

I n  gene ra l terms , t he i ntens i t y ,  f requency cont ent , and dura t i on 
of ground shaki ng s i gni f i cant l y  i n f l uence s t ruc ture response . The 
importance of ground mot i on i ntens i t y s hould be obvi ous . Frequency 
content i s  important because t he response of a s t ruc ture i s  gene ra l l y  
d i ctated b y  t he amount of exc i ta t i on ene rgy at o r  nea r the s t ruc ture ' s 
fundamental mode of vibra t i on .  In t e rms o f  damage potent i a l , t he 
response of s t ruc ture and soi l sys tems often depend not onl y  on t he 
ampl i tude of deforma t i on but a l so on the cumul a t i ve numbe r of 
deformat i on cycles , and t here fore on t he dura t i on of shak i ng . The 
spec i f i c  charac teri s t i cs of ea rt hquake ground mot i ons tha t  a f fect t he 
response of an of f shore pla t form a re grea t l y  dependent on the dynami c 
characteri s t i cs of the supe rs t ruc ture and founda t i on components  of t he 
s ys t em ,  a s  wel l  as  on t he l ocal soi l s ,  which  bot h  t ransmi t to  and 
absorb energy f rom the vi bra t i ng sys tem .  

A comple t e  t ime hi s tory of mot i on f o r  each of s i x  degrees o f  
f reedom i s  requi red t o  ful ly descri be eart hquake shak i ng a t  any given 
point . However ,  even t he mos t  ri gorous s t ruct ure res ponse a nalyses wi l l  
gene ra l ly be l imi t ed t o  three t rans l a t i ona l components o f  shaki ng .  
Thi s i s  a t  least  pa rt l y  due t o  t he fact that ve ry l i t t l e tha t  i s  known 
about rot a t i onal componen t s  of shaki ng has been corrobora ted by f i e l d  
measurement s .  In nume r i cal s t ud i es of s i t e  se i smi c i ty ,  t he important 
element s  of eart hquake ground mot i ons a re mos t  often approximated by 
parameters  of acce lera t i on t i me hi s tori e s  or by t he peak re s ponse of 
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s imp le s t ructures . A variety of parameters wi ll general ly be 
required to develop a suf f icient ly detailed description of ground 
mot ion intens ity . A comparison of the f requency content of ground 
shaking and the dominant periods of p latform response can provide 
important ins ight as to the des ign relevance of a part icular ground 
mot ion parameter. Although one parameter may provide more informa­
t ion than another , s ingle-peak paramet ers alone (e . g . , peak accelera­
t ion , velocity , and displacemen t) are not suf f icient to completely 
describe the important characteris t ics of earthquake ground mot ions . 
Addit ionally ,  they are not generally suitab le as direct input to an 
analys is of structural response.  Since the des igner is generally 
interested in the maximum value of some response quantity which can 
be related to s tresses and disp lacements in important structural 
components , the earthquake response spect rum provides a more comp lete 
and useful ind icator of ground mot ion intensity . Al though these data 
are more cumbersome than s ingle-valued ground mot ion intensity 
parameters , they are needed for es t imat ing dynamic s t ructural 
response when evaluat ing s ite seismicity . 

Local S ite Modulat ion Effects 

Although not completely unders tood it is clear that local s ite 
condit ions can s ignif icant ly modify important characterist ics of 
incoming earthquake motions . The inf luence of local soil condit ions 
is primarily a funct ion of the dynamic ,  cyc lic stress-s train 
characteristics of the soi l ,  the thickness of the prof ile (depth to 
bedrock) , and the manner in which seismic waves arrive at the s i t e .  
In some situat ions , the ef fects of local topographic and geometric 
f eatures (e . g . , large s lopes , faults , and effects close to the edge 
of sediment bas ins )  might also be important . Both analyt ical and 
emp irical procedures for evaluat ing soil modulat ion ef fects have been 
developed over the pas t several years . 

Al though Kanai in Japan had conducted earlier studies of soil 
response using a viscoelas tic representation of the soi l ,  Seed and 
Idriaa !&!/ described the f irst technique which found vide acceptance 
for s tudying the effects of local soil conditions on ground motions . 
Seed and Idriaa made two important assumptions to obtain a tractab le 
solut ion to the problem of s tudying ground mot ion in soil deposita . 
The f irs t assumpt ion vas that the horizontal mot ion in a soil depos it 
could be reapresented solely by vert ically propagat ing shear waves . 
This assump t ion is open to criticism s ince the pat tern of wave 
propagat ion in soil depos ita is certainly more comp lex than 
vertically propagat ing shear waves alone . The assumption ,  however ,  
appears to lead to reasonab le results with respect t o  the intens ity 
of shaking in the few cases where observed f ield experience has been 
recons tructed .�/ The second assumpt ion of Seed and Idriaa vas that 
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the nonl i near s t rain  h i s t ory dependent propert ies  of soils  could be 
represented by equiva lent linear propert ies . In us ing the equivalent 
l inea r representat ion of soil propert ies , shea r modu l i  and v i s cous 
damping rat ios are chosen for each laye r in the s o i l  prof i le tha t 
a re compat ible wi t h  the ave rage peak shear s t ra in induced in  that 
layer by the ea rthquake mot ions . Laboratory cyc lic  load ing t e s t s  of 
soil samples are generally used as t he bas i s  for es tabl ishing s t ra i n­
compat ible modules and damping va lue s . Since the appropriate  leve l s  
o f  shear s t rain a re no t known i n  advance , seve ral  i t e ra t ions may be 
requi red to obtain compat ibil i t y .  

A ground response analyses which assumes the ve rtical propagat ion 
of shear waves may produce resul t s  re f lect ing the e f f e c t s  of loca l 
soil  cond it ions on the peak ground mot ion parame ters  that are in 
accord with spe c i f i c  observed expe rience . However ,  pe rhaps the 
g rea t e s t  usefulne s s  of such an analys is i s  the ident i f icat ion of the 
pos s ibility  of pronounced amplif icat ion ( or deamp l i f icat ion )  of  the 
g round mot ion by a soil  depos i t .  

Pronounced s ite  amp l i f i ca t ion has been observed in the f ield . 
I f  s t ructures  founded on such s o i l  depos i t s  have na tural  f requenc ies 
s imilar to  an appa rent fundamental  site  pe riod , a resonance cond i t i on 
may occur , with po tentially damaging cons equence s .  I t  is  impo rtant to  
note  that because of  the  nonli nea r i ty of s o i l  res ponse , a fundamental 
period of  the soil prof ile  is  not single-valued . While it may be a 
convenient not ion , an appa rent fundamental period wi l l  vary with the 
s everity  of shaking . I t  should be noted that the s igni f icance of the 
computed fundamental pe riod of a s it e  tends to  be exaggerated by the 
a ssumpt ion that the mot ions cons i s t  solely of ve r t i ca l ly propaga t ing 
shear wave s . It also  turns out that use of equiva lent l inear soi l 
p ropert ies , which means that  a s ingle set  of shear modul i  and damp ing 
rat ios is used throughout the record , tends to  lead to ove ramp l i f ica­
t ion of the peak surface acce lera t ion and of  mot ion a round the 
fundamental period of the soil  prof i le model . 

As a consequence of the above observa t ions , the use of 
equivalent linear prope rties  in soil  re sponse analyses is now be ing 
s upe rseded by the use of analys is  mode ls incorporat ing full  nonl inea r 
soil  prope rties . 5 , 6 , 7 / A va rie ty of nonlinear s o i l  mode ls and solu­
t ion techniques are avai lable and addi t iona l  deve lopment s may be 
expecte d .  

Recent work by Seed , Ug as , and Lysme r , 8 /  r-tohraz , 9 /  and o thers 
has led t o  the development of emp i rical re sponse spectra for rock and 
s everal broadly def ined categories of  soil depos i t s . These response 
spec t ra may more corre c t ly be refe rred to  as "norma l i zed"  spe c t ra 
because they are nondimens iona l and use some ground mot i on pa rame ter  
( usua l ly peak accelera t ion)  as a scal ing factor . These normal i zed  
s pec t ra repre sent s ta t i s t ical ave rages of s t ruc tural re spons e 
amp l i f i cat ion which have been computed f rom a group of records 
( gene rally be tween 5 a nd 25  records per group ) fall ing into the same 
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s i t e  c l a s s i f i ca t i on .  I n  p ract i ce , t hese spect ra provide a s impl e  
means of  e s t ima t i ng t h e  ord i na t e s  of s t ructural re sponse spect ra f o r  
a s i t e  of i nt e re s t  based o n  a pred i c ted va lue of peak acce l e ra t i on ,  
whi ch re f l ect  the i nt e ns i t y  o f  ground mot i on a t  the s i t e , a s  we l l  a s  
t he modul a t i on e f f ec t s  of t he l o c a l  soi l cond i t i ons . One l imi t a t i on 
common t o  a l l  the ave raged soi l ampl i f i cat i on spect ra descri bed ne re 
i s  t ha t  s i nc e  a s i ngl e pa rame t e r  i s  used for  sca l i ng ,  t he sha pe 
( i . e . , f requency content ) of the resul t i ng response spect rum becomes 
f ixed for each s i te c l a s s i f i ca t i on .  Thus any i nf l uence whi ch 
eart hquake magni tude or sourc e-t o-s i te d i s tance mi ght have on va ryi ng 
t he f requency cont ent of ground mot i ons i s  not re f l ec t ed ;  these 
effects  have been ave raged out in the ana l ys i s  proces s .  Pe rhaps t he 
mos t  important l imi tat ion of  empi rical  ampl i f i ca t i on spec t ra i s  the 
l ack of ac tual f i e l d  data of seve re shaki ng ( i n whi ch t he nonl i nea r 
p rope r t i e s  of soi l response may be important ) and on t he prof i l es of  
soft , deep soi l prof i l es  whi ch a re cha rac teri s t i c  of many o f f shore 
l oca t i ons . In p rac t i ce , t he emphas i s  may va ry , but it is gene ra l l y  
prudent t o  combine both  empi rical  and ana l y t i cal approaches as  a 
bas i s  for judgment i n  eva l ua t i ng t he modula t i on e f fe c t s  of l ocal soi l 
cond i t i ons . 

Source-t o-S i t e  At t enuat i on 

Cha rac t e ri zat i on of sourc e-t o-s i t e  t ransmi s s i on/at tenua t i on 
e ff e c t s  provides the quant i tat i ve l i nk be tween t he earthquake source 
pa ramet e rs and the cha rac t e ri s t i cs of  ground s haki ng at a d i s tant 
s i t e .  In t he i nterveni ng d i s tance , important change s i n  t he 
charac t e ri s t i cs of shak i ng can occur as  the re sul t of geome t r i c  o r  
hys t e ret i c  energy d i s s i pa t i on ,  sei smi c wave mode conve rs i on ,  and 
o t her more compl ex phenomena a l ong the t rave l  pa t h .  Al though t he 
s e i smo l og i ca l  communi ty i s  deve l op i ng analyt i ca l  solut i ons for 
s o-ca l l ed d i s l ocat i on mode l s , nea rly a l l  ava i lable t ransmi s s i on/ 
a t t enua t i on rela t i ons current l y  be i ng appl i ed i n  eng i neering prac t i ce 
have been devel oped empi ri ca l l y .  Typi cal l y ,  t hese solut i ons a re 
rela t i ve l y  s impl e  func t i ona l re la t i onships  be tween eart hquake s i ze and 
sourc e-t o-s i te d i s tance and some pa rame t e r  of s i te  ground-mot i on 
i ntens i ty .  Mos t  a t tenua t i on re lat i ons t ha t  are i n  common use 
i ncorpora t e  eart hquake magni tude and some d i s tance pa rameter , such as  
epi cent ra l d i s t ance or closest  d i s t ance t o  t he faul t ,  a s  i ndependent 
va ri abl e s .  The dependent va riable is gene ra l l y peak acce l e ra t i on ,  
peak ve l oc i ty ,  peak di splacement , or some othe r  quant i t a t i ve measure 
of ground mot i on i ntens i ty such as  the ord i nates  of s t ruc tura l  
response spec t ra .  The coe f f i c i ents of t hese emp i ri cal a t t enua t i on 
rel a t i onshi ps a re gene ra l l y  determi ned by regre s s i on ana l ys i s  o f  
measured data . 
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S ince empirical a t t enuat ion relat ions are s t a t i s t ical in na ture , 
they only provide an e s t ima t e  of the relat ionship be tween earthquake 
s ource parame t e rs and s i t e  ground-mot ion cond i t i ons . Even if the 
earthquake magni tude and s ourc e-t o-s ite  d i s tance of a future event 
could be predicted wi t h  certainty , t he correspond ing s i t e  ground 
mot i on cond i t ions are s t i l l  no t known determini s t ically . One 
c harac teri s t ic which is common to all data used to def ine empirical 
at tenua t i on relat ions is  tha t the s t a t i s t ical scat t e r  i s  quite large ; 
t herefore , the probabi l i ty tha t  actual ground mot i on parame ters  wil l  
be s igni f i cantly d i f f e rent ( les s  o r  grea ter ) than predicted  b y  the 
mean a t tenuat ion law i s  also  qui te large . In prac t ical s i tua t ions , 
the dec i s ion-maker may choose f rom at  lea s t  two alternat e  ways o f  
dealing wi t h  the large uncertainty associated with empirically 
determined a t tenuation laws : t rea t the uncertainty expl i c i tly in a 
f ully probab i li s t ic f ramework or t reat the mean a t tenua t ion plus 1 
s tanda rd deviation or some othe r f rac t i le as a determini s t i c  
rela t ionship . 

Recommenda t i on of a pa r t i cular attenuat ion re lationship for 
general use in site s e i smic i ty s tudies is  not pos s ible a t  this  t ime . 
A recent s tate of the art  pape r by Idris s 1 0/ rep resents an exce l lent 
s ource for comparison and reference of many at tenua t i on re lat ionships 
which are avai lable . The fol lowing criteria may be useful in the 
select ion or deve lopment of a t tenuat ion relat ionships for s i t e  seis­
mic i ty s tudie s : 

1 .  Select the ground mot i on or s t ructural response parame ters  
which are mos t  relevant to  the  dynamic cha racteris t i c s  o f  
the s t ruc ture-f ounda t ion system be ing des igned , and 

2 .  Se lect or develop a re lationship which i s  based on a da t a  
set  whi ch bes t  ma t ches loca l s i t e  cond i t ions , t h e  loca l /  
regional geologic and tectonic f ramework , the range o f  
source parameters , and t he dis tances of interes t .  

Spat ial aspe c t s  of ea rthquake ground mot ions mus t  also be g iven 
a t tent ion . S t rong ground mot ions of enginee ring s igni f icance may be 
the result of cont ribut ions f rom several types of waves whi ch arrive 
a t a s i te f rom d i f ferent d i rec t i ons and a t  different t imes . I t  is  
impos s ible to general i z e  as t o  which wave components are mos t s i g­
nificant ; this wi l l  depend on many fac tors re lated t o  the character­
i s t ics of the earthquake source , the sourc e-t o-s ite  dis tance , and the 
t ravel path , as we l l  as the dynamic prope rt ies of the s t ructura l 
sys t em to be des igned . The re is  l i t t le doubt that the shaking at  a 
point on the surface of  the earth which resul t s  f rom an ea rthquake i s  
t ruly ' three d imens ional , involving three t ranslationa l and three 
rotat ional component s .  There also seems l i t t le doubt that the 
charac t r i s t ics  of earthquake mot ions may vary s igni f i cant ly ove r 
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relat ive ly short  dis tances , bo th on and below the earth ' s s urface . 
In mos t cases , howeve r , i t  is suf ficient to  describe earthquake sha k­
i ng in t e rms of three orthogona l t rans la t ional components of  mo t ion . 
For pile  f ounda t i ons , i t  may be des i rable to  account for va riat ions in 
the ampli tude and phase  of ground mot i ons ove r the length of  the piles ; 
howeve r ,  t o  account for these va ria t i ons with conf idence implies  a know­
l edge of earthquake wave f orms which s t re t ches beyond current prac t ice . 
I.t is  gene rally not necessary t o  account for variat ions ove r the 
hor i z ontal extent of  the platform f oundat ion unless  the hor i zontal 
dimens ions of the founda t i on are a few hundred feet  or more . 

Hazard Asses sment - Analysis  Framework 

The object ive of  a s i t e  seismicity  s tudy is  to  provide input to 
the process of selec t ing des ign criteria . To mee t this object ive , the 
assessment mus t  provide a quant itat ive descript ion of  both the severity  
and l ikelihood of  occurrence of  future shaking which properly re f lects  
important aspec t s  of earthquake s ource characteris t ic s , sou rc e-t o-s i te 
a t t enua t i on ,  and local s i t e  modula t ion effec t s . Al though de tails  of  the 
analys is  procedures can vary wide l y , formal approaches to  quant itat ive  
evaluat ion of site  seismic i ty may be  e ither probab i l i s t i c  or de t e rmi­
nis t ic , or some combinat ion thereof .  

In the det e rmini s t ic approach the occurrence of one or more 
"crit ical" earthquake event s  is hypothes ized . These  event s  may 
f requently be character ized by such terms as "probable maximum" or 
"maximum c red ible . "  A maximum c redible earthquake is  gene ral ly an 
e s t imat e  of the larges t event which can reasonably be pos tula ted to  
occur on  a given fau l t  sys tem , based on  exi s t ing geologic and 
s e i smologic  evidence . A preci s e  e s t imat e  of the probab i l i t y  of 
occurrence of a maximum credible ea rthquake is  ra re ly pos s ible , but i t s  
p robabi l i t y  of occurrence during the des ign l i f e t ime of a pla t form is  
generally qu ite  sma l l . Ground mot ion a t  a s i te is e s t imated  d i re c t ly , 
f or a value of magni tude ass igned t o  the "crit ical" event , u s ing a 
f ixed re lat ionship be tween earthquake magni tude , sourc e-t o-s ite  
d is tance and a part icular ground mot ion parame t e r . Uncertainty in 
location of the seismic source and a t tenuat ion may or may not be 
a ccounted for in evaluat ing the corresponding characteris t ic s  of  ground 
shaking at the s i t e . Th is  approach is often re ferred  to as sem i­
determinis t ic in an e f fort  to re f lect poss ible inclusion of at  leas t 
some e lement s  of randomnes s .  In i t s  pures t  form ,  however ,  this approach 
amount s  to  earthquake predict ion .  
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The ful l y  probabi l i s t i c  approach to  evalua t i ng s i t e  sei smi ci ty 
at temp t s  to expl i c i t l y  i ncorpora t e  unce rtainty i n  the t ime 
of occurrence , l oca t i on ,  and magni tude of future eart hquake event s  
an� sourc e-t o-s i t e  t ransmi s s i on / a t t enua t i on .  The t echnique descri bed 
by Corne l l  1 1 / and convent i ona l l y  re ferred to  as  "sei smi c ri sk 
ana l ys i s " provides a logi ca l f ramework for evaluat i ng s i t e  
sei smi c i ty.  The bas i c  el ement s o f  the c l a s s i cal  sei smi c ri sk 
ana l ys i s  techni que a re descri bed i n  a s e ri es  of papers by Cornel l �/ 
and others . l 1 , 1 4 /  t1any eart hquake engineering consul tant s and 
engi nee rs hive obtai ned or deve l oped computeri zed ve rsi ons of  
probabi l i s t i c  sei smi c ri sk anal ys i s  mode l s .  A bas i c  assump t i on 
norma l l y  made i n  the deve l opment of t hese mod e l s  i s  that the 
occurrence of future earthquakes can be represented as  a random 
proces s ,  wi th a cons tant mean ra t e  of occurrence for event s  having 
magni tudes grea ter  than some spec i f i ed l owe r leve l of engineering 
interes t .  I t  i s  not , however ,  necessary to  re t a i n  a ful l y  random 
occurrence model i n  probabi l i s t i c  s e i smi c ri sk analysi s . l 5 , 16 /  

Eart hquake Source Mode l  

nevelopment of a n  earthquake source model  i s  a c ruc i a l  s t e p  i n  
a n  evalua t i on of s i t e  sei smi c i ty ,  regardless  of the analys i s  
f ramework used . The degree of sophi s t i ca t i on that  i s  wa rrant ed i n  
develop i ng a source mode l  wi l l  depend mai nl y  o n  the l eve l of s e i smi c 
a c t i vi ty of the a rea , t he type and amount of data whi ch i s  ava i lable 
and the soc i a l  and economi c s i gni f i cance of the faci l i t y .  Al though 
t he detai l ed mechani sm of eart hquake occurrence i s  not ful ly 
unders t ood , it  is  known t ha t  on a gl obal s ca l e , mos t ea rthquakes 
occur wi thin re lat ively  na rrow zones al ong t he ma jor t e c t oni c plate  
bounda ri e s .  Ea rthquakes are espec i a l l y  f requent a t  bounda ries  whe re 
l arge con t i nuous re l a t ive deforma t i ons occur be tween ad jacent plates . 
Thus on a regi ona l s ca l e , s e i smi c a c t ivi ty i s  gene ra l l y  a func t i on of 
t he ampl i tude and d i rect i on of re l a t i ve movement al ong plate  
bounda ri e s .  I n  ac t i ve regi ons , A O  t o  90  percent o f  s i gni f i cant 
earthquakes are assoc i a t ed wi th  i d ent i f iable  geol ogi c faul t s .  
The refore , i n  eva l ua t i ng s i t e  se i smi c i ty ,  i t  i s  genera l l y  acceptable 
t o  assume tha t  ma jor ea rthquakes occur as the resul t of the sudden 
re lease of  accumulated s t ra i n  in the eart h' s c rust  a l ong an exi s t i ng 
f aul t surface . 

The re a re seve ral important s t eps i n  the deve l opment of an 
eart hquake source mode l .  The f i rs t  s tep is t o  i dent i fy and l oca t e  
a l l  faul t s  i n  the vi c i n i ty of t he s i t e  whi ch a re potent i a l  sources of  
ma jor earthquakes . Thi s step mus t  i nc l ude d i f feren t i a t i on be tween 
"ac t i ve" faul t s  and i nac t i ve remnants of the geol og i c  pas t . The next 
s tep i s  to quant i fy the spa t ial  d i s t r i but i on of sei smi c act ivi ty of 
act ive eart hquake sources .  Thi s  amount s  t o  est ima t i ng we i ght i ng 
func t i ons whi ch answe r the ques t i on ,  "I f an earthquake occurs , whe re 
i s  i t  l ike ly to occur ?"  Fi na l l y ,  i t  i s  necessary t o  eva l ua t e  the 
d riving pa rame ters of  t he source model :  answe r t he ques t i ons , '�ow 
often do earthquakes of engi neering s i gn i f i cance occur ? "  and "If  an 
earthquake occurs , how b i g  i s  i t  l i ke l y  to be ? "  

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 .

E n v i r o n m e n t a l  E x p o s u r e  a n d  D e s i g n  C r i t e r i a  f o r  O f f s h o r e  O i l  a n d  G a s  S t r u c t u r e s :   A  R e p o r t
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 = 1 9 7 8 4

http://www.nap.edu/catalog.php?record_id=19784


162 

The re a re seve ra l ways t o  eva l ua t e  t he pa rame ters o f  an ea rthquake 
source model , bu t they a re genera l l y  ba sed e i ther on a nume r i cal  ana l ys i s  
o f  t he hi s tori cal record o f  ea rt hquake occurrences or on a phys i cal  
i n t e rpretat i on of the  geo l og i c  record . Because the  h i s t ori cal record i s  
o f ten qui te  short i n  the vi c i ni t y  o f  o f f s hore a reas o f  i nt e res t ,  future 
earthquake act i v i t y  genera l l y  cannot be conf i dent l y  pred i c ted by s imply 
ext rapol a t i ng t he hi s tori c record of sei smi c act i vi t y .  Idea l l y ,  bot h  
h i s t ori c and geologi c approaches shoul d be empl oyed and should l ead to  
e s t imates  of eart hquake act ivity  ra t e  whi ch a re gene ra l l y  cons i s tent 
wi th  each othe r .  As these approaches a re of t en based on crude 
a s sumpt i ons and use di f ferent types of data i nvolving d ramat i ca l l y  
d i f fe rent t ime s ca l e s , the resul t i ng rat e  e s t i ma t es a re not always 
c ons i s tent . Othe r  spec i a l  probl ems that wi l l  i nevi tably ari se i nclude 
the e s t i ma t i on of upper l imi t magni tudes and the t reatment of fore­
s hocks and aftershocks . These e f fects  are mos t  effect ive l y  add re ssed 
by geol og i s t s  and s e i smologi s ts expe ri enced i n  t he cha rac t e ri s t i cs of 
t he l ocal tectoni c / geologic set t ing . 

In summa ry ,  the deve l opment of a source mode l  for use i n  eva l ua t­
i ng s i te sei smi c i ty should include i dent i f i ca t i on of potent i a l  ea rth­
quake sources ,  a quant i ta t i ve assessment of t he l eve l of eart hquake 
a c t i vi ty i n  t he regi on , t he spa t i a l d i s t ri but i on of act ivi ty be tween 
potent i a l  sources , and the re l a t i ve d i s t r i but i on of earthquake 
magni tudes . Sys t ema t i c  devel opment of  a comprehens i ve source model 
permi t s  the dec i s i o n-maker t o  expl i c i t l y  i ncorpora t e  the expert i s e  of 
expe ri enced geolog i s t s  and s e i smolog i s t s  expl i c i t l y  in the selec t i on of 
ea rt hquake des i gn cri teri a .  

Summa ry 

The resul t s  of a s i t e  sei smi c i ty s tudy shoul d provi de i nput to  
t he de s i gn cri t e r i a  select i on process  whi ch i ncludes a quant i ta t i ve 
descri pt i on of the severity and l ike l i hood of occurrence of  future 
earthquakes . The evalua t i on of earthquake hazards mus t  recogn i z e  t he 
important aspects  of earthquake sources and mechani sms , sourc e-t o-s i te 
t ransmi s s i on/a t t enua t i on cha racteri s t i cs , and potent i a l  local s i t e . 
modulat i on effec t s . The devel opment of a real i s t i c  source mode l  i s  
o f t en t he mos t  d i f f i cul t part o f  the problem; the importance o f  t h i s  
s t ep i n  deve loping reasonabl e and defensible ea rt hquake des ign 
c ri teria should not be underemphas i zed . Thi s i s  an a rea where the 
expert i se of geol og i s t s  and se i smol og i s t s  who are expe ri enced i n  the 
geolog i c / tectoni c envi ronment of i nt e re s t  can be i nval uabl e .  The 
ove ral l mode l i ng and analys i s  ef fort shoul d a l s o  i ncorpora te  i nput f rom 
plat form desi gne rs and geotechni cal engi nee rs . 

I f  mode l i ng and ana l ys i s  efforts  a re careful ly pe rformed ,  the 
resul t s  of a probabi l i s t i c  se i smi c i ty s tudy may be qui t e  va luabl e i n  
maki ng quant i t a t i ve assessments  o f  ri sk .  As i n  any analys i s ,  t he 
resul t s  are onl y  as  good a s  the assump t i ons . In sei smi c ri sk ana l ys i s , 
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the e s t ima t e s  of  probabi l i t y a re o f t en q ui t e  sens i t i ve t o  the 
assump t i ons made wi th  regard t o  t he pa rame ters of t he source mode l  and 
t he a t t enua t i on rel a t i onshi ps used . As in any eng i neeri ng s tudy , t he 
sens i t i vi ty of  t he resul t s  t o  key mod e l i ng assump t i ons shoul d be 
d e t e � i ned .  

In formul a t i ng a plan for carryi ng out a sei smi c i t y  assessment , at  
l eas t three important factors mus t  be ba l anced : 

1 )  The complexi ty  and seve ri ty , i n  t erms of des i gn cos t , of the 
eart hquake hazard and t he amount and type of  data ava i l abl e .  

2 )  The sophi s t i ca t i on o f  t he mode l i ng and ana l ys i s .  

3 )  The consequences o f  damage o r  fa i l ure o f  the plat form sys t em .  

In order t o  provide sel f-checking and a feel f o r  the reasonableness o f  
t he resul t s , s i t e sei smi c i t y assessmen t s  gene ra l l y  s hould i nc l ude both  
sem i-determi n i s t i c  and p robabi l i s t i c  mode l i ng and  analys i s  t echni ques 
a nd a comb i na t i on of emp i r i cal  and ana l yt i ca l  approaches to  account for 
l oca l s i t e modulat i on effect s .  

Future Deve l opment s 

It  i s  bel i eved that eart hquake eng i neering t echnol ogy whi ch exi s t s  
or i s  curren t l y  unde r deve l opment wi l l  permi t t he prudent offshore 
operator to des i gn and bui l d  pl a t forms whi ch wi l l  perform sat i s fa c t o r­
i ly .  I n  t he face of  uncert a i nty , safety i s  achi eved through 
conservat i sm.  Further improvement s i n  our understand i ng of ea rthquake 
phenomena wi l l  provide a bas i s  for improving t he cos t effect ivene s s  of 
future d e s i gns . Table I bri e f l y  i dent i f i es some of the a reas of t ec h­
nol ogy i n  whi ch improved unde rs tand i ng wi l l  be pa r t i cularly s i p,ni f i cant 
t o  the des i gn of safe and economi cal o f f s hore p l a t forms . Sugges t i on s  
a re i ncluded for focus ing cont inued e f forts  i n  t he areas of  data  
acqui s i t i on and  the deve l opment of improved ana l yt i cal mode l s  and 
i ns t rumentat i on sys tems . 
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DATA 

Expand and maintain 
nat ional s trong mot ion 
instrumentat ion network 
in areas of high seismic 
act ivit ies and future 
f ront ier development 
areas where coverage 
is limited . 

Special data needs are : 
-nearf ield mot ions 
-horizontal and 

vert ical arrays 
-of f shore s ites 
-very soft clay and 

saturated eohe­
s ionless s ites 

-soil-structure 
interact ion of 
structures sup­
ported on piles 
and large mat 
foundat ions . 

1 64 

TABLE I 

FUTURE DEVELOPMENTS 

INSTRUMENTATION 

Improved power and 
performance reliabi­
lity of strong mot ion 
instruments for long 
term (6-1 2 months)  
operat ion and hos t ile 
environments ( e . g. , 
cold regions and 
underwater) . 

Continue development 
of remote data acquis i­
t ion hardware ( e . g. , 
marine acoustic trans­
mission) with emphas is 
on data rate and 
reliability . 

ANALYTICAL MODELS 

Cont inue development 
and calibrat ion of 
analyt ical models of 
earthquake occur­
renee and st rong 
mot ion wave p ropa­
gat ion) with emphas i s  
on ident ifying and 
linking the para­
meters of earthquake 
source mechanism 
and wave propagat ion 
phenomena to ground 
mot ion parameters of 
engineering s i g­
nif icance . 
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BACKGROUND PAPER V I I  

I CE RELATED ENVIRONHEtiTAL PROBLEMS 
By w .  F .  Weeks and J .  Ruser 

Int roduct ion 

F ixed surface piercing s t ruc ture s have been u t i l ized for oil  produc t ion 
in Cook Inle t , Alaska for about 1 4 years . An unmarred s t ructure safe ty 
record attes t s  to the adequacy of the ice des ign cons idera t ions . 
Simi larly , lighthouses and bridges piers cons t ructed in ic e-covered 
waters have generally performed sat isfactorily , although there are at 
leas t two documented cases of lighthouse failure as  well as numerous 
cases of ice-i nduced damage to bridges . 

Design force levels  for the Cook Inlet  platforms represented a 
subs tant ial jump in environmental force as compared to  force levels  for 
tempe rate cl imate s t ruc tures be ing bui l t  at  the t ime . Rathe r wel l  
def ined ice cond it ions and a s ingular des ign ice-f ailure mode permi t ted 
the usage of temperate c l imate  s t ruc tural conf igurat ions , i . e . , 
t empla te  type s t ruc tures . Na turally , the s t ruc ture s we re 
proportionately heavier to res i s t  the higher loadings , and special 
provis ions such as using low temperature s t eel  and keeping a l l  brac ing 
below the ice li ne had to be made . 

Al though Cook Inle t has been termed an Arc t ic area in  the pas t , 
the ice cond i t ions there are substant ially less  severe than those in  a 
t ruly Arc t ic area such as the Beaufort Sea . Wi thout a t t empt ing to 
define the word "Arct ic , "  i t  is  fair to  state  that ice cond i t ions 
become increas ingly severe as one proceeds north through the Be ring 
Sea , Chukchi Sea , and into the Beaufort Sea , where virtua l ly all  known 
ice feature s  exi s t  in large quan t i t y  and formidable s i ze . 

A legi t imate f i r s t  s t ep in deve loping effi cient s t ruc tures for 
t ruly Arc t i c  cond i t ions would be to a t t empt to extend tempera te cl imate 
technology to a leve l adequate to  meet  the Arc t i c  envi ronment . A 
number of indus t ry s tudies have been d i rected to this end . As a result 
of these studie s , i t  was soon realized tha t s t raightforward extens ions 
of exi s t i ng technology might not be adequate  and that new and rad ically 
dif ferent s t ructural configurations and des ign approaches might be 
needed . There is  subs tant ial interac t ion be tween ice as a loading 
mechanism and the s t ruc ture i t  is  loading . When this is  coupled with 
o ther cons traint s ,  a high degree of des ign interrelat ionships resul t s . 
In short , the task in the Arct i c  i s  not to  des ign a s t ruc ture t o  
wi ths tand the envi ronment ,  but to interac t prope rly with i t .  

1 6 7  
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Characterizat ion of the Ice Environment 

The primary dist inguishing feature of the Arctic is its ext reme 
cold. Subf reezing temperatures usually occur during eight months of 
the yea r ,  with extreme low temperatures of -40° to -45° not 
uncommon . Da rkness accompanies the cold winter months and winter 
s torms are f requent . Arctic summers (actually spring, summer ,  and 
fall)  are short , with the period of above-f reez ing temperatures 
general ly extending f rom June through September . The darkness ,  of 
course , is an operat ional nuisance , and the low temperatures must be 
cons idered in se lect ing const ruct ion materials that are res is tant t o  
low-temperature britt le failure . However ,  it i s  the format ion of the 
ice , an ef fect of the low temperatures , that causes the mos t concern 
for the des igner and the operator . 

An adequate descrip t ion of the ice environment at any locat ion 
includes many types of informat ion . He re the discuss ion will be 
limited to maj or hazards l imit ing the des ign or the operat ion of 
specif ic sys tems . Th e  hazards will be grounded in terms of the four 
ice-zones ( open water , botto�fas t ice , f loating-fas t  ice , and pack 
ice) that exis t of f mos t Ar ctic coas ts and the specific sys tems that 
might be utilized in each zone . For ins tance , small fas t  ice movements , 
even if rare , are very important in protected near-shore areas because 
sys tems there may not be des igned to withs tand ice mot ions of more than 
a few meters . These mot ions are common further offshore , but 
relat ively unimportant des ign-wise ; there , s t ructures mus t be des igned 
for events exert ing much larger forces . 

A short assessment about the s tate of knowledge of each hazard 
follows . A more extens ive descrip t ion of ice hazards is found in the 
discuss ion of "Environmenta l Hazards to Of fshore Operat ions Along the 
Coast of the Beaufort Sea" (Arctic OCS , 1 9 78 ) and in the 1 9 75 Al aska 
Oil and Gas Associat ion Status Report on Arctic Research Requirements 
for Oil and Gas Operat ions in the Alaskan Arctic (AOGA, 1 97 6 ) . 

Open Water 

Hazards occuring in open water in arct ic regions include the 
following : 

Rapid encroachment of heavv oack ice into ice-f ree areas . 
Convent ional marine transport , as well as the use of f loat ing drilling 
vessels , is essent ially res tricted to ice-f ree sea condit ions . If 
offshore pack ice were to move rap idly into an ice-f ree area , 
conventional ships would be unab le to operate , could sus tain hull 
damage , and might be pushed aground by the ice pack.  The operat ions of  
f loat ing drilling vessels are severely curtailed when ice could force a 
ship off  its s tat ion above the drill hole . At bea t ,  the vessel woul d 
have to be prepared to rap idly disconnect f rom the dril l- s t ring and 
move off  s ite . 
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Records have now been compi led of summer ice-e dge locat ions in the 
Chukchi and Beaufort Seas . Ope rat i onal forecas t s  are also made by both 
private  and gove rnment groups of the movement of the ice edge . 
However , hindcas t s tudies have apparent ly not been made for the 
"verif icat ion" of  these predict ive schemes ( this is  par t i cularly t rue 
when the more modern ice dynamics models are cons idered ) .  Moreover ,  
sat i s factory high-r esolution remote  sens ing sys tems , capable of  
obtaining data under unfavorable a tmospheric cond i t i ons such as clouds 
or  darkness , have not been deployed in operat ional sate l l i tes . In 
add i t ion ,  operat ional sys tems do not as yet exi s t  for eff iciently 
t ransmi t t ing high-resolut ion real-t ime envi ronmental data  and ice 
forecas t s  t o  ship and of fshore plat form crews . 

Thermal erosion of  the coas t l ine . Because the coas tal sed iments 
contain a large amount of ice , wave action may cause the rapid 
recession of exposed port ions of the coas t .  For ins tance , bluf f 
ret reats of more than 60 m have been noted in a single s t o rm .  
Protect ion of selected s t retches of beach at pipel ine cross i ngs f rom 
eros ion should not be d i f f icul t , al though i t  c learly woul d  be 
expens ive . 

Observat ions of coas tal e ros ion rates based on the ana lys is of 
sequent ial series of aerial phot ographs are available as  are direct 
measurements of headland re t reat associated with ind ividual s torms . It  
would be des i rable to  develop a phys ical model capable of  foreca s t ing 
ext reme erosi on in order to predict  the magni tude of such events from 
the characteri s t ics of ext reme s t orms . 

Storm surges .  Ma jor storm surges are gene rated by wes t e rly blows 
and generally occur near the end of the open water season , when the 
fetch ( d is tance ) be tween the land and the semicont inuous pack ice is at 
i ts maximum . The worst  s torm surge on record for the Alaskan Beaufort 
Coast  occurred in Septembe r 1 9 7 0 .  The surge height was 3 m and wave 
heights  were also e s t imated at  3 m .  Such ext reme s t orm surges are 
be l ieved to  have recurrence interva l s  of between 2 5  to 1 00 years . 
Although these hazards  are not s t rictly ice-c aused , the magni tude of 
the surge is  control led both by the wind characterist ics and the d i s tance 
t he main ice pack is  located off shore . During these surge s , the severe 
coas tal eros ion ment ioned above occurs and all but the highest  barrier 
i slands are ent i rely awash and undergo cons ide rable eros ion ( some small 
islands d isappear complete ly . )  Al though these surges and the extens ive 
i ce are mutually exclus ive , the s t rong winds invariably force old f loe 
f ragments to the shore whe re they "bang" agains t the coa s t  with eac h 
h igh wave . Examples are known where ice f ragments weighing several 
hundred tons have overridden small  islands . 

The t imes and magni tudes of several historic surges are known . 
As ye t ,  however ,  exi s t ing numerical models of s torm surge behavior have 
not been sys temat ica l ly appl ied to this record so tha t  a suitable 
hindcas t storm surge can be gene rated . From such a series , it would 
be poss ible to deve lop reali s t ic probabi l i t ies of the f requency of 
occurrence of surges of various magnitude s .  
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Offshore permaf ros t .  Th ere is s t i l l  ques t ion about the degree of 
hazard imposed by the presence of offshore permaf ros t .  In general ,  at 
locat ions in the f loat ing-fas t  ice zone , as well as further offshore , 
the t op of the bonded permaf ros t is usual ly far enough below the sea 
f loor so that p ipelines and the foundat ions of offshore s t ructures 
would be within the thawed near-surface laye r .  In the bottom-fas t  ice 
zone , the permaf ros t can extend right to the sea f loor , and the 
presence of permaf ros t would def initely have to be cons idered in 
foundat ion and buried p ipeline des ign .  Also recent OCS s tudies have 
indicated that when the sub-sea sediments are t ight ( dens e ,  highly 
compacted clays ) , permaf ros t may come up close enough to the sea bed to 
become a foundat ions problem, even at s ites wel l  off the coas t .  
Whether these occurrences are common remains t o  be determined . 
Certainly sit e-specif ic checks for offshore permaf rost will  be 
necessary to assess the des ign and cons truct ion pract ices that will be 
utilized in various offshore areas . 

When hot petroleum begins to f low from offshore wells , the heat 
will cause melt ing and produce different ial subs idence with in sub-sea 
permafros t .  This is a problem that must be taken into account in the 
wel l  bore des ign to prevent gathering sys tem failures and serious 
p roduct ion delays . Similar prob lema are taken into account in the colder 
" land-baaed" permaf ros t .  It is probab le that techniques developed for 
land-baaed permaf ros t will prove adequate for the sub-sea cas e .  

Suf f icient drilling has b een conducted to provide a general 
pattern for the distribut ion and character of the offshore permaf rost 
in the near vicini ty of  Prudhoe Bay . At other coas tal locat ions , data 
on offshore permaf rost are largely lacking. Present informat ion 
indicates that the factors controlling the permaf rost dis tribut ion are 
quite comp lex, including parameters such as the thermal his tory of the 
soi l ,  the sediment grain s ize , and the porewater salinity . 

Superstructure icing. Supers t ructure icing only occurs when h igh 
waves (spray) and subf reezing air temperatures exist s imultaneously . 
Because a fairly cont inuous ice cover limits  the p resence of  high 
waves , icing is usual ly not a problem in the Arct ic .  However ,  i t  can 
be a severe problem in sub-arctic seas because th ick , very heavy masses 
of ice can build up rap idly on the upper port ions of ships and 
p lat forms . If ic ing is not ant icipated in the design of an offshore 
s t ructure , s t ructural failure of exposed port ions of the superst ructure 
of the platform could result .  

Since supers t ructure icing is a severe hazard t o  the f ishing 
industry ,  cons iderab le efforts have been mounted to predict it . As a 
f irs t approximation , the emp irical icing correlat ions developed f rom 
these s tudies could be combined with statis t ical analys is of storm 
characterist ics in the region of interes t to make es t imates of extreme 
icing events . Once offshore p latforms are ins talled , they should be 
used as f ield s ites to collect addit ional informat ion on the problem. 
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Bot tom-Fas t  Ice Zone 

Thi s  zone is ad jacent to the main coast  and re s t icted  to wat e r  
depths unde r 2 m  ( i . e . , loca t i ons where the unde formed ice become s 
thick enough t o  f reeze to  the bot t om . )  In some loca t i ons a long the 
coa s t  of the Beaufort Sea , this zone may be seve ral  kilome ters wide . 
When bot tom-fas t  ice  i s  d iscussed , it  is  gene rally assumed to be in an 
area whe re ice mo t i ons during the the winter are neg l igible . 

rtovement of thin and deteriora ted  fast  ic e .  During the winter , 
when ice mot ions are small  and the ice cove r is  thicke s t  and s t ronge s t , 
sys tems such as grounded barge s and art ificial ice is lands can be con­
s idered for use as pla t forms for both explora t ion and produc t ion 
dri l l ing . Howeve r ,  as these sys tems are sens i t ive to  lateral ice 
mot ions , i t  i s  important for the des igne r to  know wi thin we l l-def ined 
l imi ts  the extent of the ice mot i ons to  be ant i c ipated . Even though 
2 m thick winter ice may be wel l-g rounded and e f fec t ively mo t i onle s s  at 
a given locat ion , this does not prec lude the ice f rom moving in the 
fall  be fore it is thick enough to  be grounded or in  the spring when i t  
me l t s  f ree f rom the bot t om .  I n  fa c t , mos t  coastal  nea r-shore ridge s 
a re composed o f  ice f ragments that  arc le ss  than 50 em thick . Th is  is  
an  indicat ion tha t the ice mot ions caus ing the r idge bui lding occurred 
in the early winter . rtoreover ,  ic� mot i ons of  seve ra l tens of me t e r s  
up  and onto the shore are appa rent ly fairly common in the spr ing , when 
the nea r-shore ice is  weak and highly deteriorated . For bo th these  
cases , i t  i s  essential  that  the  des igner be  able  to  calculate  the 
forces exe rted  by the i ce mo t i on and the height of any ice  p i leups tha t 
would resul t . I t  is  these cons ide rat ions tha t gove rn whe ther the 
s tabi l i t y  of a grounded barge or  an art i f i c ial ice is land should be 
enhanced by sur round i ng them wi th grave l be rms or  by other t echniques . 

The thi n ,  newly formed ice of the early wi nte r  and the 
deteriorated  ice of the spring may ove rride grave l  causeways connect ing 
dri l l ing s i te s . The forces result ing f rom such events  mus t be known so 
that  proper protect ion can be des igned if feeder p ipel ines are to be 
bui lt  on the surfaces of causeways . At some s i te s  openings may be 
p rovided in causeways to  minimize  the i r  e f f e c t s  on local coastal  
c i rculat i on .  Bridges  spanning these breaks i n  the  causeways would also  
have to  be  des igned agains t ice ove rride . 

No data on the mot ions of ice  wi thin the bot t om-fas t ice  zone 
exi s t  in  the public  doma i n .  Howeve r ,  propriet ary informa t ion has been 
collected by company-spons ored pro jec t s . The resul ts  night we l l  be 
h ighly s i te spec i f i c . For ins tance , s i gnificant ice mot i ons in areas 
protected by barrier i slands would probably be less l ike ly than in 
a reas whe re the near-s hore ice can be subjected to  d i rect  pre s s ure from 
the arc t i c  pack . 
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F l oa t i ng-F a s t I c e  ?.one 

Thi s zone occurs .1 us t o f f s h o re o f  t he bot t on- f a s t i c e a n d  e x t e n ct s  
s eawa rd f o r  va r y i ng d i s t ances , d e pe nd i ng upon t he t i me of t he yea r .  
Ice cond i t i on s  wi t h i n  t he f a s t i ce z one can c hange d rama t i ca l l y  f rom 
yea r t o  yea r ,  d e pend i ng upon t he f o rc e s  and moveme n t s  t o  wh i c h  t he weak 
fa l l  i ce i s  sub je c t e d . As t he fa l l  i ce c on t i nues t o  t h i cken and 
s t re ng t he n , i t  become s mo re res i s t a n t  to d e f o rma t i on .  The re f o re , t he 
potent i a l  f o r  extens i ve d e f o rma t i on wi t h i n  t he f a s t  i ce z one g radua l l y  
d ec rea s e s  a s  t he wi n t e r  progre s s e s . The re i s  deba t e  abou t t he l i ke l y  
l oca t i on o f  t he ou t e r  fa s t  i ce bound a ry .  F requent l y ,  t he boun d a r y  i s  
a s sumed t o  be a t  t he 2 0  m i s oba t h ,  be cause o f t en t h i s wa t e r  de p t h  
c o i c i d e s  rough l y  wi t h  t he l o ca t i on o f  t he edge o f  t he fas t i ce d u r i ng 
e a r l y  wi n t e r . Howe ve r ,  rece n t  OCS s t ud i e s  have s hown t ha t  t he f a s t  i c e 
e d � e  mav l i e  we l l  seawa rd of t he 20 m i s oba t h  i n  l a t e  wi n t e r .  F o r  
o f f s hore re s ource deve l opmen t  pu rposes , i t  i s  much s a f e r  a nd t he r e f o r e  
more approp r i a t e  t o  s e l e c t  t he 13 m i s oba t h  a s  t he ou t e r  edge o f  t h e  
" st a b l e "  f l oa t i ng f a s t  i ce ,  s i nce t h i s  bound a ry t end s t o  seoa ra t e  
re g i ons whe re t he f a s t  i ce i s  re l a t i ve l y  unde f o�ed f rom re g i ons whe re 
encoun t e r s  wi t h  ve r y  l a rp,e nov i n g  i ce ma s s e s  can d e f i n i t e l y  be 
expec t e ct . Pe rha ps a f t e r  mo re yea rs o f  observa t i on i t  wi l l  be s a f e  t o  
c on s i de r  t hi s  bounda ry a s  be i ng fur t he r  seawa rd ,  e s pec i a l l y  o n  a s i t e­
s pe c !  f i e  ba s i s .  

?1ovenent o f  t hi ck 1 col d f l oa t i ng- fa s t  i ce .  Anywhe re wi t h i n  t he 
f l oa t i n g-fas t i ce z one , l a rge (100 m) moveme n t s  of t h i ck ,  c o l d sea i ce 
a re pos s i bl e . Avai l a b l e  i nf o rma t i on sugge s t s  t ha t  such moveme n t s  a re 
q u i t e  l i ke l y  s eawa rd of t he ba r r i e r  i s l and s , becomi ng ra re r be tween t he 
i s l and s and t he c oa s t . Howe ve r ,  un l e s s  s i te-s pec i f i c  i nf o rma t i on i s 
ava i l ab l e  t o  t he cont rary , d ri l l i ng a c t i v i t i e s  p roposed f o r  t he 
f l oa t i ng-f a s t  i ce z one mus t be prepa red t o  cont end wi t h  such moveMen t s .  
Whe re suc h movemen t s  a re known t o  be l a r ge , i t  may be des i rab l e  t o  
u t i l i ze add i t i ona l d e f e ns i ve s t ruc t u re s  t o  p revent i ce f rom ove r r i d i ng 
s i t e s . Al so , p recau t i ons s houl d be t aken so t ha t  a b l owout c ou l d  be 
p revented i f  a s i t e  we re t o  be d e s t royed by ra oi d i ce movement s .  

A r t i f i c i a l  g rave l i s l an d s  a re t he mos t l i ke l y  p l a t f o rms i n  t he 
f l oa t i ng-f a s t  i ce z one ; t hey have p roven t o  be very e f f ec t i ve und e r  
s i ni l a r  cond i t i ons no r t h  of t he ?1ackenz i e  Ri ve r .  O t he r  pos s i b i l i t i e s 
a re cone-s ha ped gravi t y  s t ruc t u r e s  s pe c i f i ca l l y d e s i gned t o  r e s i s t t he 
f o r c e s  wh i c h occur d u r i ng i ce moveMe n t  and p i l i ng . Ar t i f i c i a l  i c e 
i s l a n d s  o r  grounded ba rges ma v a l s o  be pos s i bi l i t i e s a t  l oca t i on s  whe re 
t o t a l  wi n t e r  i ce Mot i ons a re known t o  be sma l l ,  i f  a "noa t "  i s  mai n­
t a i ned or a g ra ve l be rm i s  bui l t-u p a round t he pe r i phe ry o f  t he s i t e .  

One i mportant cons i d e ra t i on i s  t ha t  sou t h  o f  t he ha r r i e r  i s l an d s  
l a rge nu l t i-y ea r  f l oe s  ra re l y  oc c u r , whi l e  no r t h  of t he ba r r i e r  i s l a n d s  
mul t i -year f l oes o f  apprec i a b l e  s i z e ( up t o  seve ra l hund red Me t e rs i n  
d i ame t e r )  may be common wi t h i n  t he f a s t  i ce ,  pa r t i cu l a r l y  a l ong t he 
coa s t  o f  t he Reau f o r t  Sea . 
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Ob servat ions o f  fast ice mot ion up t o  6 km shoreward and up t o  3 0 
ka seaward of the barrier islands of the Beaufort Sea have been recorde d 
as part of the Outer Cont inental Shelf Environmental Assessment Program 
(OCSEAP ) . Ret mot ions , greater than 60 m were noted, even in the 
vicinity of the is lands . The OCSEAP f ield team also felt that during 
April 1 9 7 6 ,  if meteorological conditions h•d been only slightly more 
favorable (with s tronger offshore winds of longer duration) , the 
complete fast ice sheet north of the barrier is lands could have broken 
off and rap idly moved out to sea (there were very few grounded ice 
features north of the barrier islands that year to aid in stabilizing 
the fas t ice) . Industry has carried out studies of fas t ice mot ion 
during the las t 3 years . Although moa t of their s ites were south of 
the barrier is lands in protected locat ions , they also obtained some 
data north of the barrier islands . This data is still proprietary . 

Development of a model for predict ing mot ions of the f loatina­
faa t  ice from a knowledge of the state of the of f shore pack and exis t­
ing atmospheric and oceanographic conditions has not been attAmpted. 
The Cold llegiona lleaearch Engineering Laboratory (CRREL) at Hanover · ,  RH 
vbich conducted the OCSEAP s tudies feels that this may prove possible 
only for large events of fas t -ice mot ion, vbich fortunately are the 
ones of interest in des igning oil-producing structures . ( Small events 
appear to show little if any correlation with environmental conditions . )  
If a model could be developed , then it could be used in conj unction 
with past weather informat ion to generate a time aeries of fas t  ice 
mot ions vbich could serve as a bas is for des ign . 

Pack Ice Zone 

Th is zone extends seaward of the fas t  ice zone . For the purposes 
of this paper , the · "southern" limit of the pack ice zone will be baaed. 
on the typical ice conditions during the early winter (Oc tober­
November) . During this period, the fast ice forms within the barrie r 
islands and extends north of the is lands to approximately the 1 3  m 
depth contour . The extens ion of the fas t  ice to this depth is 
s tabilized by the grounding of large masses of deformed ice . Bo rth of 
the fast ice edge , there is cons iderab le crushing and shearing of the 
largely winter ice as the pack moves toward and a long the coas t .  Th is 
zone , in vbich the ice is more deformed than the ice either nearer the 
coas t or farther to sea , can be several tens of ki lometers wide and is 
somet imes referred to as the "shear zone . "  Within the shear zone , the 
potential for s ignificant lateral ice movements of more than a kilometer 
per day exis ts at all t imes of the year . The likelihood of movement is 
particularly high in the early winter and late spring. (As the thick­
ness and strength of the ice increases during the winter , ita sus­
ceptibility to deformat ion decreases . )  During the late winter and 
early spring , the actual fas t ice boundary may extend well seaward of 
the 1 5  m dep th contour . The highly deformed landward port ion of the 
shear zone commonly contains many large grounded ice masses and i s  
referred t o  by various authors as either the "grounded ridge zone" or 
the "a tamuki zone . "  
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The cha rac teri s t i cs of t he shea r zone a re not we l l  known because 
it  i s  nei t her an easy nor an invi t i ng place to vi si t .  Its  wi d t h  i s  
usua l l y  less  t han 1 00 km , and wi t h i n  t he zone t he degree of de forma t i on 
of i t s  i ce i s  va riable a l ong t he coas t .  Of f t he North Sl ope of Ala ska , 
t he degree of deforma t i on appears t o  decrease  a s  one moves wes t  from 
Harter  I s l and . I t  i s  t he dri f t i ng and hi ghly deformed i ce of t he shea r 
z one t ha t  i s  found above muc h  of t he cont i nental s he l f  off Alaska . A 
permanent s t ructure for t h i s  i ce zone woul d have to  be desi gned to 
wi ths tand the forces exe rted by movi ng ma sses of cold , thi ck ,  f i rs t­
yea r i ce and by la rge fi rs t-year pres sure ridge s .  

I n  t he s hear zone , des i gn cond i t i ons would probabl y be gove rned by 
t he pos s i b l e  interact i on between off s hore s t ructures and the even l a rge r 
a nd o f t en more formi dable types of i ce masses t ha t  wi l l  be described be l ow .  

Mul t i -year pre s sure ri dge s .  When a f i rs t-year pres sure ridge i s  
f ormed , t.he ridge is composed of  a pi l e  of i ce blocks produced from the 
intera c t i ng i ce s heet s  t ha t  "col l i ded " t o  form t he ri d ge . These i ce 
b l ocks a re poorly bonded t oget he r , and t he ri dge a s  a whole  may have 
l i t t l e  s t ructura l  s t rengt h.  However ,  i f  a pre s sure ri dge survi ve s 
s eve ra l  summers , t here i s  a gradual percola t i on of "fresh" wa ter  i n t o  
t he core of t he ridge duri ng t he mel t i ng season . Thi s wat e r  t hen 
f reezes and gradua l l y  t he pressure ri dge is t ransformed into a mas s ive , 
voi d-f ree , low-sa l i ni ty i ce body wi t h  hi gh s t rength.  To add t o  t he 
d i f f i cul ty , t hese ridges a re commonly "embedded" i n  heavy mul t i-y ea r  
f l oe s  whi ch may have average t hi cknesses o f  a s  much as  5 m.  The s e  
ri dge-f l oe combina t i ons c a n  exert ve ry la rge force s o n  a n  offshore 
s t ructure . 

In t he l a s t  1 0  years much has been l ea rned about p ressure ridge s , 
pa rti cularly t he i r  genera l geomet ry and prope rt i e s .  For i ns t ance t hey 
can be ve ry large , wi t h  reported sa i l  hei ght s and kee l  depths on 
f re e-f l oa t i ng ri dges of 1 3  and 4 7  m respec t ive l y ; thei r i nt e rna l s t a t e  
i s  qui t e  va r i ed , depend i ng upon age ;  t he i r  sai l he i ghts  ( and kee l  
dep t h s )  exhi bi t nega t i ve exponent i a l  f requency d i s t ri but i ons ; and t he 
f requency of t he i r  occurrence vari e s  apprec i ably wi t h  loca t i on and 
sea son ( and presumabl y f rom yea r to year ) .  Howeve r ,  mos t of t he laser  
and sonar prof i l e  data  upon whi ch t hese  s t a t i s t i cs a re based were 
obtai ned f rom i ce seaward of the s hear zone . For the areas of t he 
Beaufort Sea of i nterest he re , f requency data on sa i l  hei ght d i s t ri bu­
t i ons a re onl y  avai lable for  1 97 6  (Februa ry ,  Apri l ,  Augus t ,  December )  
and 1 97 8  (!1arch) . Correspond i ng kee l depth  informa t i on i s  la rgel y  
unavai lable because t he sha l l ownes s  of t hese  wat e rs makes submarine 
ope ra t i ons d i f f i cul t .  

Furt hermore , when ridge f requenc i e s  a re tabulated f rom laser  or 
s ona r data , no met hod exi s t s  t o  separa t e  f i rs t-yea r  ri dge s  f rom mul t i-
year ridge s .  Thi s i s  an important d i s t inct i on because ablat i on may 
cause mul t i-yea r ri dges to be sma l l e r  t han f i rs t-yea r ridge s . Al so , 
ridge data a re ava i lable onl y  as a space series  ( ri dge hei ght s ve rsus 
d i s tance a l ong t he sampl i ng t rack) as opposed to t he more useful t i me 
series  ( t he he i ght s of ridges pas s i ng a given s i te as a funct i on o f  
t ime ) .  The dri f t  rat e  of the i ce pa s t  the s i te mus t  be known for t hi s  
conve rs i on .  
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Indivi dual  mul t i-y ea r pre s sure ri dges a re a ubi qui tous fea ture of 
mul t i-yea r i ce and a defini t e  hazard t o  offshore ope ra t i ons . Howeve r , 
recent stud i e s  have shown t hat  even more deci ded mul t i-y ea r i ce ha zard s 
ex i s t .  For example , at  ce rta i n  shoa l a reas wi thin the grounded ridge  
z one , large , elonga ted sys tems of shea r pres sure r i d ge s  form , wi t h  l a rge 
ri d ges a rrayed one a f t e r  another l i ke furrows in a pl owed f i e l d . One 
ri dge zone approximately  40 km l ong was obse rved off  Ol iktok Po i nt i n  
1 97 5  ( see Kovacs , 1 9 7 6 ,  f o r  the va riety of image ry of such i ce 
features ) .  I f  t hese features survive severa l  summers , l a rge , t h i ck ,  
massive i ce bod i es resul t whi ch can become ungrounded t o  d r i f t  a l ong 
t he coa s t . Al though these i ce bod i e s  a re not usua l l y  as impre s s i ve as  
i ce i s lands ( see be l ow) , they a re a local  product of the ma rg i ns of  
the Arct i c  Ocean and mus t  be  dea l t  wi th when offshore s t ructures a re 
desi gned for thi s regi on . Moreove r ,  when these mult i-year shea r ri dge 
sys t ems break up , they can produce l a rge numbers of  f l oebe rgs ( f ragments 
of mul t i-yea r pres sure ridge s ) ,  whi ch i n  turn probably produce much o f  
t he i ce-i nduced scori ng o f  the sea f l oor . 

It  i s  now known t hat  the forma t i on of shea r ridge sys tems i s  com­
mon off t he North Sl ope of Alaska and that  t hese f ea tures many t imes 
survi ve severa l me l t  seasons to become mul t i-year ice . Limi ted informa­
t i on i s  ava i lable about the geome t r i c  na ture of t he i ce i n  t hese  mas s e s . 
Pa rti cularly lacking i s  quant i ta t i ve informa t i on on t he numbe r of t hese  
f ee f eatures and t he i r  s i ze d i s t ri but i ons . I f  t hese data  and  related 
mot i on data we re ava i lable , then the probabi l i ty of encounters between 
f ragments of ridge systems and offshore s t ructures could be ca l culated . 

Ice i s l and s .  Tabular  i cebergs produced by the cal vi ng of i ce f rom 
t he Elle sme re Ice She l f a re ca l l ed " i ce i s land s . "  The she l f f t se l f  i s  
3 5  t o  60 m thi ck , and the resul t i ng f ee i s lands can be qui t e  l a rge ( f or 
i ns tance , i s land T-3 had " i ni t i a l "  d imens i ons of 6 x 14 km ) .  Once an 
f ee i s l and forms , i t  d r i f t s  southwes tward a l ong the coa s t  of t he 
Canad i an Archi pelago and northe rn Alaska , whe re i t  ent e rs e i ther t he 
cl ockwi se dri ft  of the Paci f i c  Gyral or t he northwa rd mot i on of t he 
Transpol a r  nr i f t  S t ream. Ice i s lands caught i n  t he Transpol a r  Dri f t  
St ream may l eave the Arct i c  Ocean wi t hi n  3 years . Ice i s l ands i n  t he 
Pa ci f i c  Gyre may c i rculate  for decades . Dur i ng t h i s  cl ockwi se d ri f t , 
these f ee fea tures may pas s  a l ong the coast  of t he North Sl ope many 
t imes , gradua l ly thinni ng , wi th many ul t imately  breaking i nto  f ee 
i sl and f ragment s .  These f ragment s ,  wi th typi ca l l a t e ra l  d imens i ons of 
30 to 1 00 m and t hi cknesses  of  12 t o  30 m a re mos t  commonl y found off  
the Nort h Sl ope of Ala ska ( Kovacs and Mel l or ,  1 974 ) .  The i ce i n  these 
f ragments is qui t e  s t rong . An offshore s t ructure woul d probably be 
dest royed i n  the event of a col l i s i on wi th a la rge f ee i s land , 
part i cul arly i f  the i s land wa s imbedded i n  and carri ed a l ong by heavy 
pack f ee .  Des i gns shoul d preclude an oi l spi l l  even in t he case o f  
such a n  unl ikely event . A much more l i kely event i s  a col l i s i on wi t h  
a n  i ce i s land f ragment whi ch would not neces sari l y  produce a fai lure . 
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The gene ral charac teri s t ics  of ice i s lands and the i r  f ragments are 
known . However , cons iderable informat ion tha t  could be useful to the 
des igner is s t ill  mi s s ing . For ins tance , l i t tle quan t i t a t ive 
informat ion exis t s  about the i r  s ize d i s t ribut ion , numbers , degradation 
rates , product ion ra t e  f rom calving in the Ellesmere Shel f ,  and the 
break-up of preexist ing ice is lands compared wi th the rate  as they leave 
t he Arc t ic Ocean . In shor t , reali s t ic e s t imates of encounter 
probab i l i t ies  be tween o f f shore s t ruc tures and ice islands cannot be made 
at  present . Photographic mi s s ions conduc ted by the oil companies in 
1 97 2  indi cated the presence of at  leas t 400 ice islands along the 
Alaskan coas t . Recently ice i s land s ight ings have apparently been much 
less common , al though no comparable photographic search has been 
carried out . Pe rt inent que s t ions include : When wil l  the next ma jor 
calving of  the El lesmere Shelf occur? Will  a large ice is land drif t ing 
off shore ( such as T-3 )  break up , producing shallower draf t fragment s 
capable of reaching s i tes  nearer the coas t before grounding ?  

Icebergs . Icebergs are f ragments of glacier ice ( other than 
tabular f ragments of the Ellesmere She l f )  dri f t ing in the sea . 
Fortuna tely , they are not a problem along the ma rgins of the Arc t i c  
Ocean . However ,  they d o  present severe operational problems a t  
l ocat ions such as Baf f in Bay , the Labrador Sea , and the Grand Banks . 

As compared wi th our knowledge of ice is lands , there i s  an 
abundance of informa t ion ava i lable on icebergs because of  the data 
collec t ion program of  the Inte rna t i onal Ice Pat rol . Encounter  
p robabi l i t ies  with  of f shore s i tes  can be  e s t imated . Also , at many 
locat ions the i ceberg hazard occurs in e i ther very open pack ice or in 
open water , making the t owing o f  icebergs "around" a s t ruc ture a 
def inite operat ional pos s ibility . 

Scoring of the sea f loor by ice.  Scoring of the sea f loor by 
p ressure ridge keels  and by ice island f ragments is a phenomenon that  
also mus t  be  cons ide red in the des ign of offshore s t ructures in the  
Arctic . I f  blow-out preventers and f eeder pipe l ines are not buried 
be low the maximum expec ted gouge depth or "armoured" to  protect them 
aga ins t the d r i f t ing ice masses , they can be plowed up by the ice . 
Another related but poorly invest igated problem is  the pos s ibi l i ty o f  
rap id eros ion of  sediment a round the foundat ions of  of f shore s t ructures 
by the ice debris formed when pack ice breaks agains t the s t ruc tures . 
Scori ng can occur in all  wa ter depths of less than roughly  50 m .  
However , score depths vary depending o n  ice zonation ,  bot t om morpho logy , 
and sediment type . Burying an o f f shore pipeline so  tha t  i t  i s  always at  
a depth exceeding the  maximum observed s core ( current ly a value in 
excess of 6 . 5  m)  would be grossly overdesigning mos t  lines . Clearly , 
high resolut ion , s i t e-specific  informa t ion on score characteris t ics , 
bathyme t ry ,  and sediment type can result in large savings in of f shore 
cons t ruct ion cos t s .  
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Ice score dens it ies , incis ion depths , and dominant score trends 
are fairly well known for the region between Cape Balkett and Flaxman 
Is land ins ide the 1 5  m isobath . However ,  informat ion ia scant for 
deeper water and in the eastern and western port ions of the Beaufort 
Shelf . Data from the Chukchi Sea are also limited. Sc ore depths are 
generally greater than 1 m within and seaward of the grounded ridge 
zone and leas than this value nearer the coast . Extreme values 
observed so far are 4 . 5  m for the Chukchi Sea , 5 . 5  m for the Alaskan 
sector of the Beaufort Sea ,  and greater than 6 . 5  m north of the 
Mackenzie Delta . Scoring appears to occur at all t imes of the year . 
There are st ill maj or uncertaint ies about the frequency of scoring at 
dif ferent s ites . Por example ,  it ia not known whether the score record 
"seen" on the bottom represents tens or thousands of years . Al so , the 
available data hav� apparently not been tabulated ao that the f requency 
distribut ions of aeore depths and score numbers can readily be examined 
aa a function of locat ion. Therefore , it ia st ill not poss ible ,  even at 
a itea where good data ia available , to make an adequate risk analysis 
baaed on depth of proposed p ipeline burial va . the expected lifetime of 
the line . 

Ice Porcea 

A number of impress ive ice-related hazards to offshore development 
in the Arct ic have been listed. Assuming that enough is known to 
specify the frequencies of occurrences of these different hazards , the 
designer must be able to conf idently trans late these recurrent event s  
into ice forces that will b e  exerted o n  the structure of interes t .  
This process ia far from well understood. Sea ice ia a highly non­
linear material,  with ita mechanical propert ies funct ionally dependent 
on at leas t ita temperature , salinity , crystal orientation , conf ining 
stress , and atreaa or strain rate . Temperature and salinity are in 
turn primarily dependent on the condit ions of ice growth . Also , the 
upper port ions of sea ice maaaea are commonly cold (and strong) , while 

· the lower portions are warm (and weak) . Therefore , it ia diff icult to 
characterize a relevant strength property with a s ingle value that can 
be used for des ign purposes . Even the limited laboratory investiga­
t ions of the small scale strength of ice have drawbacks . They have 
commonly been limited to s imple atreaa s tates ; many parameters known to 
af fect strengths in other materials have been inadequately inves tigated 
(e . g. , grain size , strain rate , and precipitation of new phase s ) ; 
s trong crystal orientat ions recent ly found to be common in coas tal ice 
make the interpretation of many pas t field studies of strength uncertain 
and make diff icult the app licat ion of measurements of laboratory-grown 
ice to the f ield situation. Also ,  no reasonably comp lete fai lure model 
ia avai lab le to help def ine and interpret the appropriate bas ic ice­
property testa . Perhaps even more important ia the dif f iculty in 
making the trans ition from the forces exerted on a geometrically simp le 
amal l-acale sample to the forces exerted by irregular ice maaaea on 
large diameter structures . 
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Sea ice forces on permanent offshore installat ions can be separated 
into two categories : ( 1 )  the force required to fail the ice cover ; and 
( 2 )  the force required to dispose of the broken ice once it has failed. 
The force required to fail sea ice is highly dependent on structural 
geometry .  As ide f rom the shape of the structure at the water line , the 
s lope of the surface-piercing elements can change failure modes f rom 
crushing to bending to comb inations thereof . Moreover , the forces 
associated with these failure modes can be substant ially different . 
The net result is that no s ingle force algoritha can be developed for 
all types of Arct ic structures or , for that matter , even a given class 
of structures . 

· 

A higher degree of des ign interdependence exists for Arctic 
s t ructures than for structural design in temperate climate off shore 
areas . For example ,  the loads to be supported by the structure 
determine to some extent the minimum waterline geometry of the 
structure . This geometry affects ice force as well as the amount of 
volume available with which to achieve weight in the case of gravity 
structures . The plan of the structure at the .udline and the eatiaated 
on-bottom weight determine foundat ion res istance . If this resistance 
is not suf f icient , then the design process auat begin again with 
altered geometry , new forces , changed weight , etc.  

Ice management ,  that is , the ef f icient disposal of broken ice , is 
the second component of the sea ice force problea. However , the same 
arguments presented in the discuss ion of breaking sea ice apply . The 
p rob lem is highly dependent on structural geometry .  An optimum 
geometry guaranteeing a smooth f low of ice on or around the structure 
must be sought . The iterative process applied here must operate in 
parallel to the breaking force problea. 

Al though the history is short , tradionally the development of 
force algorithms has proceeded from the study of smal l-scale model teat 
results . Failure modes are determined for these s tudies and are used 
in the development of analytical models . The analytical models can be 
calibrated against iateraediate or large scale teat results and then be 
used for system des ign. A different structural geometry may arise fro• 
the des ign s tudy ; and a reverif icat ion of fundamental failure modes 
would thea be necessary with smal l-scale model studies . Thus , the 
development of accurate force-algorithms represents an inner iterat ive 
loop to the overall des ign process discussed above . 

Exposure Characterizat ion 

The environmental exposure for Arct ic structures can be expressed 
in teras of the probability of occurrence of a specif ic ice feature and 
a probab liatic description of the geometry and s trength of the feature . 
In a sense , the ice management problem discussed above can be viewed as 
an exposure problem, but the extent of exposure is a funct ion of the 
structural type and the des ign process . 

. ,  
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With regard to occurrence probab i lity , it would appear that the 
permanent polar pack essent ially represents , a " frozen history" of all 
possib le design conditions . In other words , in all probab i lity the 
maximum ice feature with respect to forces on a s t ructure can be found 
somewhere in the pack . Theoret ically , beyond a certain water depth ,  a 
structure would be exposed to the maximum feature . In reality , some 
locat ions would be more she ltered than others because of coas tal 
boundaries , prevailing currents ,  etc .  Hence , the encounter probability 
must be established by cons idering and surveying the exact locat ion of 
the structure . Shallow water dep ths , of course , limit or reduce to 
zero the encounter probab i lity of the maximum feature . 

Geometric s tat ist ics of the ice , on the other hand , mus t  be 
es tablished by measurements of feature geomet ry on a regional basis . 
That is , there is no reason to expect that a firs t-year ridge created 
in the middle of the pack is fundamentally dif ferent f rom a ridge 
created in a coastal zone ( grounded ridges , however , do have higher 
sails than non-grounded ridges ) . Thus , the establishment of a 
suf f icient ly large data base should permit the development of geometric 
s tatist ics . 

While the s trength of an ice feature , both in a gross and a micro­
scopic sense , is unique , a s imilar feature , that is , one with s imilar 
geometry , format ion his tory , and aging history , should have the 
approximately the· same s trength . The estab l ishment of a st rength 
characterizat ion then is in reality a survey of the variab ility 
associated with geometry , mode of format ion , and aging h istory .  A 
problem exists , however ,  in s t rength charac terizat ion because s t rength 
is usually measured on a microscopic seale , and as ment ioned 
previous ly , subs tant ia l variabilit ies result f rom different tes t 
techniques and intepretat ion of result ing data . 

Regarding environmental exposure in general ,  it  can be stated with 
some certainty that s t ruc tures in Arctic waters have an app reciab ly 
h igher environmental exposure probability than s t ruc tures in temperate 
climate offshore areas . As an example , a structure in the Gulf of 
Mexico has low annual encounter probability for the maximum hurricane­
generated wave . In fact , the structure may be in operat ion for  20 
years and never experience its des ign condit ion . On the other hand , an 
Arctic s t ructure in , say , 5 m of water would be des igned primarily for 
annual sheet ice forces . Fo r prac t ica l purposes , the probab i lity that 
sheet ice wil l  grow in the area in any given year and load the 
s truetues is 1 .  Hence , the environmental exposure of the Ar c t i c  
s t ruc ture i s  high . Th e  same can be  said for deeper-water Ar c t i c  
s tructures . However ,  f o r  this circumstance a spec ial i c e  feature would 
likely control the des ign , and the encounter probab i l i ty for such a 
f eature would be lessened with respect ,  for examp le , to sheet ice . But 
it  would not be lessened , in all likelihood , to the degree of 
probabi lity associated with temperate c l imat e  des ign , so that a high 
environmental exposure characteristic would s t i l l  exis t . 
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Variability and Uncertainty 

The Arctic Sea ice environment has been characterized above by the 
occurrence , geometry , and strength of ice features . Of these ,  the 
greatest degree of natural variability is associated with geometry and 
gross strength of ice features . Obvious ly , ridges can have keel dep ths 
which range f rom theoretically zero to the measured maximum given 
previously . More important ly , gross strength can be highly variab le ;  a 
prime example is a f irs t-year ridge which is only partia l ly congealed.  
The gross strength in combinat ion with structure geometry determines 
fai lure modes , wh ich must be faithfully modeled in force algorithms . 
The variability associated with microscopic strength measurements ,  from 
which gross strength must f requently be inferred , is a combination o f  
natural variability and profess ional uncertainty in the interpretat ion 
of strength measurement results . 

Variability associated with occurrence can be either high or low, 
depending on des ign circumstances . A case of low variability was dis­
cussed previous ly for an Ar ct ic structure in 5 m water depth . For 
deeper water app licat ions , ice islands may well be the controlling 
loading mechanism. However , with respect to other ice features , the 
ice is land population is relat ively smal l ,  which would result in a 
highly variable but still  low encounter probability . 

As mentioned above , profess ional uncertainty exists about ice 
strength . A primary source of this uncertainty lies in the diff iculty 
of developing force predict ion algorithms . This uncertainty is not a 
ref lection on profess ional competence , but rather results from the high 
degree of des ign interrelat ionships present in Arct ic des ign . The un­
certainty can be substant ially reduced when specif ic circumstances are 
cons idered , i . e . , a given water depth ,  a specif ic location , and a spe­
cific s t ructural type . 

Research and Development and Data Reeds 

Many R&D data needs exis t that , if met , would help solve the challenging 
and varied prob lema of offshore des ign for the Arcti c .  Several of the 
more important areas where increased understanding would s ignif icant ly 
ass is t  the practicing engineer are described below. 

Ice St rength 

A knowledge of the variations in the strength of sea ice as a 
function of ice thickness ,  temperature , salinity , internal structure , 
and loading is essent ial for est imating the forces exerted on offshore 
structures . Data on ice strength do , of course , exist . However , much 
of this is of quest ionab le quality , either with respect to the test ing 
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techniques that were used or the adequacy with which the state of the 
ice was specif ied. There is need for both high quality f ield and 
laboratory s tudies . Al so , there is a need to subj ect the avai lab le 
tea t data to critical analysis and interpretat ion , by authori t ie s 
experienced in both reliability cons iderat ions and in criteria require­
ments for the des ign of offshore s t ructures (AOGA , 1 9 7 6 ) . 

Ridge St rength 

The ice in ridges is composed of varying s ized b locks of deformed 
sea ice that gradually f reeze together into a cohes ive mass . Studies 
should be carried out concerning the state of the ice in the b locks and 
the degree of interblock bonding and "consolidat ion . " The purpose of 
this work would be to develop characteris t ic measures of the gross 
s trength of the ice in ridges as a funct ion of the type of ridge and 
its history . Of part icular interes t would be addit ional knowledge about 
the state of the ice in the lower two- thirds of large mu l t i-year ridges . 

Stat ist ical Characterizat ion of the Geometry of Ice Deformat ion Features 

Firs t-year and mu lti-year ridges and sys tems of ridges are 
cons idered to be a primary loading mechanism for Arctic st ruc tures . 
Statis tically sound es t imates of the f requency of occurrence of large 
ridges and their geometry are necessary for input into force predict ion 
algorithms . Wh i le a number of f irs t and mult i-year ridges have been 
prof iled , this data base is too limited in t ime to estab l ish the effect 
of year-to-year variat ions . Al so , moa t of the regional samp ling is baaed 
upon laser and sonar data , which prec ludes the separat ion of dif ferent 
types of ridges . The ut ilizat ion of remote sens ing sys tems in character­
izing ridges should be further developed .  Such systems have the poten­
t ial of obtaining samp le s izes that are adequate for s tatist ical 
extrapolat ions and can be used to verify s tatist ical models . 

Movement of Near-Shore Sea Ic e 

Some s t ructural systems such as art if icial ice is lands and grounded 
barges are highly sens it ive to ice movement .  Even when sys tems relat ively 
insens it ive to ice movement ,  such as monopod s t ructures , are cons idered , 
ice movement informat ion wil l  be necessary to convert apace series of 
observations on ice characterist ics to t ime aeries of es t imates of ice 
forces . Because ice mot ions near the coast are known to change s igni f­
icant ly f rom s ite to site , it  is important to monitor these movement s 
on a cont inuing bas is unt i l  data can be obtained over a number of years . 
In addition ,  cause-and-ef fect re lat ionships should be sought so that 
adequate near-shore ice movement models can be developed. 
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Ice Is lands Occurrence 

Large ice is lands represent a potent ially catastroph ic loading 
mechanism for f ixed s t ructures . Good est imates of their impac t proba­
bilit ies are highly des irab le .  An annual survey o f  the arctic coasta l 
zones , noting the s ize and locat ion of such ice features , is recommended . 
Because the ice is lands noted in the Beaufort Sea come from the El lesmere 
Ice Shelf ,  further work directed toward estimating the probab i lity of 
signif icant future calving would be useful .  To obtain reliab le impact 
probabilit ies , a thorough stat is tical characterizat ion of exis t ing ice 
islands will have to be combined with est imates of ice island drif t 
patterns within the Pacif ic Gyre and in the near-coastal zone . 

Geophys ical Models of Limiting Ice Forces 

Ice forces on offshore structures should be considered on both the 
local (engineering) and regional (geophysical)  scale . Por instance , 
when a large ice feature encounters a large offshore structure , the 
maximum force possibly may be governed by failures elseWhere within the 
pack as opposed to failures near or within the structure . Recent model­
ing results indicate that the nominal crushing s trength in the pack a s 
cons idered on the geophysical scale is quite low. Increased unders tand­
ing of these two scales of ice deformat ion and their interact ion should 
be sought because of the need for ins ight into the liait ing values of 
maximum ice forces in terms of ice pack characteristics . 
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CONCLUSIONS 

Thi s paper has d i s cussed the i nfluence of the envi ronment on offshore 
opera t i ons for mi neral resources on t he cont i nental shelves of Arct i c  
seas . The i c e-re lated hazards are seri ous , but are not i nsurmountable 
when the ini t i al des i gn has been properly developed and engineered , and 
subsequent operat i on of the s t ructure has been carri ed out accord i ng to 
t he i ni t i a l  concept . The coa t s  are hi gh , but wi t h  addi t i onal experi ence 
and i nvest i ga t i on to  broaden the exi s t i ng data base , progress  wi l l  be 
made . Eventua l l y , i f  a theore t i ca l l y  sound bas i s  for est i ma t i ng ice  
forces can be formulated and veri f i ed by f i el d  measurement s , the 
deve l opment of the Arc t i c  cont i nental shelves can be approached wi th 
i ncreased confi dence for safe and effi c i ent operat i on .  
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DATA SOURCES 

Studies  of the appl i ed a spec t s  of sea i ce are publ i shed i n  a wi d e  
vari ety  of out l et s .  Thi s i s  not surpri s ing , cons i deri ng t he hi ghl y 
i nterd i s c i pl i nary na ture of the subject . One d i f f i culty i s  the fact 
that many papers are publ i shed in special  sympos i a , some of whi ch are 
ra ther obscure . Al so , any thorough study of the sub ject mus t  survey 
t he large number of Sovi e t  and Ja panese contribut i ons . 

Bi bli ographies  givi ng coverage of pub l i cat i ons on sea ice  i nc l ude : 

1 .  u.s. Army Col d Regi ons Research and Engi nee ri ng Laboratory 
(USACRREL ) .  Col d  Regi ons Ribl i ography Report 1 2 .  Hanove r ,  
NR 037 5 5 . (many volumes ; excel lent coverage of cold 
regi ons engineering and geophy s i c s  i n  genera l and sea i ce in 
par t i cular ) .  

2 .  Worl d Data Center  A for Glaciol ogy [ Snow and Ice ] . Report 
GD-2 Gl ac i ol ogi cal nata : Arc t i c  Sea Ice Parts  1 and 2 
( 197R ) .  INSfAAR, University of Colorado , Aoulder , CO Ao309 ( a  
speci al report focused on recent sea i ce l i terature ) .  

3 . Bradford , J .  D .  and Smi rle , s .  M .  Ri bl i ography on Northern Sea 
Ice and Re lated Subj ect s ( 1 970 ) .  Marine Ope rations , Mini s t ry 
of Transport and Marine Sciences Branch , Dept . of Ene rgy , 
Mines and Resources ,  Ot tawa ( dated , but gives older l i t e rature 
not l i sted i n  2 ) .  

4 .  Journal of Glaci ol ogy , Gl ac i ologi cal Li terature Sec t i on .  
Int ernat i onal Glaciologi cal Soc i ety , Cambri dge , England 
DB2 1ER ( contains sec t i on on sea i ce ) . 

5 .  Arct i c  Ins t i tute of North Ameri ca . Arct i c  Ri bl l ography. 
Univers i ty Li brary Tower , Cal gary , Alberta , Canada T2N 1 N4 
( ve ry broadly based bibl i ography ; pub l l cat i�n recent l y  
di scont i nued ) .  

Recent sympos i a  empha s i z i ng appl i ed aspec t s  of sea i ce i nc l ude : 

6 . Journal of Glaci ol ogy . "S ympos i um  on Appl i ed Gl ac i ology" 
Vol . 19 ,  No .  8 1 ,  1977 ; "Symposium on Remot e  Sens i ng of Snow 
and Ice , "  Vo l .  1 5 ,  No . 7 3 , 1 9 7 5 . 

7 .  Internat i ona l Confe rence on Port and Ocean Eng i neering Unde r  
Arc t i c  Cond i t i ons (most  recent conference POAC 79 , No rwegian 
Ins t i tute of Technology , Trondhe im , Norwa y ) . 
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Internat ional Association of Hydraulic Research Symposium on 
Ice Problems . Most  recent confe rence held in Lulea , Sweden , 
1 9 7 8 .  

Proceedings of the AIDJEX/ ICSI Symgos ium. R.  s .  Pri tchard , 
ed . 11Sea Ice Processes and Models . University of Washington 
Press , Seat t le , Washington .  1 980 . ( heavy emphasis  on model ing ) .  

For informa tion about the cont inental shelves of Arc t i c  Alaska , 
the following sources should be consulted : 

1 0 .  Arct ic Outer Cont inental Shelf Envi ronmental As ses sment 
Program (OCSEAP ) .  Beaufort Sea Synthesis Repor t . Avai labl e  
from OCSEAP Office , NOAA/ERL ,  Boulder ,  CO ( good up-t o-date 
synthesis of exist ing knowledge ) . 

1 1 .  Alaskan Princ ipal Invest igators Annual (and Quarterly ) 
Report s ,  July 1 9 7 5  to present .  Available f rom OCSEAP Off ice , 
NOAA/ERL Boulder ,  CO (very lengthy documentat ion of Alaskan 
OCSEAP ) .  

12 . Alaskan OCSEAP Data Bank , NOAA , Juneau , AK ( repos it ory of 
bas ic data collected by Alaskan OCSEAP ) . 

1 3 . Alaska Oil and Gas Associat ion . Status o f  Arct ic Re search 
Requirements for Oil and Gas Operations in the Alaskan Arctic ; 
1975 . Also : Final Report on Alaskan Beaufort Sea Floor and 
Soil  Condit ions Engineering Research Needs , 1 97 6 .  Anchorage , AK 

14 . Cl imatic Atlas of  the Outer Continental Shelf Wa ters and 
Coastal Regions of Alaska , Vol .  III . Chuckchi - Beaufort Sea , 
1977 . Available f rom AEIDC , 707 A Street , Anchorage , AK 

1 5 .  Technical Reports of the Canadian Beaufort Sea Project s .  
Department of the Environment , Victoria , B . C .  

A good start ing st rategy for readings i n  ic e-re lated applied 
problems in the arctic offshore may well be items 1 0  and 1 3 , wi th 
review in items 1 and 2 of the references of the following inve s t iga­
tors who have had long-t erm interests in this gene ral subject  area : 
P .  Aagaard , P .  Barnes , M.  Coon , E .  R.  Croasdale , w .  D .  Hibler III , 
A. Kovacs , D . Nevel , T .  D .  Rals ton , E .  Reimni tz , P .  Wadhams , 
w. F. Weeks , W. Wit tmann . 
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BACKGROUND PAPER VIII 

SEA FLOOR SOIL S 
By E .  H .  Doyl e , J .  M .  Aud i bert , R . G .  Bea and N .  T .  Monney 

Int roduct i on 

Sea floor soi l s  are a uni que component of off shore envi ronmental cri t e ri a .  
The soi l s  must act  t o  support t he s t ructure and may l oad i t  a s  we l l .  
Mari ne soi l s  are a compl ex and variable material composed of  sol i d s , 
wat e r ,  and f requent l y  gases whi ch are under hi gh t otal pres sure s 
developed by the water column .  Because of t hi s  vari abi l i ty and 
complexity and the general i nabi l i ty to sample or test the ma terial  
wit hout i nt roduci ng d i s turbance effec t s , a wi de variety of t es t s  and 
measurement s are made to provide i nd i ces whi c h  wi l l  be i nd i ca t i ve of 
t he behavi or of  t he ma t erial . The scope of these tests  and measure­
ments wi l l  be largely determined by geol og i cal and envi ronmental  con­
d i t i ons and by the types of s t ructural  founda t i ons used . 

There are t hree fundamental aspects  of sea f l oor soi l s  whi ch mus t  
b e  cons i dered a s  they impact on envi ronmental des i gn cri t e r i a  for off­
shore s t ructures : 

1 .  Charac teri s t i c s  of t he soi l s , i nclud i ng t he geol ogi c se t t i ng ,  
regi onal and s i t e speci f i c , a t  the mud l i ne and a t  depths i n­
fluenced by the geolog i c  envi ronment and t he foundat i on 
element s ;  and engineer i ng propert i e s  of the soi l requi red for 
evalua t i on of soi l behavior  under t he s t ra i ns induced by the 
envi ronment and t he s t ructural foundat i on .  

2 .  Sea f l oor soi l i ns t abi l i t ies , i nclud i ng determi nat i on o f  t he 
poss i ble extent of deformat i ons or changes i n  support cond i­
t i ons duri ng t he l i fe of t he s t ructure to be supported by t he 
soil s ;  a pro ject i on of l oadi ngs developed by t he soi l s  on the 
foundat i on element s ;  and a determi nat i on of the soi l s t rength 
and s t i f fnes s  duri ng the s t ructure ' s  l i fe t ime .  

3 .  De s i gn of t he foundat i on el ement s ,  or proport i oning t he founda­
t i on for des i rable st rength and duct i l i ty wi thin the cont ext of a 
design process whi ch re l i e s  heavi l y  on empi ri c i sm and experi ence 
and characteri z i ng t he soi l s  and asses s i ng the i r  response i n  
t he contex t of t he founda t i on des i gn proces s  and ob jec t i ve s . 

1 86 
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Each of t hese components wi l l  be d i scussed i n  later sect i ons of 
t hi s  pape r .  

Soi l  mechani c s  and founda t i on engi nee ring o n  land have progres sed 
wi th ma jor rel iance on empi r i c i sm .  Soi l , b y  i t s  nature , does not 
permi t exact  determina t i on of i t s  interac t i on wi t h  projected eng i neer­
i ng s t ruc ture s .  In gene ral , t he propert i e s  of ocean sed iments  a re a t  
t he ext reme range o f  terre s t ri al expe ri ence , and t he re a re many impor­
tant compos i t i onal d i f fe rence s .  The d i f f i cul t i es a re compounded by our 
i nabi l i ty to sample or even t e s t  in s i tu wi t hout s i gni f i cant l y  influen­
c i ng t he soi l ' s propert i es and byithe neces s i ty of dea l i ng wi t h  plast i c  
deformat i on and fai lure cri t eri a , rat her t han elas t i c  deformat i on .  

A comprehens i ve and accurate  assessment o f  the geol ogy o f  t he 
reg i on ,  area , and s i te i s  of prima ry importance for the evaluat i on of 
sea floor soi l s  and the des i gn of st ructures founded on t he sea f l oor . 

Ge ol ogy provides an unders tand i ng of  t he envi ronment under whi c h  
the soi l s  have been depos i ted , t he reby provi d i ng a valuable gui de for 
i nterpre t i ng t he resul t s  of soi l charac teri zat i on e f fort s and for pro­
jec t i ng t he near future responses of the soi l s .  

Like terrestrial  soi l s , sea f l oor soi l s  ma y  be hi ghl y  vari able 
both vert i ca l ly and hori zontal l y .  The re a re several other s i gni f i cant 
s ources of unce rtai nty in add i t i on to thi s na tural  variabi l i ty .  Unce r­
taint i es i n  pro jected envi ronmental cond i t i ons , the i r  d i rect effects  on 
t he soi l s  and t he i r  i nd i rect effect s t hrough t he founda t i on l oad i ngs or 
deforma t i on ,  a re s i gni f i cant l y  greater  offshore than onshore . In add i­
t ion , the variabi l i t i es  added by t he d i f f i cul t i es of marine dri l l i ng ,  
sampl i ng , and test i ng ,  and uncertaint i es about t he ac tua l  pe rformance 
of the founda t i on-s o i l  system ,  re sul t in s i gni f i cant l y  great e r  
uncertainty i n  offshore geotechni cal pract i ce .  

The expe r i ence of t he pet rol eum i ndu s t ry i n  off shore ope ra t i ons 
conf i rms these unce rta i nt i e s .  To accommodat e  t hese  probl ems , t he 
i ndus t ry has i ncorporated large ma rgi ns of redundant re se rve capac i ty in  
the s t ructures and the i r  f ounda t i ons . Thi s  i nd i cates  that  t he s cope of  
future research and deve l opment act i v i t y  mus t  ext end we l l  beyond s impl y  
improving the abi l i ty to  measure t he engi neering propert i e s  o f  ma rine 
s ed iment s .  The effort mus t  be  extended t o  i nclude ana l yt i cal mode l s  t o  
assess response of t he s ea f l oor soi l s  and t he i r  interac t i ons wi th the 
f oundat i on e l ement s ,  along wi th prototype f i e l d  t e s t s ,  whi ch are e s sen­
t i a l  bot h  i n  gui d i ng t he course of future research work and i n  provi d­
i ng t he empi rical base requi red for advanced des i gn procedure s .  

The ob jec t i ves o f  the sea f l oor soi l s  chara c t e r i zat i on a re the 
i dent i f i cat i on of the var i ous soi l type s and the assessment of t he 
engi neer i ng propert i e s . These soi l cha racteri s t i cs , coupled wi t h  
knowledge of the geol ogy and envi ronmental e f fect s ,  provide the 
necessary i nforma t i on for analyt i cal  model s t o  pro j e c t  future soi l 
responses .  A wide variety of me t hods and equi pment are ava i l able for 
characteri za t i on of soi l s .  Soi l bori ng and sampl i ng equ i pment , i n  s i tu 
t es t i ng devi ce s , geophys i cal  equi pment , s hal l ow d rop core s and grab----
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samplers , and a large vari ety of laboratory tests  performed on ret ri eved 
samples provi de a broad data base . Wi th a knowl edge of the intended 
appl i cat i on of the da t a , t he engineer uses a l l  of the avai labl e tech­
ni ques and i nformat i on t o  deve l op a rat i ona l  characteri zat i on of the 
s oi l s . 

The purpose of asses s i ng soi l i nstabi l i t y  i s  to  pred i c t  the po s­
s ible extent of the deforma t i on and t he st rength and s t i f fness 
character i s t i cs of the sea f loor soi l column duri ng the l i fe of the 
s tructure . An evalua t i on must  be made of : ( 1 )  the capabi l i ty of the 
soi l to  support  t he s t resses and l oadi ngs t ransmi tted to i t  by t he 
f oundat i on element s ;  ( 2 )  t he extent to  whi ch deformat i ons and set t le­
menta developed i n  the soi l wi l l  develop l oad i ngs on the foundat i on 
elements ;  and ( 3 )  the manne r in  whi c h  the soi l deformat i ons wi l l  
i nf luence the support i ng cond i t i ons o f  the foundat i on element s .  The 
response of the soi l s  wi l l  be determined by geostat i c  stresses as 
developed by gravi ty , fluid pressures , and regi onal geolog i c  cond i­
t ions , and by dynamic s t resses as i nduced by earthquake ground mot i ons , 
passage of storm waves and current s ,  and i ce impacts , and by the 
c ontact s t resses developed by t he foundat i on element s .  

The fundamental object ive of the desi gn of the foundat i on element s 
i s  to proport i on the foundat i on element s and develop an instal l at i on­
const ruct i on scheme whi ch wi l l  resul t i n  a foundat i on system having 
adequate performance characteri s t i c s .  Pe rformance refers to bot h  the 
st rength and deformat i on capacity of  the foundat i on-soi l system .  
Adequate performance o f  the founda t i on system can be def i ned as  the 
abi l i ty of the system to support the platform st ructure for i t s  
i ntended purpose wi thout undue expense o r  risk.  The purpose of 
platforms is to  support dri l l ing and produc t i on operati ons , and of 
p ipe l i nes , to t ransport hydrocarbons . Because of the nature of these 
operat i ons and the des i gn of  the systems , large deforma t i ons can be 
t ol e rated wi thout adve rsely affect ing performance . 

Large deformat i ons , or even a complete l os s  of st rength of one 
c omponent of the soi l member of t he system ,  does not in i t se l f  con­
st i tute an unacceptabl e  s i tuat i on ,  provi ded that  the s t ructura l and 
f oundat i on members of the system have been designed to ma i nt a i n  
i ntegr i ty unde r the imposed l oadi ngs and deformation .  Primary engi nee r­
i ng s trategies for achieving des i red performance are the opt imi za t i on 
of the desi gn of the s t rength and flexibi l i ty of the foundat i on 
e lement s and of the s t ructure system s i t i ng to minimi ze exposure to 
undesi rable element s of the envi ronment . 

Soi l Characteri zat i on 

Pred i c t i on of an offshore st ructure ' s  performance i s  l imi ted , as 
with any other manmade st ruc ture , by the abi l i ty to  characterize t he 
loadi ng and res i stance regimes . Characteri zat i on of the soi l should 
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the refore inc lude a de termina t ion of  the soil  prope r t i e s  nece ssary to  
describe the res i s tance of  the foundat ion element s  to  loading impa rted 
t o  the s t ructure f rom the water  ( oceanographic loading ) and f rom the 
soil  i tself  ( ea rthquake shaking , soil  s lides , e tc . ) .  A wel l-planned 
s ite  sampling program will t ake into cons ide rat ion the pla t f o rm type 
and algor i thms t o  be used for the analy s i s  and des ign of the s t ructure ' s 
f ounda t i on .  

The cont inental shelves of the Uni ted States  are known t o  be ove r­
laid by a variety  of soil  cond i t ions . The Gulf o f  Mexico , for example , 
varies f rom s t i f f , overconsolidated c lays o f f  the coas t o f  Texa s 
( caused by a lowered Plei s t ocene sea leve l ) ,  t o  very sof t clays o f f  the 
Mis s iss ippi River Del t a  ( caused by rapid depos i t ion f rom the s o i l- laden 
Mis siss ippi Rive r ) ,  t o  sands immediately east of this del t a . Howeve r ,  
even with the hundreds of s o i l  borings and many miles of  high resolu t ion 
p ro fi le (HRP ) recording , inve s t iga t ors are s t ill  learning about the 
charac ter of Gul f of Mexico soi l s .  

Charac terizat ion of  soils i s  important o n  both the broad geographi c  
scale ( of regional depos i t ional  extent ) and the mac roareal scale ( sma ll  
enough to  def ine individual soil  depos i t i onal or s tabi l i ty p roce s s e s ) .  
On the broad scale , many continental shelves are s t i ll re lat ively un­
explored , except perhaps by shallow drop coring ( le s s  than 2 5  feet  
pene t rat ion )  and some HRP line s . Whi le shallow coring may provide 
useful geotechni cal inf orma t ion , deep pene t ra t ion ( 50 feet  or  more ) 
informat ion i s  required for  mos t  cont inental she l f  ac t ivi t ies  for  
understanding of behavior of she lf soils in  re lation t o  a variety  of  
manmade ac t ivi t ies . The mos t  press ing appl icat ion o f  deep  s o i l s  
information is  to  f ixed , bot tom-supported oil  platforms . Howeve r ,  sea 
f loor bot t om s t ructure s , such as p i pel ines , may also requi re broad 
geologic dee p-pene t rat ion soils  data when , for example , subaqueous 
s lope movemen t s  are occuring . Thus , for mos t  off shore s tructures , i t  
is important to  gather geotechnical informat ion o n  the broad geographic 
s cale on both the near-bottom and deep soils . 

The preceding paragraph should not be interpre ted to  mean that a 
b road geographic area mus t be fully inves t igated before man ' s use  of  
the area can begin . The development p rocess  is  accomp l ished in  s teps 
and be comes very site spec i f i c . HRP and s o i l-boring inves t iga t i ons are 
conducted a t  the speci f i c  area of interes t before ins talling impor tant 
s tructures on �he sea f loo r .  

Once a reasonably clear pic ture o f  a broad geographic bas in i s  
obtained , work o n  a mac roareal s cale t o  def ine the depos i t ional and 
s tabi l i ty processes  to be expec ted wi thin the broad area is be t t er  able 
to proceed . Whi le s ite-s pec i f ic to  a certain extent , macroa real 
s tudies need not be geared to  de f i ning eve ry uns table loca t i on .  An 
e ffect ive and useful program, i s  to iden t i f y  charact e ri s t i c  uns table 
features , so  that othe r uns table areas can be recognized once comme rcial 
s ite-s pec i f ic inve s t igat ions are begun . 
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The onl y area whe re broad geographi c-s cale i nformat i on i s  l arge l y  
compl ete  i s  the Gul f  of Mex i co .  From the oi l i ndustry' s vi ewpoint , 
s ome broad geotechni cal informa t i on i s  avai lable for the Bal t imore 
Canyon , Gul f  of Alaska - Yakataga Ras i n ,  and Kod iak She l f  a reas and for 
offshore areas north and south of Loa Angeles . Deep pene t ra t i on �eo­
techni cal data are not ava i lable for the rema i ni ng she l f  areas . Area s 
whi ch are expected to  be l eased f i rst and present ly l ack deep pene t ra­
t i on geotechnical data shoul d be the focus of data gatheri ng ef fort s . 
Some areas , such as t he Beaufort Sea , where permafros t cond i t i ons are 
expected , may d i ctate speci a l  soi l dri l l i ng and sampl i ng requi rement s .  
For the more normal areas , standard and exi s t i ng soi l boring prac t i ce 
and sampl i ng tool s are recommended so that engineers may meani ngful ly 
compare soi l resul t s  f rom d i fferent borings and areas . Where soi l 
stabi l i ty i s  an important des i gn cons i derat i on , spec ial  care shoul d be 
taken to obtain  hi gh qua l i ty samples and /or in si tu test a , us i ng 
devi ces . such as remote vanes , penet rometera ,-pore-;reasure probes , and / 
or measurement s of i n  s i tu shear wave veloc i t ies . 

Soi l s  characterizatiOn i s  an i nterdi scipl i nary study i nvolving 
geol ogy , geophysi c s , envi ronmental mechani cs , and soi l reconna i s sance 
and test ing .  The fol l owing paragraphs adapted f rom Garri son and Rea 1 /  
( 1977 ) describe i n  more de tai l the methods and thei r use i n  prov i d i ng­

the informat i on neces sary t o  properly characteri ze soi l behavi or . 

Ge ology 

A careful geologi cal analysi s  is the f i rst  step in t he 
characteri zat ion of soi l behavior . Properly conducted , the geologi cal 
s tud i e s  wi l l  determi ne the type , extent , and l ocat i on of subsequent 
s tudy element s  and form a f ramework around whi ch the more quant i t a t i ve 
data can be f i t ted . 

In be t t er-known OCS area s , the moa t  import ant geological  facts  are 
a l ready wel l -known and l i t t l e  effort i s  requi red to  complete  an 
a dequate s tudy . In lesser-known f ron t i e r  areas , however ,  s i gni f i cant 
gaps may exi st in t he geol ogi c p i c ture . 

The geology and dynami c processes  of the area shou l d  be we l l  
understood . The i nformat i on sought should include geologi c hi s t ory , 
bathYMetry ,  sed iment type ,  and important envi ronmental  i nf l uences 
whi ch affect the performance of the soi l ( depos i t i on rates , exposure 
to river mouths and glaciers , etc . ) .  

Geophysi cs 

After the geolog i cal analys i s  is wel l  developed , informat i on i n  
the ve rt i cal  d imens i on mus t  be obtained through hig h-resolut i on 
geophysical surveying . Line spac i ng should be suff i c i ent ly c l ose so 
that s i gni f i cant features a re not mi s sed . Record qua l i ty mus t  be the 
beat poss ible , and naviga t i on for thi s type of survey shoul d have t he 
greatest possible prec i s i on .  
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The mos t  useful geophys ical tools for inves t igat ing shal low 
geology belong to  three classes of seismic re flect ion devices , as 
f ollows : 

High-resolut ion se ismic ref lect ion sys tems . The f i r s t  class  of 
ins t ruments u t i l i zes various source s , commonly a high vo ltage e l e c t r i c  
discharge , t o  create a n  energy pulse in the water . Al though powe r 
outputs vary , the dominant f requencies produced are usually  be tween 
5Q- 1000 Hz . They can discriminate dens ity laye rs down to about 1 m i n  
thickness , and , depend ing o n  power outpu t , wat e r  dep th , and sediment 
type , pene t rate up to 750 m of sediment .  The resul t ing data are mos t 
useful for es tabli shing the rela t ionships be tween deeper s t ructures and 
the deformation of upper layers , but they a re useful also  for  examining 
shallow fault ing , detect ing the presence of shallow gas zones , locat ing 
the bases of sl ide zones , and delineat ing o ther sub-bot t om fea tures that  
d irect ly or indirectly affect  the  s tabi l i ty of near-s urface sed imen t s . 

Acous t i c  pro f i le s .  The second class o f  ins t rument s u t i l i z e  t rans­
ducers that emi t acous t ic pulses at  f requencies usually  be tween 3 . 5-7 . 0  
kHz and receive the i r  reflect ions from the bot t om and shallow sub-bo t t om . 
The depth of sub-bot t om pene t rat ion by acous t i c  prof ilers is se ldom 
greater  than 250 m ,  depending on power out pu t , water depth , and 
s ediment t ype , and is generally much les s . The i r  great va lue , howeve r ,  
is  in resolving powe r , which ideally may discriminate  laye rs as thin as 
1 5  em. This provides the de tail  requi red to  correlate  borehole da ta , 
analyze the internal s t ruc ture of  dis turbed sediment  mas s ,  measure 
f ault offse t s  at  the sea f loor , and perform a wide varie t y  of  other 
observa t i ons necessary for unde rstanding uns table bot t om fea tures . 

Si de- scan sonar . The thi rd , and mos t recent ly deve loped , o f  the 
seismic reflec t i on devices , has two small  acous t i c  t ransduce rs in a 
s ingle , towed housing . These are made t o  sweep rapidly and 
continuous ly outward from each s ide of the ve rt ical axis so tha t the 
s ea f loor is  scanned through ve rt ical angles of about 4 0° to port and 
starboard of the shi p' s t rack over the sea f loor . Because sona r 
f requencies of 5 0-200 kHz are ut il ized , no sea f loor pene t rat ion i s  
accomplished . The result ing record , however ,  present s  a phot o- like 
view of "shaded" bot t om re lief ana logous to that produced by a i rborne 
radar over land , showing features as small as 0 . 3 m in diame t e r . Side­
s can sona r is  becoming more widely used for bot t om s tabi l i ty inve s t iga­
ti ons , pipeline surveys , archeological surveys , and the mapping of such 
bold sea f loor features as sand wave s and rock out crops . Sea f loor 
mapping systems which give real t ime plan views of  the sea f loor 
p rovide the bes t  informa t ion as  to  the charac ter  of  bot tom feature s . 

Al though each class of geophysical ins t rument  p rovides a unique 
perspect ive of the problem i t  is of ten des i rable to  use a l l  three 
togethe r .  The dec i s ion on the kind of data needed , howeve r ,  wi l l  be 
governed largely by the pos s i ble types of bot t om instabi l i ty to be 
expected in an area , as indicated by the geological ana lys i s . 
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Environmental Mechani c s  

The role of envi ronmental mechanics in assess ing problems o f  
bot tom ins tabi lity is to describe the complex variety of  s t resses  tha t 
might inf luence the pe rformance of soils at a pla tform s i te . These  
envi ronmental stresses fall  into  two general categories : 

1 .  Geostatic s t resses , as deve loped by gravity , fluid pres sures , 
and regional geologic  condit i ons ; and , 

2 .  Dynamic s t resses , as induced by earthquake , s t rong ground 
mot ions , the passage of s torm waves , current s ,  and ice . 

Because of the necessity for determining both present and future 
s tates of s t ress def orma t ion ,  combined use mus t  be made of d i rect  f ield 
measurement s ,  ind i rect informat ion obtained from analys i s  of soil pro­
pert ies , and analyt ical models . 

Direct  measurements ( e . g . , in situ f luid pressure s )  and ind i rect 
informat ion f rom geology and so�analys is currently provide mos t  of 
the information from which the existing geostatic s t resses  can be 
inferred . However ,  much additional work is  needed t o  deve lop re liable 
inst rumentat ion sys tems that are capable of  making important in  � 
measurements . The viab i l i ty of historical modeling depend s on d i rect  
measurements of the severity of parameters of interest  ( e . g . , wave height  
and period coupled to sea  f loor pres sure ampli tude and d i s t ribut ion ) . 
Field measurements are d i f f i cul t and expens ive , but they provide the 
analyt ical model with a degree of reliab i l i t y  and usefulne s s  tha t can 
effect s ignifi cantly later economies of t ime and money . 

Soil Reconnais sance and Tes t ing 

The ob ject ives of soil reconna issance are the ident i f i ca t i on of 
the various soil types and the charac terizat ion of their  engineering 
properties . These  soil  characteristics , coupled with the envi ronmental 
effects discus sed above , form the necessary input for analyt ical model s  
used to  predict future soil  responses . 

A wide variet y of methods and equipment are available for  soil  
reconnaissance. Deep penet rat ion soil boring and sampl ing equipment , 
� � tes ting devices ( e . g . ,  electric logging , pene t rome t e rs , 
pressuremeters , shear wave ve locity , and remote vane shear ) ,  shallow 
d rop core rs , and grab samplers are among the principal me thods 
current ly in use . 

Sampled soils may be subjec ted to  a large select ion of shipboard 
and laboratory tests to  de termine gradation , class ificat ion ,  s t rength , 
and s t ress-s train propert ies . However , the unavoidable e f f e c t s  of 
sampling provide , at bes t , an indirect index of the in s i tu characte r­
ist ics of primary interest . t�ny , but not all , of the diSturbance ef­
fects associated with sampled soi l testing can be avoided by use of  
� � test ing devices . 
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The s o i l  tes t ing program include s the selec t ion of  the numbe r of  
borings , their  depth , the sampling interval , and the sampl ing me thods . 
In s i tu tes t ing devices are also  used t o  complement the data that can 
be obtained f rom samples . Soil characte rizat ion i s  based upon the 
resul t s  of va rious soil  mechanics laborat ory tes t s .  Some o f  these 
tes t s  may be performed off shore . 

The following t e s t s  are suitable for  performance o f f shore : sample 
de scription;  shear s t reng th determina t ion by pocke t penet rome ter  and 
t orvane , miniature vane , fall cone , unconf ined c ompre s s ion t es t s ;  natural 
water  conten t ;  dens ity determina t ion;  At terberg Limi t s  deteroi na t ion;  
and grain-s ize d i s tribut ion of granula r soils . 

Tes t s  which should only be pe rformed in onshore laboratories  
inc lude : shear s t rength de termina t ion us ing t riaxial tes t ing devices , 
direc t s imple shear devices , cen t r ifugal test ing devices , torsiona l 
tes t ing devices , consolidat ion test ing , and re lat ive dens ity  t e s t ing .  

Selec t i on of the test  me thods and parame ters is inf luenced by 
seve ral factors , including analys is  and des ign methods , s o i l s  encoun­
tered , and the geotechnical problem being inves t igat ed . 

I t  is  recomme nded that the convent ional soil  t e s t s  ( water  content , 
At terberg Limi t s , unconf ined compress ion , minia ture vane , t orvane , 
unconsolidated t riaxial  tes t s , e tc . )  always be pe rformed because they 
a re bas ic to  the present s tate  of  the practice  in foundat ion des ign . 
However ,  special t e s t s  us ing more sophis t icated me thods o f  analys is  and 
aimed at  more closely exploring the in s i tu soil  behavior and s o i l  
s tructure interac t ion phenomena should also  b e  performed . 

The mode ling of foundations for  off shore s t ruc tures sub j ec ted to  
ocean wave and/or earthquake loading requires an understand i ng o f  cyc lic 
soil behavior and the soil  proper t ies cha racteriz ing the dynamic response . 
The succes s  of analyt ical techniques in evalua t ing the f oundat ion perform­
ance depends upon an accurat e  assessment of these prope r t ies  and behaviors . 

Cons iderable e f fort  has been d i rected t oward the deve lopment  or  
improvement of me thods to  de t ermine cyc lic  soil  prope r t i e s . Laborat ory 
t echniques such as the cyclic  t r iaxial t e s t , cyc lic  s imp le  shear t es t ,  
resonant column tes t , and tors ional shear t e s t  have the advantage o f  
c on t rolled cond i t ions , thereby making the result  easy t o  interpre t . I t  
is  also des i rable to make these prope r ty determinat ions by i n  s i tu 
methods , such as geophys ical or  plate-bearing t e s t s , t o  e l imin�s ome 
of the problems created by sample d i s turbances .  

The geo technical enginee r ,  faced wi th a need t o  characterize  s o i l  
prope rt ies under  current and pro jected envi ronmental  cond i t ions , the re­
fore utilizes  a combina t ion of  in s i tu and labora tory tes t data . No 
t e s t  is  universal and all  have thei r  particular advantages , l imitat ions , 
and appl ica t ions . ltoreover ,  because o f  the inhe rent inhomogene i t ies of  
natural depos i t s  and the variabi l i ty of resul t s  obta ined f rom d i f fe rent 
reconna issance me t hods , the soil parame ters a lways exhibit  cons iderable 
scat ter . The re fore , experience and good engineering judgment , coupled 
with an unde rs tanding of the informat ion deve loped by geo log ical and 
geophysical s tudie s , become the only means of  determining va l i d  soil  
p rope r t ies to  be  u t i l i zed in analyt ical mode l s . 
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Variabilit ies and Uncertaint ies 

Three maj or sources of uncertainty , discussed below, are found in 
soil profile modeling. They are : ( 1 )  natural heterogeneity of in s itu 
prof ile of  the soi l ;  (2) limited availability of  informat ion about sub­
surface condit ions ; and , ( 3 )  measurement errors f rom sample dis turbances , 
test imperfect ions , and human factors . Additional uncertainty is int ro­
duced f roa poss ible errors or insuf f icient accuracy in the locat ion 
(navigat ion , pos it ioning, depth measurement s) of the data obtained . 

Natural heterogeneity or in s itu variability .  The spat ial varia­
bility of natural soil is caused by variation in aineral compos ition ,  
s t ress his tory , and depth o f  s t rata . When the variat ions are suf f i­
cient ly large , the soil is divided into "layers " ,  and a standard soi l 
p rofile is produced. However ,  the local variat ion exist ing within a 
"layer" of soil can introduce s ignificant uncertainty into any analys is 
wbich . aasuaea a constant s trength or .adulua value for a layer . 

Limited availab ility of informat ion about subsurface condit ions . 
A liaited number of samples are usually tes ted. A d irect relat ionship 
exists between the amount and quality of exp loration/test ing and the 
quality of  the subsequent reliab ility analysis . The uncertainty 
remaining af ter correct ing for inaccuracies in measurement of soil 
p ropert ies in the t rue value of  samp le mean is a s tat is t ical random 
error due to the small samp le s ize.  

Measurement errors . The t rue in s itu soil propert ies of  interest 
(usually s trength parameters) will probably be different when measured 
and interpreted in the laboratory . Factors contribut ing to the dif­
f erence are : ( 1 )  samp le disturbance of .echanical or s t ress-release 
nature; ( 2 )  soil anistropy;  ( 3 )  relat ive magnitude of intermediat e 
principal stress ; ( 4 )  rate of shearing; ( 5 )  cyclic loading and/or 
s t rain softening ; (6) init ial in s itu s t resses ;  ( 7 )  specimen s ize ; and 
( 8 )  correlat ion of  index and engineering p ropert ies . Some of the dif­
ferences may be at tributed to errors in soil .adeling , but aay also b e  
due t o  uncertaint ies in mean property values . 

Natural soil variability has always confronted the geotechnical 
profess ion . Samp ling and tes t ing variat ions may account for moat of  
the variability in results .  High standards , cons istent with good 
engineering pract ice , will tend to liait this problem to acceptab le 
levels . 

Inadequate tes t ing techniques do not necessarily imp ly poor 
practice. Frequent ly , test ing methods are employed which do not repre­
sent the f ield s t ress condit ions or load applicat ion . However ,  
research cont inues t o  improve tes t ing methods . For example,  the 
increas ing use of cyclic direct s imp le shear devices .are closely (but 
not perfect ly) represent in s itu earthquake shaking condit ions than do 
cyclic triaxial test devices . Research efforts should cont inue to 
exaaine the varied soil movement types to deteraine test ing (and 
samp ling ) requirements . 
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Conclus ions 

Characterizat ion of the soil propert ies mus t proceed from a we l l­
p lanned , interdisciplinary study of geology , geophys ics , environmental 
mechanics and soil reconnaissance and tes t ing. This should inc lude 
t aking deep soil borings , s ince it is not possible to infer an adequate 
soil characterizat ion ( one useful in the foundat ion des ign proces s) from 
only surface informat ion (e . g . , drop cores) . 

An opt imum soil tes t ing program must inc lude conventional soil 
t ests , since the present s tate of the pract ice in foundat ion des ign 
relies heavily on correlat ions with the result� from such simp le tests . 
Th is data may need to be augmented by special tests aimed at solving 
specific des ign prob lems or condit ions . 

Finally , in s itu tes t s  must also be used , because of certain ad­
vantages over laboratory tests performed on sampled soils . Of f shore 
in s itu t es t ing techniques and methods of interpretat ion could be 
s ignif icant ly improved through addit ional research . 

While there is often only one test or one device to measure 
part icular oceanographic parameters , there are of ten several test ing 
methods and devices availab le to measure the same soil parameters , each 
leading to a different value . This adds to  the degree of unce rtaint y 
and to  the possible scatter in foundat ion des ign solut ions . It is 
important that the app ropriate tes t  be used to charac terize soil pro­
pert ies to  be used in part icular des ign algorithms . 

Soi l  Instab i l i t ies 

So il instabi lity is def ined here as a subaqueous soil movement 
which p laces des ign res traints upon an offshore s t ructure . 

Recognit ion and Characterizat ion 

The recognit ion of soil movement phenomena and the ir deformational 
characteris t ics form the basis for stability studies . Ul t imately ,  
however ,  the most important aspect is the loading imposed on th e 
s t ructure by the deformat ional process . Many s t ruc tures are inherent ly 
res is tant t o  soil movements because they were des igned for other , more 
severe condit ions . Thus , while a deformational process may exis t , its 
real importance is whether or not it dominates the des ign . Hazard 
exposure characterizat ions generally do not relate the hazard with 
respect to its importance to the intended use of the s t ructure . For 
examp le ,  cloudy water could be cons idered as a hazard if submersib les 
were to visually navigate through i t ; but cloudy waters are not neces­
sarily a hazard to large bottom-supported s t ructures . In addi t ion , 
language prob lems somet ime result when events of geologic ( i . e . , 
extended time) p roport ions are intermixed with events of  eng ineering 
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( i . e . , t he l i fe span of t he speci f i c  s t ructure ) . For example , evi dence 
of soi l creep i s  of l i t t l e  concern to engi neers i f  it can be shown t o  
have occurred i n  t he Pl ei s t ocene e ra by proce sses no l onge r at  play . 

Thus i t  i s  important to  properly cat egori ze and ra t e  type s of soi l 
i ns t abi l i ty and t hei r resul t i ng deforma t i ons t o  a speci f i c  s i t e ' s 
i nt ended use . The economi c des i gn of a s t ruc ture t o  res i s t  soi l def orma­
t i on vs . t he economi c and pol i t i ca l  consequences of a fai lure s hould  be 
jud ged i ndependent l y ,  and are not pa rt of thi s present d i scus s i on .  

Type s of So i l  Ins t abi l i t i es 

One of t he more comp l e t e  summa r i e s  of t he types of subaqueous 
s l ope movemen t s  was present ed by J .  ��  • Col eman a t  t he Second Confer­
ence on Of f s hore Geologi c Hazards he ld i n  Corpus Chri s t i , Februa ry 2-3 , 
1 97R . Table I g ive s hi s summary . Five ma jor types of soi l movement s 
a re shown , of whi ch t he re a re 1 5  subtype s .  Coleman has compa red t he 
occurrence of each soi l movement wi t h  the soi l type ( gra i n  s i ze ) , 
s l ope , l oading mechani sm ,  and movement ra t e .  An add i t i on t o  Table I 
could i nclude scour and gravi ty-d ri ven downs l ope creep a s  d i s t i nc t  soi l 
movement mechani sms . 

The type of soi l movement whi ch might be expected i n  any g i ven 
loca l e  fal l s  i nto two cat egori es . The f i rst  is movement whi ch i s  
c lea rly observed when t horough HRP surveys and soi l bori ng ( s )  a re 
conduc ted . The second ca tegory i s  movement whi ch i s  not obvi ous when 
HRP surveys and soi l bo ri ngs a re conducted but mus t  be analyt i ca l ly 
recogni zed . The f i rs t category i s  t he eas i e r  t o  deal wi t h  i n  
e ng i neeri ng terms . S o i l  movement can b e  gauged and , i n  a sense , 
ca l i brated aga i ns t  what ha s happened i n  the pas t . 

Research i n  soi l i ns t abi l i t y s hould concent ra t e  on the ca l i bra t i on 
( vi sual and analyt i cal ) of c l early recogni zed movement features whi c h  
c a n  b e  mapped and sampled f o r  geotechni cal data i nput t o  analyt i ca l  
model s .  The USGS Gul f  of Al aska program for recogni z i ng and t he n  
h i ndca s t i ng s l ope fai l ures i s  an i mportant program , t ypi ca l o f  e f f o r t s  
whi ch can b e  expanded to an even bet t e r  capabi l i t y i n  i dent i fyi ng 
pos s i bl e  i ns tabi l i ty  cond i t i ons . 

In add i t i on t o  hi ndca s t i ng known movement s , geotechn i ca l  data 
t aken dur i ng fai lure would  add s i gni f i cant ly to  the unde rstand i ng of 
the processe s .  To obt a i n  such data it woul d be necessary t o  i ns t rument 
a reas whi ch  are clearly expected t o  produce future movement s ( in a 
t ime l y , nea r-t e rm  engi neeri ng sense ) .  An exampl e  woul d be hurri can e­
wave- i nduced mot i ons i n  very sof t clays l ike t hose i n  t he Yaka t aga Ba s i n  
o r  o f f shore of the Mi s s i s s i ppi De l ta .  The resul t of t h i s pa rt i cular 
resea rch , for exampl e ,  woul d be  t o  adequa t e l y  bound t he pred i c t i on of  
engi neering pa rameters , such a s  t ime of occurrence and depth  of l a t e ra l  
and ax i a l  mot i on under each ocean wave . The data co l l e c t ed could be 
used to  deve l op analyt i cal  mode l s  for the des i gn of s t ructures 
res i s t"ant to  t he type of soi l movement i nves t i ga t ed . 
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Table 1 
Subaqueoua S lope Mov-n t ll  

Cra in S i ze S lope Meehan I a- Move.ent latea 
-- ---

• 
... • 
=' D. 
• 0 

.. • .... 
c: • fiJ 

... ... a 
.., ... 0 .., 
.. .. ... • u 
0 c: • .. c: ... 

,.., ... • ... u • .1! 
• .., ""' 0 , D. D. 
N .. .. � ... .., • e u 
" • c: 0 0 • ... 

• N ! ,.., 117 • .. .. .. .., 
• D. v .1! • ... • , • 0 

Type of Mov..ent 
... • • • .. • .. I ... .. • 
.. c: • :II , > ... u • • D. .. ... 
0 ... .. 0 " :: � .!1 .! & .... .: .. tt u lao fiJ ,.., ., fiJ u 

VDTlCAL 
Diapiric lnat rua i on D D D D D D 
tlud Volcanoea D D D D s D 5 D .... \0 
Col lap .. Depreaaiona s D D D s s D D .... 

Liquefaction b D D D D D 
Fault• D D D D D D D 5 

IOTATlOIW. 
Arcuate Slu.pa D 5 D D D D D 
Bot t leneck Sl ide• D D D D D 
Conte.poraneous Faul t• D D D D D D 

TIANSLATIOIW. 
Re t roareaaive !lonaate Sl ides D D D s D 5 D D 
Ca.plex Mul t iple llon111 te S l ides D D D s s D D D D 
Quick Clay S l ides D D D D D . 

FLOWS 

Mud Flon D D s 5 D D 5 D D 
Debr ia Flon D D D D 
Turbid ity Flow D D D D D 

CDIPLEX 
tlud Wave D D D D D D D 

D • Dollinant S • Secondary 
(Col ... n, J .  M .  (1978) Second Conference on Of fahore Geoloa ic Ha zarda , Corpua Chria t i ,  Texaa , February 2-J) 
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1 9 8  

One of t he mos t d i f f i cul t a reas o f  s tabi l i ty study i s  for  l oca t i ons 
whe re movement is t hought to exi s t  but no c l ea r  vi sua l evi dence i s  
ava i l abl e .  For example , eart hquake s may cause a l ow angle  s l ope t o  move 
a few feet wi thout any evi dence of rupture . Wh. l e  t he recent l y  
c ompleted EQWS* s tudy provides some i ns i ght , add i t i ona l labora t o ry 
analyt i ca l  s t ud i es woul d be ve ry useful . Such s t ud i e s  l ead t o  t he 
d eve l opment of analyt i ca l  mode l s  ba sed on good labora t ory da t a  and he l p  
i n  bound i ng engi nee ri ng soi l movement p rob l ems . 

In c ha rac t eri z i ng soi l i ns tabi l i t i e s  s c i ent i s t s  and engi nee rs mus t 
deve l op some mode l  of t he proces s .  The f i rs t  s t ep i n  deve l op i n g  a 
model  i s  to  understand t he proce s s  i n  t he geol ogi c sense ( bot h i n  a 
t ime and a t e c t oni c sense ) .  Once t h i s i s  unde rs t ood , an eng i ne e r i ng 
mod e l  i s  derived , wi t h  t he phys i ca l  so i l  pa rame ters as  i nput . Input 
pa rame ters othe r  than soi l propert i e s  a re often requi red in ana l yz i nR 
soi l i ns tabi l i ty because many s oi l movement cond i t i ons occur a s  a 
resul t of another  type of haza rd . For example , a hurri cane i s  requi red 
to produce hurri cane-wave-i nduced i ns tabi l i t y ,  but not a l l  hur r i cane s 
produce i ns tabi l i t y .  Ea rthquakes a l s o  fa l l  i n t o  thi s clas s .  In add i­
t i on , t hen , to provi d i ng ana l yt i ca l  t ool s to comput e  t he occurrence of 
soi l i nstabi l i ty ,  probabi l i t i e s  of occurrence mus t  al so be g i ven for  
t he d r i vi ng mechani sm.  Coope ra t i on wi t h  envi ronmental  data gat here rs i s  
es sent i a l  for deri ving maximum bene f i t .  An exampl e  i s  the ocean wave 
s tabi l i ty area , whe re addi t i onal i nformat i on i s  des i rabl e on t he depend­
ent joint  probabi l i ty d i s t ri but i ons of ocean wave he i ght , pe ri od , and 
bot t om wave pres sure . 

Four broad areas of soi l cond i t i ons a re of ma jor concern : s cour , 
f aul t ing , s l i d i ng ,  and l i quefac t i on .  The s t a t e  of t he prac t i ce i n  
t hese a reas i s  d i scus sed be l ow.  

Scour . Scour is  t he proces s  by whi ch l a rge amount s of usua l l y  
coars e-grai ned ma t e r i a l  a re t ransported b y  ocean current s and waves .  
By i t se l f ,  t he s couri ng produces no load i ng aga i ns t  s t ruc tures . The 
prima ry problem i s  t he remova l of support from a round f i xed s t ruc tures  
and p i pe l i nes . S t ruc tures are usua l l y  de s i gned for wha t i s  ca l l ed 
gene ra l s cour ( remova l of ma t e r i a l  ove r t he ent i re ex t ent of t h e  
plat form founda t i on )  and l ocal s cour ( remova l o f  ma t e r i a l  ove r one o r  
more legs ) .  Seve ra l f i xed s t ruc t u res i n  the Nort h Sea a re l oca ted i n  
waters whe re cons i de rabl e soi l t ransport occurs . The se s t ruc t u res  
appea r t o  have survi ved we l l .  na ta  a re des i rab l e  i n  geographi c a reas 
such as Ge orges Bank and Lowe r Cook Inlet t o  be t t e r  def i ne if  ne t bot t om 
soi l l osses  or ga i ns occur t hrough s cour . Des i gns for l ocal scour a r e  
not of any real research concern a s  l ong as  bo t t om current s are known . 

*F. art hquake & Oc ean Wave Soi l Stabi l i t y Study , admi n i s t e red by She l l  
Devel opment Company for four othe r  oi l compani e s  and USGS . 
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Faul t i nR •  Thi s broadly  def i ned ca t e gory i ncludes gravi t y-a ssoc i at e d  
even t s  and ea rthquak e-i nduced surface rupture s .  A common prima ry a s sum p­
t i on used i n  faul t analys i s  i s  t hat  unl e s s  t he exi s t i ng fau l t  i s  acted 
upon by some explai nable envi ronmental force , new faul t i ng is  not 
l ikel y  to occur.  That i s ,  movement s wi l l  cont i nue a l ong exi s t i ng 
faul t s .  Pipe l i nes might thus be l ocat ed on faul t s .  When t hey a re , t he 
d es i gn probl em i s  usual l y  s t ruc tural and not geol ogi c . 

Faul t l ocat i on and act i v i t y  ra tes  a re of t he grea t e s t  concern .  I t  
i s  des i rable t o  s t andard i z e , ca t egori ze , and place faul t i ng i n  t he 
context of i t s  envi ronment . The mos t  often asked ques t i ons a re :  I s  
t he faul t s t i l l  ac t i ve ?  How old  i s  i t ?  How much wi l l  i t  move i n  t he 
fu ture ? It woul d appear t hat ana l ys i s  of faul t i ng ( i n  rocks gene ra l l y 
and i n  soi l part i cula rly)  would  bene f i t  f rom reg i ona l s t ud i es  on a 
macrosca l e  t o  adequately  def i ne t he i mportance of faul t s  t o  eng i neering 
d es i gn .  

S l i d i ng. Sl i d i ng i s  broadly  def i ned a s  a mas s  movement o f  soi l 
i ni t i a t ed by out s i de force s .  Common problem areas a re hur ri cane-wave­
i nduced s l i de s , s l ope oversteepeni ng and /or  surcha rg i ng f rom rap i d  
d epos i t i on ,  and ea rt hquake l oad i ng cond i t i ons . Conf i dence i n  t he s t a t e  
o f  t he pract i ce i s  l owest  i n  thi s a rea of soi l movement . The previ ous l y  
d i scussed research e ffort s of  hi ndcas t i ng ,  i nst rumenta t i on programs , 
and labora t ory/analyt i cal  s t ud i es shoul d have t he mos t  benef i t  i n  t h i s 
a rea . 

In recent yea rs t he s t a t e  of pract i ce ha s improved grea t l y  as  
be t t e r  HRP t ool s are deve loped , as more researchers i nves t i ga t e  t he 
probl em and exchange i deas , and as f i e l d  and laborat ory t e s t i ng met hods 
improve . 

Analys i s  of the hurri can e-wave and eart hquak e-i nduced s l i d i ng 
probl em i s  maki ng reasonable progre s s . Unfortuna t e l y ,  more soi l 
fai lures are needed to  be t t er  cal i bra te  exi s t i ng mode l s .  Present 
a nal ys i s  be t t e r  ca l i bra t e  ex i s t i ng mode l s  are more soi l fai lure s ;  t he 
present emphas i s  i s  on nonl i nea r analyses ( l ike , for  exampl e ,  t he EQWS 
nonl i nea r analys i s  for eart hquake c layey sl opes and t he Texa s A&M 
equiva l ent l i near wave-s ea bot t om ana l ys i s  deve l oped by Schape ry ) .  
Research wi l l  con t i nue t o  s how improvement a s  be t t er  da t a  become 
avai labl e .  

To unders tand be t t e r  t he proce ss  o f  gravi ty-i nduced s l i d i ng ,  
addi t i ona l f i e l d  soi l s  da ta and HRP surveys a re requi red . For bot t om­
supported s t ructure s , a conservat ive approach t o  dep t h  of movement 
probabl y  represen t s  t he s t a t e  of t he pract i c e . The se approaches va ry 
f rom i n t e rpretat i ons of HRP surveys to l imi t i ng equi l i br i um me t hod s . 

Liiue fac t i on.  The t e rm l i que fact i on usua l l y  impl i e s  t he l os s  of 
support ng capac i t y  i n  sand s under  eart hquake load i ng cond i t i ons . 
Equiva l ent l i near analyses comb i ned  wi t h  f i e l d  expe r i ence ha s l ed t o  a 
fai rly  rea sonable yes / no pred i c t i ve capabi l i t y ons hore . The primary 
drawback t o  i t s offshore use is the prob l em of adequa t e l y  mea sur i ng 
s and propert i e s . Wat e r  dep t h  and f l oa t i ng d ri l l i ng opera t i ons usua l l y  
prevent a prec i se corre l a t i on wi t h  onshore t es t i ng me t hod s .  Wo rk i s  
needed bot h  i n  t h i s  a rea and i n  furtheri ng laborat ory/ana l y t i ca l  
stud i e s  t o  be t te r  unders tand t he phenomenon . 
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Fo rce s  Ge ne rated Aga i n s t  Pl a t forms El ements by Moving Soi l s  

The o i l i ndus t ry has dea l t  reasonabl y we l l  wi t h  soi l movement 
p robl ems . No ma jor pol lut i on has eve r occurred a s  a resul t of so i l  
movement . Yet , many f i xed pla t f orms and p i pe l i ne exi s t  i n  known 
uns tabl e areas , off the Mi s s i ss i ppi De l ta , for exampl e .  

Duri ng peri ods of soi l movement , l a te ral and axi a l  forces a re 
i mposed against  f ixed s t ruc tural e l ement s .  The soi l pres sure deve l oped 
depend s on both  the magni tude and rat e  of soi l movement . For l a t e ra l  
movement s ,  many i nve s t i ga t ors have found the maximum l a t e ral  soi l 
pres sure aga i ns t  pi l e s  at dep t h  i s  on t he order o f  9 t o  1 1  t ime s t he 
soi l shear s t rengt h .  For axi a l  movement s ,  t he axi al p i l e  l oad i ng i s  on 
t he orde r of 0 . 5- 1 . 0  t imes t he soi l s t reng t h .  

For l a rge mas s  movements wi t h  a clearly def i ned fai lure depth,  
des i gne rs assume ful l latera l  l oad i ng . Seve ral types of movement s ,  
howeve r ,  produce d i splacement s whi ch vary wi t h  dept h ,  such a s  ocean­
wav e-i nduced i ns tabi l i ty .  It i s  important i n  t hese cases t o  know t he 
d egree of soi l di splacement as  a funct i on of depth.  The ocean-wave­
i nduced i ns tabi l i ty probl em may a l so not have a c l early  d e f i ned fai lure 
dept h .  Thus , soi l pre ssures wi l l  i nc rease f rom zero at  t he no-Movement 
l evel t o  perhaps ful l l oad i n  t he zone of grea t e s t  movement . Whi l e  
t heore t i ca l  and smal l-s cal e stud i e s  are useful t o  de f i ne t he l oad­
d i splacement re lati onships as a funct i on of l oad rat e  appl i ca t i on ,  
f i e l d  data i s  mos t  des i rabl e .  The types o f  movement whi ch produce 
vari a t i ons in the magni tude of soi l  d i splacement to a depth  whi ch coul d 
a ffect s t ruc ture s  i nc lude : ( 1 )  ocean wave-i nduced s tabi l i t y ;  ( 2 )  gravi t y­
i nduced cree p;  ( 3 )  ea rthquake s l ope s t abi l i t y ;  ( 4 ) mud wave 
p rogradat i on;  and ( 5 )  t rans la t i on gravi ty-i nduced s l i de s . 

The depth a t  whi ch soi l movement ceases  i s  a l s o  important , s i nce 
l at e ral  and axial  support i s  provi ded beneat h  t he movi ng soi l .  

De s i gn of Founda t i on El ement s 

True s t ructural-f oundat i on-s ediment i nt e ract i ons are ve ry complex . 
The sys t ems a re mul t i-dimens i onal and t he sediment behaves i n  a hi ghl y 
non-l i near fashi on . To c i rcumvent t he complexi t i e s  and ful f i l l  a 
des i gn need , engi nee rs have taken an approach t ha t  cal l s  for t he 
fol l owing s teps : 

1 .  Select a 
describe 
t i on and 

2 .  Select a 
prope rty 

sediment deforma t i on or s t reng t h  prope rty l i ke l y  to 
the ma jor part of  load t rans fer between t he founds­
sed imen t ;  

pl aus i b l e  emp i r i ca l  relat i onshi p between t he sed iment 
sel ected and t he founda t i on performanc e ;  and 
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3. Calibrate the emp irical relat ionship with test data . 

The des ign calculat ions for the axial capac ity and latera l load 
c apac ity of pilings are examp les of th is approach . 

The procedures given in the American Petroleum Ins t itute RP-2A: 
Planning, Des igning , and Cons truct ion of Fixed O f f shore Platforms , 
ref lect the generally accep ted pract ice for evaluat ing the capacity of 
a pile .  More sophist icated techniques may be in use by individua l 
engineering groups . 

Th e  calculat ions out l ined in RP-2A are supported by substantia l  
t e s t  dat a .  Al though many pilings used i n  th e Gu l f  of Mexico were 
des igned with calculat ions differing slight ly from those presented in 
RP-2A, the successful experience in the Gulf conf irms the conservat ive 
nature of the calculat ions for app licab le condit ions . In des ign 
pract ice , a safety fac tor of 2 . 0  is app lied to loads for normal opera t­
ing environment condit ions in comb inat ions with drilling or produc ing 
operat ions . A safety factor of 1 . 5 is used for ext reme des ign environ­
mental cond it ions , with approp riate dril ling or other minimum loads . 
The safety factors ref lect the conf idence of the engineer in the 
accuracy of charact erizat ion of the environmental factors and the 
reliab ility of the des ign mode l.  The need for  .ref inements in  e i ther 
area should be t ied to  economics , within the constraints of provid ing a 
safe and reliab le structure . The goal is to provide maximum s t rength 
and f lexib ility with minimum expenditures . Ef forts for imp rovements  in 
des ign capab i l i t ies should be focused on aspect s  where s ignif icant 
economic returns may result . For example , the cos ts associated wi th a 
very conservat ive des ign to resist lateral loading of p i les are 
relat ively ins ignif icant in the overall cost of the structure , but the 
des ign for axial load ing can have a maj or impact on the overall  cos t . 

A related cons iderat ion is the need for imp roved des ign models in 
s i tuat ions where environment a l  factors are encountered which are not 
cons is tent with convent ional des ign experience . RP-2A notes the 
importance of cons is tent experience with des ign capacity , pene t rat ion , 
and p lanned ins tallat ion procedures . Measured f ield performance data 
of  given p i le des igns are needed for proving and extending des ign 
capab i lit ies . 

Other aspects of p i le-sediment interac t ion not spec if ically 
addressed in RP-2A also support the need for measured performance data .  
As an examp le ,  relat ive deformat ions o f  the pile and sed iment are not 
taken into account in the axial capacity calculat ions out l ined in RP-2A. 
Thus , the calculat ions p rovided are mos t  app licab le to s t if f  p i les when 
deformat ion of the s teel piling does not affect capacity . Als o ,  the 
des ign formu las and the relat ionsh ip between f rict ion and shear s t rength 
do not account for the in s itu lateral sediment pressure that ac t ivates  
f rict ion between sediment and the p i le .  In addit ion , the express ions do 
not account for the stress s tate in the sediment af ter p i le ins tallat ion. 
Th is s t ress s tate and other dr iving dis turbances can affect  the avail­
ab le s t rength in the sediment near the pile . 
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Procedures for calculat ing axial and lateral capacity of piles 
exemplify the essent ial characterist ics of engineering capab i l i t ies in 
other areas of sediment eng ineering. These characteris t ics are : 

1 . Rat ional s imulat ion of complex sediment response with func­
t ional forms adapted from analytical solut ions for s imilar 
but highly idealized prob lems ; and 

2 .  Calibrat ion o f  the rat ional but empirical s imu lat ions with 
availab le tes t  data . 

Mat or gravity foundat ion analyses are grounded in class ical solu­
t ions for the bearing behavior of plas t ic materials and s liding f rict ion 
calculat ions that es t imate lateral load capabilities . Th e  des ign 
models needed for gravity s t ructures include the cyclic response of the 
s ediment f rom cyclic  loads on the struc ture , sediment liquefact ion 
potent ia l ,  the effect  of sediment layers on bearing capacity failure 
f rom inc lined loading , and the potent ial for scour . 

Installat ion of a s t ructure warrants special cons iderat ion because 
the incurred loading can be dramat ically dif ferent f rom that to be 
experienced during the operat ional life of the s t ructure . The prime 
obj ect ive of a foundat ion installat ion is to develop full load carrying 
capability of the sediment . Achievement of this obj ective implies full 
depth of penetrat ion of a driven pile . For a drilled and grouted p i le , 
the obj ect ive requires full s trength between grout and sediment and 
grout and the pile .  For a mat o r  gravity foundat ion , the obj ect ive 
requires uniform contact of the foundat ion with the sediment and full 
penetrat ion of shear skirts or other devices added to mob ilize full 
s t rength of the near-surface sediment . 

The problems addressed in the des ign and verif icat ion of plat form 
foundat ions will be different for different types of soil s ; thus , the 
engineering approaches will vary . To accomp lish this , sediment models 
based on comprehens ive f ield performance and response data are required.  
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ENVIRONMENTAL EXPOSURE CONDITIONS TAKEN 
INTO ACCOUNT IN LEASE-SALE DECISIONS 

Paul G . Teleki 

The u . s .  Governmen t ' s  responsibi l i ty in o f fshore development is 
threefold : to ensure orderly developmen t  of  mineral resources , to 
provide for the safety of the envi ronment and of  ope ra t ing condit ions , 
and to obtain a fair marke t value for the Na tion ' s resources . In this 
process , geological and geophysical da ta are used to e s t imate the 
resource potential of a given OCS (Outer Cont inenta l She l f ) area , 
followed by a s tudy of  envi ronmental fac tors tha t  may hinde r develop­
ment . Re sults f rom the resource and envi ronmental s tudies are used in 
the designation of trac ts cons idered safe to develop , which are then 
o ffered for lease . Trac t s  in which haza rds may exi s t  bu t which wi ll  
support specially engineered s truc tures are  of fere d ,  wi th s tipula tions 
on development . Trac t s  no t cons ide red safe in light of  exi s t ing tech­
nology are retained for future sales . Hence , the Government needs 
environmental data in orde r to reduce the probabi lity of  environmental 
damage . 

The following is  a list  of  exposure cond i t ions , by geographic region , 
tha t  must be taken into account by the Government in cons idering 
which trac ts to lease . They are also taken into account by the indus­
try in de termining the engineering and othe r costs  re la ted to deve lo p­
ing the resource of the trac t , and thus a f fec t the price indus t ry bids 
for the trac t .  This list  is an upda te of the fol lowing publica tions : 

1 .  Envi ronmental hazards : considera tions for Outer Continental 
She l f  development , by P . G . Te leki , L . E . Garri son , and M.A.  
Hampton , 19 7 9 , Proc . 11th Of fsh . Tech . Con£ . , Hous ton , TX, v . 4 ,  
P •  2 5 7 9-2 5 8 9 .  

2 .  Environmental hazards o n  the U . S . Continental Shel f , b y  P . G . 
Teleki , M. A . Hampton , and L . E . Garrison , 197 9 ,  Proc . 5 th Intl . 
Conf . on Port and Ocean Eng . under Arctic Condit ions , Trondheim , 
Norway , v . 1 ,  p .  435-44 8 .  
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North Atlantic 

1 .  Sediment erosion and deposi tion : Predominantly sandy bo ttom 
material in shallow wa ters of  Georges Shoal is subject to 
scour by currents ranging from 30 em/ sec to 100 em/ sec at 
bot tom. Large active sand wave fields exi s t  in the Nantucke t 
and Georges Shoal areas ( in depths less  than 30 m) , the 
bedforms are 5-15 m high and 150-7 50  m long . 

2 . Soil proper ties : Ge orges Bank contains many buried of 
glacial outwash (undif ferentia ted soils , including boulde rs ) 
and pockets of clay and silt  rich in organic ma t ter . 

3 .  Sediment ins tabilities : Sediments at  the shelf edge , espe­
cially around canyon heads , are subjec t to mass downslope 
movement , which is accompanied locally by shallow faul �ing . 
Subsidence potential is unknown . 

4. Earthquake ac tivi ty : Low-level earthquake activi ty has been 
reported from sca t tered epicenters in the region . The 17 55 
earthquake at Cape Ann ,  Massachuse tts , had a magni tude o f  8 
on the Mercalli scale . The s i l t  and clay pose a po tential 
liquefac tion hazard if events similar to the 1929 Grand 
Banks earthquake take place . 

5 .  Wind , waves , and currents : The area is  charac terized by 
rapid wea ther changes ( i t  is  in the zone of  wes terlies ) .  
Severe winter s torms and occasional late summer to autumn 
( Augus t to Oc tober)  hurricanes and tropical s torms affect 
the area . St ruc tures mus t be designed to wi ths tand wind 
conditions that are about the same as those for the North 
Sea . The maximum sus tained 100-year wind is 18 8 km/hr . The 
rela tively shallow Georges Bank induces rapid shoaling and 
consequent s teepening of waves , and these may occur s imu l­
taneously wi th s torm tides . The 100-year maximum wave height 
ranges from 20 to 24 m.  Currents in s torm surges are s trong 
for the entire water column . A wes twa rd current on the 
slope opposes the northeas tward movement of shelf  wa te r 
adjacent to the Gulf St ream. The wes tward dri f t  joins the 
Georges Bank eddy on the southern edge of the bank . Nea r­
bot tom current speeds on Georges Bank in the summer months 
are approximately 3 7  em/sec , but they reach 100 em/sec in 
winter-s torm conditions . 

6 . Ice and snow : Icebergs have been repor ted very infrequently 
along the North Atlantic OCS . Accre tion of ice on struc tures 
is expec ted , however , in the winter . Coas tal areas ( bays , 
lagoons , tidal channel s )  usually have ice cover from Decembe r 
through March.  Vi s ibility in snowfal ls  and fog may be 
impaired . 
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Mid-At lantic 

1 . Sediment eros ion and depos it ion : On the Mid-At lantic OCS , 
s cour condit ions in surface sand sheets  of  variable thick-
ness are caused by storm waves and wind-driven currents . 
Large sand waves near the heads of Lindenkohl and Wilmington 
Canyons indicate bedload t ransport during winter s torms in 
wes t-southwes t-f lowing bot tom currents . Low-relief sand ridge s 
a ligned northeas t-southwest on the inner she lf have been 
s tudied ; determination of their origin is inconc lusive . 

2 . Soil propert ies : Silt and clay of  unknown thickness underlie 
the surface sand sheet in several areas on the she lf . Ge o­
technical analyses show that these sediment s are overconsol­
idated and thus are not a geologic hazar d . 

3 . Sediment instabi lities : Hi gh resolution seismic ref lect ion 
data records suggest that mass movement has taken place 
a long the walls of many canyons , but the ages of  slumped 
sediment masses are not yet known. 

4 . Gas in sediment : Scatt ered coring indicates high methane 
content in sediments near the edge of the shel f  between 
Hudson and Wilmington Canyons . 

s .  Wind ,  waves , and current s : The area is subject to severe 
winter and t ropical s torma and a t tendant high sea state , 
s trong winds , and storm-surge current near the coast . Wind s 
in the summer average 15-22 km/hr from the southwest and in 
the winter average 18-3 7 km /hr f rom the nor theas t .  During 
August and Sep tember , hurricanes affect the area for about 
8 days , and trop ical storms af fect the area f or about 15 
days . The 100-year maximum sus tained wind speed is 189 km/hr . 
Maximum wave heights for a 100-year recurrence interval range 
f rom 22 to 29 m .  

s .  Aquife r :  Result s  of the u . s .  Geological Survey ' s  At lant ic 
Margin Coring Proj ect (AMCOR )  identified the p resence of a 
h igh-dis charge f reshwater aquifer approximately 200 m be low 
DUdline . 

South Atlantic 

1 . Faulting : Shallow faults along the Florida-Hatteras s lope 
offset surface beds . A deep-seated growth f ault has been 
mapped along the margin of the Blake Plateau be tween lat . 
3 2 'N and 34 'N. Its origin is believed to be subs idence 
caused by salt d iapirs . Disp lacement is norma l (1 m at 10 m 
depth and approximately 500 m at  5 km) . 
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2 . So i l  proper ties : Sediment properties on the South Atlantic 
OCS generally f�vorable for founda tions , al though dense sand 
may pose problems for pi le driving . Pa tches of lagoonal mud 
and pea t are distributed widely , par ticularly in the centra l 
par t o f  the shelf . Submerged kars t  topography common off  
Florida is found from the COST GE-l wel l  to cape canaveral . 

Many buried s inkholes that do not breach the sur face are 
evident in seismic data . 

3 .  Sediment ins tabi li ties : Scat tered s lump features have been 
mapped at the base of the Florida-Hat te ras slope and appear 
to  be modern fea tures . Slumps have no t  been found in the 
Georgia Embayment .  

4 . Sediment erosion and deposi t ion : Strong bottom currents 
originate in Gulf Stream countercurrent& and eddies , and are 
respons ible for the sand-wave fields of  inner shelf  and the 
eros ional fea tures of the Blake Pla teau . 

S .  Ear thquake ac tivi ty :  There is  a po tential for st rong-mo tion 
events in the vic ini ty of  Charles ton , S . C . , where an earth­
quake having a magni tude of  6 . 8  ( Ri chter scale ) took place 
in 188 6 .  Several sma l ler magni tude earthquakes have also 
taken place along the South Atlant ic Coas t .  

6 . Wind , waves , and currents : Tropical storms generate high 
waves and wind along the southe rn Atlantic coas t and s t rong 
currents on the shelf . The 100-year maximum sustained wind 
speed is  approximately 130 km/ hr . De pending on location , the 
maximum wave height range s from 19 t o  2 4  m for a 100 -year 
recurrence interval . Surface currents  near shelf  edge have 
average veloci t ies of 180 em/sec .  

Eas tern Gulf of  Mexico 

1 .  Sediment ins tabili ties : One large area of s lumping was noted 
on the upper s lope of the Florida Escarpmen t ;  more detai led 
surveys in the eas tern Gulf  of  Mexico may show others . 

2 .  So i l  properties : Discontinuous , thin , and unconso l idated 
sediment cover represen ts rel ic t , transgressive depo s i ts of 
late Wiscons inian Age , varying from quartz sands (West  
Flor ida shelf)  through zones of pe lle toid , oo l i t ic , algal , 
and shell carbona te sands toward the south to biogenic silts  
and oozes along the s lope . Unde rlying kar s t  may pose drilling 
and foundation problems . 
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Central and Wes tern Gul f of  Mexico 

1 .  Gas in sediments : In the central and wes tern Gulf  of  Mexico , 
ubiqui tously distributed shallow gas crea tes hazardous 
condi tions , bo th as high-pressure accumulations and in the 
form of  dispersed bubbles in sediment pore space that  alter 
s trength properties in sediments . 

2 .  Sediment ins tabilities : Submarine lands lides , s lumps , and 
mud flows as much as 30 m thick are commonly assoc iated with 
regions of rapid depos i t ion and/or s teep slopes tha t have 
caused many pipeline ruptures and a few pla t form fai lures . 
Many s lumps coalesce to form channels of  frequent debri s  
f low. Both creep and block s lumping are common . 

3 .  Soil proper ties : Sediments contain a high pe rcentage o f  
biogenic me thane . The gas may exis t i n  solution o r  i n  bubble 
phas e ;  in the lat ter s tate , i t  creates excess pore pressures . 
Unde rcompac ted muds may fail when they are subjec t to cyc lic 
loading by s torm waves . 

4 . Ac tive faults : Gr owth faul ts are prevalent on the shel f .  
Many faul ts are associated wi th diapiric features and wi th 
over-s teepened deposit ional s lopes . 

5 .  Earthquake activity : Although the Gul f  of  Mexico has been 
considered to be historically ase ismic , an ear thquake o f  4 . 6  
magni tude ( Richter sca l e )  took place o n  July 2 4 ,  197 8 ,  at  
lat . 26 . 6 °N ,  long . 88 . 6 °W .  

6 .  Wind , waves , and currents :  During the summer , winds are 
predominantly f rom the southea s t ;  during the winter , they 
are predominatly from the eas t-nor theas t ,  but vary greatly 
near coas tal regions . Storm s tatis tics show a probabi l i ty o f  
a hurricane affec ting the area in any year is 1 i n  6 . The 
principal danger to development o f  the OCS are hurricane 
waves and wind s ; during Hurricane Cami lle in 196 9 ,  waves 
reached a heig�t of 20 m and wind speeds exceeded 300 km/ hr . 
The 100-year maximum wave heights are 2 0 . 7  m for the centra l 
Gu lf and 2 1 . 9  m for the wes tern Gul f . S torm-surge e leva t ions 
are fairly well documented ( 6 . 9 m at Pass  Chris tian during 
Cami lle , 6 . 7  m in Lavaca Bay during Carla in 1961 ) . Al though 
200 em/sec current velocities  have been reported , ac tua l  
measurements of s torm-current veloci t ies are few . 

Southern Cali fornia Borderland and Santa Barbara Channel 

1 .  Earthquake ac tivi ty and faul ting : Ea rthquakes having magni­
tudes greater than 4 . 5  have taken place in eas tern Santa 
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Barbara Channel and on San Pedro she l f . It is es t imat ed that 
an 8 . 2 magnitude event (Richter scale ) will occur every 100 
years . Smaller events have been recorded on the Sant a Rosa­
Cortes Ridge . As recent ly as 197 8 , a 5 . 1  magnitude event 
vas recorded in the Santa Ba rbara Channel .  Shallow recent 
faults that offset the seaf loo r ,  are present nea r Tanner or 
Co rtes Banks , on the northern part of the Santa Rosa-cortes 
Ridge , and on the Santa Monica and San Pedro she lves . Maj or 
northwest-t rending fault zones on the she lf inc lude the 
Patton Escarpment , the ves t Santa Rosa-Cortes Ridge , the 
east margin of Santa Cruz and San Ricolas bas ins , the San 
Cleaente Is land Escarpment , and the Catalina Escarpment . 
The act ive Pa los Ve rdes and Rewportinglevood fault zones 
extend southeas t from the Los Angeles Basin offshore along 
the shelf and into the Gulf of Ca ta lina , respectively . In 
193 3,  an earthquake having a magnitude of at leas t 6 . 0  t ook 
p lace along the offshore extens ion of the Rewport-Inglevood 
fault • Potential p rob lems include sudden fault disp lacement 
and fault creep . 

2 .  Sediment ins tabilities : Slumps , sediaent f lows , and creep 
have been ident if ied on the s lope of the Santa Barba ra 
Channel ,  Cortes Bank , and Tanne r Bank , the f lanks of maj or 
ridges such as the Santa Ros a-Cortes Ridge and on the s lop e 
between San Pedro and San Diego . Much of the mass movement 
evident in seismi c-reflection records may have been 
earthquake-induced . 

3 .  Soil propert ies : Expans ive soils (montmoril loni t e )  and rocks 
(a ltered volcanic tuff s )  are p resent on many areas of the 

shelf . 

4 .  Oi l and gas seeps : Ra tural hydrocarbon seeps from thermo­
genic sources have been ident if ied in Santa Barbara Channel , 
Santa Monica Bay , and San Pe dro Bay . Some are assoc iated 
with faults . 

5 .  Wind , waves , and currents : Ext rat rop ical cyclones , genera lly 
app roach ing f roa the ves t , and occas ional t rop ical hurricane s 
a ffect the area . Wind speeds average 14-26 km/h r  depend ing 
on locality , but gusts may reach 14 8 km /hr . Waves reach ing 
the shelf , however , origina te more often in dis tant Pa cif i c  
Ocean s torms than loca lly .  Wave periods range f rom 8 to 
22 sec ; wave heights range from 0 . 3  t o  6 m •  Th e  100-year 
maximum wave height is est imated to be 1 4 . 6 m. Velocities 
in the Davidson Current and the semipe rmanent Southern 
Cal if ornia Countercurrent average 2 3  em/sec and are locally 
inf luenced by wind . The ve locity of the lOQ-year surface 
current is est imat ed to be 15 0 em/s e c ,  and that of the bot tom 
current is es timated to be 20 ea/s e c . 
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6 .  Tsunamis : A wave originating near the coas t of Chile eaused 
severe damage in Los Angeles Harbor on May 2 3 , 196 0 .  

Centra l-Northern Cali fornia 

1 .  Ear thquake ac tivi ty and act ive faulting : Major fault zones 
( e . g. , Hosgri , San Andreas , Sur-Nacimiento )  extend offshore 
in central and northern Cal ifornia . Hi s torical records  of 
seismic activity of the region por tend future s trong-motion 
ground shaking and . seafloor rupture . Smaller shallow and 
surficial faults have been mapped in the Bodega and Santa 
Cruz Bas ins . Ac tive folds and faults in Ee l River Basin 
sugges t  recent uplif ting and faulting. In Washington State , 
mos t earthquakes have been centered around the Olympic 
Peninsula and have had intensities as high as  VII I  on the 
Mercalli scale . All Oregon ' s coas ta l  countiea have reported 
seismic activi ty . 

2 .  Slope ins tabil i ty :  Submarine slides have been identif ied 
both on the narrow shelf  (average slope 3 ° ) and on the uppe r 
Continental Slope off central and northern Cali fornia . 
Massive slide blocks are found near Big Sur in a zone 10 t o  
1 5  km wide , and thicknesses o f  the slumped sediment masses 
are as much as  500 m.  In the Ee l River Basin , large s lumps 
have been noted on the outer shelf (marginal plateau , plateau 
s lope) and the upper Continental Slope . Other known areas o f  
ins tability include Monterey Canyon and the oute r edge o f  
Santa Cruz Basin . 

3 .  So i l  properties : Sediments are rapidly accumulat ing off shore 
of river mouths , such as the Columbia and Ee l Rivers . These 
sediments probably have weak bearing capac i ty like those 
deposi ted in similar condi tions near the Mississ ippi and 
Copper River del tas . 

4 .  Gas in sediments :  Gas seeps associated wi th fault s  have been 
identified in Bodega Basin. 

5 .  Pi ercement struc tures : Major diapiric s t ruc tures , probably 
composed of  Pliocene shale , have been recorded by seismi c­
reflection me thods in an area extending from Mendocino , 
Calif . , north into the Washington Continenta l Shelf . Diapir s 
may extend for as much as 20 km2 and their  re lief  may reach 
200 m. Their morphology and physiographic express ion ind i­
cate act ive upli ft . Hazards assoc ia ted with diapirs include 
abrup t movement , peripheral faul ting , trapped gas , and s lump­
ing off their flanks . 
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6.  Wind , waves , and currents : Winds blow from the north­
nor thwes t in the summer at speeds ave raging 11-26 km/hr . 
Wind direc t ions change to southwes t-we s t  in the fal l ,  and 
inc rease in veloc ity in response to the relat ionship of the 
Pacific high-pressure system to the Aleutian low-pressure 
sys tem. Winter wind speeds range from 11 to 18 km/ hr . Ga le 
winds , whose speeds exceed 6 3  km/hr , usually originate in 
the southern Gulf  of Alaska ( or at the no rthern boundary of 
the Pac i f ic high-pressure sys tem ) . Wave cond i t ions re f lec t 
the  prevailing wind condit ions , as well  as dis tant s torms in 
the Pacific . Swell pe riods range from 6 to 15 sec . In 
summer , circula tion is mainly represented by the meandering 
California current , whose veloci t ies within 10 0 km of  the 
coast are less than 1 km/ hr . In winter , the Davidson Current 
dominates . 

Nor theastern Gulf of  Alaska 

1 .  Earthquake act ivi ty and faulting : The northwes tern Gul f  o f  
Alaska is wi thin one o f  the world ' s  mos t  seismically ac t ive 
areas . During the las t 80 years , 40 ear thquakes af fec ted the 
area , among which 4 events had magnitudes equal to or greate r 
than 8 . 0  ( Richter scale ) and 10 events had magni tudes of  7-8 .  
In 196 4 ,  an earthquake o f  8 . 4-8 . 6  on the Richter Scale was 
recorded in Pr ince William Sound . Epicenters o f  reeent 
earthquakes , some having magni tudes exceeding 6 . 0 ,  are 
concentrated near Pamplona Ridge . A concentration of  smaller 
magni tude epicenters is  in and jus t o f fshore of Icy Bay . 
Zones o f  shallow faulting , wherein some of the faults are 
thought to be active , exi s t  near Middle ton Island , extend 
toward Kayak Is land , and are also found around We ssel ' s  Ree f .  
Hazards associated wi th seismic activity and faul ting include 
fault  rup ture , strong-mot ion ground shaking , sediment mass 
movement ,  tec tonic deformation of  the seafloor , and tsunamis .  
Experience wi th damaged bui ldings on land show that s t ructural 
failure i s  o f ten caused by dynamic shaking or foundation 
fai lure resulting from ground rup ture or  soil ins tabi lity .  
High-intensity  a f tershocks can also cause damage . 

2 .  So il  properties : Rapid sediment accumula tion in the Copper 
River prodel ta and offshore of  the Malaspina and Bering 
Glaciers is the cause of underconsolida ted and low-s trength 
seaf loor soi l .  

3 .  Sediment ins tabilities : On the Continental Shel f ,  submarine 
slide s have been mapped in Kayak Trough (areal dimens ions 10 
x 17 km , as much as 150 m in thickness ) , in the Coppe r River 
prodelta ( a  5 km by 70  m zone ) , and o f f  Icy Bay-Malaspina 
Glacier (a  8 km by 40 km �one ) . Records show minor s lumping 
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into  sea val leys and around Pamplona ridge . La rge s lumps on 
the upper Continenta l Slope are also known . 

4 .  Gas in sediments :  Broken , discontinuous re flec toTs indi­
cating the presence of gas are common in seismi c-reflec tion 
records from two ma jor areas : o f f  Kayak Is land and the 
Copper River prodelta .  Anomalous amounts of  gas have been 
measured in surface sediments in these areas . 

5 .  Sediment eros ion and deposi t ion: Erosional fea tures are 
found in Tarr Bank-Midd le ton Is land pla tform area and near 
islands . Along the coas t in the nor theas tern Gulf o f  Alaska , 
the morphology has changed signi f icantly during his torical 
times . These changes have resulted from erosion and and 
deposi tion of sediments in Icy Bay , in Yakutat Bay , and 
along the barrier islands of the Copper Rive r Delta . 

6 .  Wind , waves , and currents : Sus ta ined winds having speeds as 
high as 18 0 km/hr are genera ted by s torms that commonly 
pers ist  for 1 to 3 days , but average wind speeds are below 
10 0 km/hr . The area is  known to give rise to cyc lones , which 
are frequent and intense s torms accompanied by large amounts 
of  precipita t ion and s trong winds , especially in the autumn . 
Average wave height in the area i s  1 . 2-4 . 8  m ;  the maximum 
wave heights are 15 . 6  m and 3 9 . 6  m ,  respec tively , for the 25-
year and 100-year re turn intervals . Extreme current speeds 
are es timated to be 150-200 em/sec on the surface and 25-6 4 
em/ sec at the bottom.  

Lowe r Cook Inlet 

1 .  Sediment erosion and depos ition : In the lower Cook Inle t , 
fields of large and small bedforms have been mapped by 
seismic-reflec tion sys tems and side-scan sonar . Bedload 
movement of sand in areas of large sand waves ( 13 m high , 
1000-m wavelength) has been documented , but displacement of 
large bedforms during the las t 5 years appears to be 
negligible . 

2 .  Winds and eurrents :  Wind speeds of  9 2-14 0 km/ hr can be ex­
pec ted near the inlet during the late fal l  and early winte r .  
Tidal ampli tudes range from 4 . 2  m at  the mouth o f  the inle t 
t o  9 m a t  Anchorage . At Kena i Peninsula , the highest  tida l  
range is  7 . 9 m .  Surface current veloci ties o f  approximately 
200 em/sec are ampl i fied t o  330  em/sec at monthly t idal 
extreme s .  

3 .  Volcanism: Augus t ine volcano wi thin the Lower Cook In le t is 
active and locally poses a danger of lava flows , nu�es 
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a rdente , ash falls , seismic shaking , and tsunamis .  Four 
o ther ac tive volcanoes a re onshore along the northwe s t  s ide 
of Cook Inle t .  

4 . Ear thquake ac t ivi ty and faul ting : The area i s  suscep tible 
to ear thquakes having magni tudes greater tha n  8 .0 ( Richte r 
scale ) and to the a t tendant hazards of  s trong-mot ion ground 
shaking,  consolidation and failure of sea f loor sediments , 
faul t rupture , and tsunamis .  At least  12 earthquakes having 
magni tudes grea ter than 5 have taken place in this area 
s ince 18 99 . 

Kod iak Shelf 

. 1 .  Earthquake ac tivity and faulting : Located wi thin one of  the 
world ' s  mos t  seismically active regions , the Kodiak she l f  i s  
af fec ted by earthquakes having magni tudes grea ter than 8 . 0 .  
Since 190 2 ,  at  leas t 9 5  ear thquakes having magni tudes greater 
than 6 . 0  have taken place in the area . Shallow faul ts , many 
of which offset the seafloor and hence are believed to be 
ac tive ,  are distributed across the shelf . These faul ts  a re 
especial ly numerous in a zone offshore of the southeas t  coas t 
of  the Kodiak Is lands . Hazards related to seismic activity 
and faulting include s trong-mo tion ground shaking , fault 
rupture , sediment displacement , tec tonic deforma tion of the 
seafloor , and tsunamis . 

2 .  So il properties : La rge troughs traversing the Kodiak shelf 
contain fine-grained sediments . Surficia l  samples are com­
posed mos tly of volcanic ash . The shear s t rength of  these 
deposi ts may be low. 

3 . Sediment ins tabili ties : Numerous submarine slides , some 
being greater than 8 x 8 km in plane dimens ion and 300 m 
thick , have been discovered on the uppermost Continental 
Slope off the Kodiak shelf and may pose problema if  develop­
ment moves seaward from the Cont inental Shelf . Ho evidence 
exists of submarine sliding on the shelf . 

4 . Sediment eros ion and depos i tion : A field of large sand waves 
having heights as great as 10 m exi s ts in Stevenson Trough . 
This and o ther geological evidence suggests s trong bedload 
movement in Stevenson Trough relative to other areas of the 
shelf . 

5 .  Gas in sediments : Gas is  known to exi s t  in sediments o f  the 
southern and middle Albatross Banks and in Chiniak and Kiliuda 
Tr oughs because broken , discontinuous re f lectors are observed 
in high-resolut ion seismic records . 
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6 .  Wind , waves , and currents : Wind , waves , and cuTrent condi­
tions on the Kodiak Shelf are s imilar to those of the Gulf  
o f  Alaska and eas tern Aleutians . Sus tained winds having 
s peeds grea te r than 14 0 km/hr . and significant wave height s 
of 15+ m are -expec table every year on the shelf . Wave 
conditions are mos t  severe in the late autumn-winter period . 
Currents reach speeds of 7 0  em/ sec in the Alaska St ream , but 
veloc i t ies may be locally greater near coastlines . 

Aleutian Ridge 

1 .  Ear thquake ac tivi ties and faulting : The Aleutian Ridge i s  
seismically a very active area , where several ma jor earth­
quakes took place during thi s  century . Earthquakes are 
caused both by tec tonic de formation of the li thosphere and 
by volcanic eruptions . Bo th shallow and deep-focus shocks 
are common . Numerous shallow faul ts , many likely to be 
active , trend parallel and perpendicular to the ridge . 
Seismic hazards inc lude s trong�tion ground shaking , faul t 
o f f set , and mass sediment movement . 

2 .  Sediment ins tabili ties : Massive slumps have been identified 
on sloping areas of the Aleutian Ridge , i t s  margins , and on 
bench areas . 

3 .  Wind � waves , and currents : Seasonal high winds near the 
Aleutian Ridge are caused by local condit ions (willawa s )  or  
accompany regional s torm sys tems . Wave conditions are prob­
ably as severe as those in the Gulf of  Alaska ; wave he ights 
are es t imated to be 6 m in the summer months and 8 m in the 
winter . Surface currents related to the Alaska Current have 
s peeds of 30-50 em/ sec . Wind s tress can intensify these 
currents an addi tiona l  20  em/se c .  

4 .  Volcanism: The Aleutian Is lands contain 76 ma jor volcanoes , 
half of which have been act ive in historic times . Volcanic 
eruptions can create locally hazardous conditions in the form 
of  lava and ash flows , ash falls , fire , toxic gase s , co r­
rosive rains , flash floods , and local tsunamis .  

Northern Bering Sea 

1 .  Gas in sediments :  In Norton Sound , buried gas is  vented 
through small craters in the seafloor in an area approxi­
mate ly 100 km2 in size . Sediments near vents are susceptible 
to  liquefac tion .  The gas is  composed of C02 (which is prob­
ably partly the rmogeni c )  and me thane ( or iginat ing in sha l low 
buried peat depos i t s ) . 
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2 .  Ice :  Ice in the Bering Sea is all firs t-year type whos e 
thickness ranges from a few centime ters to l m.  Thin 
"pancake " ice covers the Bering Sea during the spring mel t , 
when floe speeds can reach 30 em/ sec . Of ten the thin ice is  
modulated by ocean waves . 

3 .  Sediment erosion and deposi tion : Sc our depressions , sand 
waves , sand ridges , and sand shee ts exi s t  at various places 
on the shelf in the northern Bering Sea , espec ially in the 
offshore areas near Nome and Port  Clarence . The bed forms may 
be generated and driven by mesoscale ocean currents , tidal 
currents ,  and/ or s torm surges . Ice gouging is  prevalent in 
water depths less than 20 m , but occasionally scour marks are 
found in deeper waters too . For siting of pipelines , know­
ledge of  scour dis tribution , and dens i ty , maximum scour 
depth , and variat ions in the geo technical properties o f  
sediments in and adjacent to scours , is  iaportant . 

4 . Shallow faul t s : Faults that of fset the sea floor have mappe d 
south of Nome , in the Bering Stra i ts , and near St . Lawrence 
Island . The major Kal tag fault can be traced offshore of  
the Yukon De lta . These faults probably are s till  active .  

Beaufort-Chukchi Sea 

1 .  Ice :  Compressional and torsional forces associated wi th ice 
mo tion are severe in the Beaufor t-chukchi Sea . Pack ice , 
composed of mul ti-year floes , 2-4 m thick , can move as much 
a s  40  km/day . Pressure ridges , formed by compression and 
shearing of ice , have keels that  can extend as deep as 45 m 
below wa ter leve l .  The keels scour the seafloor , posing a 
hazard to buried s truc tures such as pipelines . Sonar mapping 
shows tha t ice gouging of sediments extends to a maximum 
scour depth of 12 m . 

2 .  Pe rmafros t :  The depth at  which permafros t is encounte red 
below the seafloor is variable offshore and is on the orde r 
of  less than 50 m .  The distribution of  perma fros t is  limi ted 
to the nearshore zone . Sediments in permafrost are suscep­
t ible to fros t heaving and loss of  streng th i f  thawing takes 
place . Success ive freez e-thaw episodes , if  accompanied by 
incomple te re free zing within the active zone , may isolate 
wate r-laden layers and increase pressures wi thin the 
sediments . 

3 .  Sediment  eros ion and deposi tion : Seasonal ice mel t ing in 
terres trial drainage bas ins precedes offshore mel ting of ice . 
Localized descent of spring me l twater through nearshore ice 
can erode circula r-plan depressions in the seafloor as deep 
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a s  5 m deep . Coas ta l  thermal e ros ion takes p lace when 
relatively warm ocean water a t tacks f rozen coa s ta l  soils , 
reducing soil shear s trength as wel l  as inducing coas tal 
retrea t as much as 40 m.  Al so , wave ac t ion on thawed perma­
fros t can accelerate erosion . 

4 .  Ga s  in sediments : Frozen gas hyd rates ( cla thrate& ) are 
widely dis t ributed on the s lope and rise in the Beaufor t­
Chukchi Sea and may be trapped below permafros t caps on the 
shelf . The physical mechanical proper ties of hydrates are 
not known , but they are perceived as hazardous to drilling 
i f  expans ion of the gas is not containe d .  

5 .  Wind , waves ,  and currents : Autumn and winter s torms i n  the 
Bering Sea can be seve re . Wind velocities in excess of 
80 km/hr are common and increase to 112 km/hr in the winter , 
when winds blow parallel to the coa s t . Barrow has reported 
winds speeds greater than 160 km/hr in January . Winds normal 
to the coas tline may gus t to 19 0 km/hr as a result of Ventur i 
e f fects c reated in val leys . Surface currents are s trong 
be tween Poin.t Hope and Point Barrow and range f rom 5 0  t o  
2 80 em/ sec . Nearshore currents  a re wind driven . Waves are 
less tha n  5 m high in the Chukchi Sea in the summer but 
heights of ten increase to 7 m in the fal l . In the Beaufor t 
Sea , wave heights are less than 1 m 90% of the t ime , although 
t he highe s t  recorded wave was 9 m. During s torm surges , 
wave heights may reach 6 m in the Beaufort Sea and may be 
higher along the coas t of the Chukchi Sea . 

6 .  Sediment ins tabilities : Slumps have been identif ied in 
seismic-reflection reco.rds near the shelf  break in the 
Chukchi Sea . 

7 . Earthquake ac tivity : Earthquakes having magni tudes less 
tha n  4 . 0  have been regis tered in Camden Bay , presenting a 
minor seismic hazard . Seafloor faulting takes place in the 
Hope Basin area . 
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