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ABSTRACT

Wave contour and confidence domain approaches to bounding
the wave environment , though similar in conc.pt , are shown to
produce widely differing results for similar conditions . A
comparative analysis is performed to identify th. causes for
these difference s . It is found tha t the calibration equations
used to convert visually observed wave characteristics to wav
statistics in the confidence domain approach are of quest ionab le
validity, and tha t the methodology used to define wave contours
is deficient. A revised a, proach to bounding th. wave environ-
ment is delineated and implemented for two cases.

ADMINISTRATIVE INFORMATiON
The work described herein was funded by the Conventional Ship Seakeep—

tng Research and Development Program under Project Nueber 62543 and Block

Number SF 43 421 202. The work was performed at the David W . Taylor Naval

Ship Research and Development Center. There it wa. identified by Segment

20 ~f Work Ut-it t Number 1—1504—100.

I NTRODUCT ION

During the spdng of 1975 , the present author was involved in a

project intended to establish freeboard requirements for a surface co~—

batant then being designed. Prelimina ry results indicated that the

freeboards required to insure an acceptably-dry foredeck continued to

increase slowly with increases in ~~da1 wave period . Hence, it was

necessary to bound the wave environment considered in order to obtain

an unequivocal solut ion to the required freeboard problem.

The appri~ich to this problem which evolved w-ia to derive a wave

contour” which encompassed some specified , high percentage of the wave

height and wave period combinations expected to occur in the ocean area

and season of primary concern for the ship under consideration . By

neglecting wave conditions outside the contour, a unique solution to

the required freeboard problem could be obtained. In addition , wave

contours proved to be of value in comparing the seven ties of differ-

ent operational areas and in general assessments of s.akeeping
• performance.

I
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The contour approach to bounding the wave environment was refined

in the course of subsequent work, and was made generally available as

part  of a paper on establishing ainimom freeboard requir ements which

the present author gave during the spring of 1979 : Reference 1. * In

Refe rence 1, wave contours were presented in the form of closed curve s

in coordinates of significant wave height versus modal wave period .

Each such contour was said to bound a specified percentage of the wave

height  and wave period combinations expected to occur in a given ocean
area and during a given season.

In Reference 2, Ochi described a “confidence domain” approach to

ch.iracterizing the wave environment. His confidence domain., like the

wave contours used by the present author in Reference 1, took the form

of closed curves in wave height—wave period coordinates. The confidence

domains were , again like the wave contours , said to bound a specified per—

-ent age of the wa ve height and wave period combinations expected to occur
in a give n area and during a given i son.

In vie~i .3f their  conceptual similarities , one might reasonalbly anti-

cipate that a wave contour and a confidence domain applicable to similar

ocean areas, seasons, and probabi l ity  levels would be very much alike .

Figure 1 shows that such is not the case. This figure compares a wave

contour used in Reference 1 w i t h  a confidence domain from Reference 2.
The area and season condit ions for the two curves are not identical ,

but  those di f f e rences  appear inadequate to exp lain the d i f fe rences  in

the  f ina l  resul t s .

It is tho ught tha t d i f f e rences  in wave environment bounds on the

order of those exhibited by Figure 1 could lead to d i f fe ren t  design de-

cisions.  For instance , it appears that a large ship or a vessel designed

to have long natural  periods of motion (such as a SWATH ) would be found

to experience considerably more performance degradation within the bound-

a r ies of the Figure 1 confidence domain than within those of the nominally

CA Complete l i s t ing  of references is given on page 13.
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comparable wave contour shown in the same figure . In view of the potential

impact of the differences between the wave contour and confidence domain
approache. to bounding the wave environment on design decisions , it was

decided to explore the reasons for these differences . The results of this

exploration are reported hereinafter.

CO~~’ARATIVE ANALYSIS

The wave contour in Figure 1 was derived from visually—observed wave

data presented by Hogben and Lumb in Reference 3. These data were compiled

from weather reports submitted by ships of opportunity.  Hogben and Lumb

provide a global data base , but i t  is biased to Brit ish merchant ship

routes. The North Atlantic is extensively covered.

The methodology used to construc t wave contours is described in

detail by the present author in Reference 4. In princip le , a plane de-

f ined by an assigned value of the joint probability density function of

wave height and wave period Is passed through the unit volume bounded by

that function. The plane divides the volume into two parts: say P above

the plane ; and hence . 1—P below the plane. Then the contour along which

the plane intersects the sur ace of the joint probability density func-

tion is said to bound 100 P percent of the wave height and wave period

c’mbinations . Observed wave heights and period. are converted to

significant wave heights and modal wave periods using the calibration

equations derived by Nordenstr~m in Reference 5.

Nordenstrom calibration equation. are regression functions derived

from a correlation analysis of observed and measured wave data. The

observed and measured values of each wave characteristic (height and

period) are assumed to be governed by the bivariate , log-normal distribu—

tion. The particular data set used cona iata of weather ship observations

and ship—borne wavemeter measurements applicable to Ocean Weather Stations

A , I , J , and K. (See Figure 2 for the locations of these Stat ions. )  The

measured data is treated in the form of powe r spectral density estimates
of average zero crossing period and significant wave height . These est i-

ma tes are taken from the results given by Moskowita, et a l . ,  in Reference

6.

3 



An empirical relationship between average zero crossing period and

modal wave period is derived by Nordenstr~a. the course of hi. Reference

F S work on calibrations . The present author, however, used th. theoretical

rel.rtionship between the two parameters for his applicat ion of Nordenstr~m ’s

results. The theoretical relationship assumes a narrow spectrum , and leads

to values of modal wave period eight percent lower than the Nordenstr~m

relationship.

The confidence domain in Figure 1 was derived from visually observed

wave data presented by Walden in Reference 7. The Walden data is compiled

from observations made aboard weather ships In the North Atlantic. Walden ’s

data applies to Ocean Weather Stations A , B, C, D, E, I , J , K, and H.

(Figure 2 shows the locations of these Stations.) Ochi did not consider

Stations E and H in deriving the mean North Atlantic confidence domain

which is reproduced in Figure 1. However, he did derive a 95 percent

confidence domain for each of the Stations considered by Walden.

Ochi emploied sophisticated statistical and mathematical methods to

derive his confidence domains. The joint di8trtbution of wave height and

wave period is taken to be log—norma l, and is transformed into polar

coordinates with their origin at the most probable combination of wave

height and wave period . Integrations are performed radially outward from

this - r lgi n to define a set of wave height and wave period combinations

for  w h i c h  the in teg rals  equa l a s p e c i f i e d  p r o b a b i l i t y , say P . A cu rve
faired through the set of points so—defined Is the confidence domain which

hound s [00 P percent of the wave height and wave period combinations .

Ochi converts from visually—observed wave height and wave period to

significant wave height and average zero crossing period using calibration

equations which he derives in Reference 2. He first shows that the measured

and observed parameters are individually log-normal. Then the measured

and observed distributions for each pair of parameters are equated to

obtain cal ibration equat ions which make the two distributions identical.

4



The data which Ochi uses for calibration are applicable to Stations I and

J as shown in Figure 2. The observations are those reported by Walden .
The measurements for Station I are given by Draper and Squire in Reference

8 while those for Station J are from Draper and Whitaker in Reference 9.
The Draper , et al , data were measured using ship—borne wavementers and

reduced by counting zero crossing periods and measuring wave heights to
obtain a significant value thereof. Ochi converted from average zero

crossing period to modal period using the theoretical relationship between

the two parameters.

From the Ioregotng descri ptions , it 1. evident that there are three

possible reasons for the differences between the wave contour and the

nominally-similar confidence domain shown in Figure 1. These are:

1. Differences in the wave data bases employed ,

2. Diffcren~ es in the methodologies employed to construc t the

bounding curves , and

3. Differences in the calibration equations used to convert from

visually—observed wave characteristics to statistically—defined

wave characteristics.

Each of these possibilities is exp lored in the following paragraphs.

The effect of the differences In calibration equations is easily

isolated. Ochi ’s Reference 2 calibrations lead to generally hi gher modal

wave periods than do those given by Nordenstrgm in Reference 5. Si gnifi-

cant wave heights show a mixed trend . Those based on the Ochi calibration

are slightl y lower for sma ll observed heights , but conside rably higher f~ r

large observed heights.

Figure 3 illustrates these differences. It reproduce. the results

presented in Figure 1 and adds to then a version of the confidence domain

curve which has been transformed to reflect the Nordenstr~m calibrat ions

.is given in Reference S. The effect of the differences in the calibration

curves is seen to be Important . However , major differences remain between

the wave contour and the confidence domain as transformed.

5
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In Reference 2, Ochi tabulates measured wave data from Draper and

Squire (Reference 8), and computes confidence domains for this data. By

computing a wave contour from the cited tabulation and comparing it to a

given confidence domain applicable to the same probabi l i ty  level , t h e

e f f e c t  of dtfferences In methodology can be isolated. The results of such

an exercise art  presented in Figure 4. The effect of methodology is seen

to be less d r a m a t i c  than tha t of c a l i b r a t i o n  as dep ic ted  by Figu re 3. The

wave contou r and conf idence  domain  appear that ;~ ey could be , as they are ,

d i f t e rent  i n t e r p r e t a t i o n s  of the same data base.

The e f f e ct  ~f da t a  base d i f f e r ences  cannot be I so la ted  In as d e f i n i —

t iv e a manner as those of c a l i b r at i o n  and ~~thodo logy . The Walden da ta

in Re:erence t~, which ()chj used to define confidence domains, is fo r
spe ci fic ocean vt -~ither ship locations. The Hogben and Lumb data  in

Reference 3, which the present autho r used to define wave contours , app lies

to varicus ocean art-as which typical ly measure 10 degrees of latitude

b~ 30 of long i tude . Hence , no exact identit ies exist between the two data

bases of primar ’ interest . It can be pointed out that the Hogben and Lumb

data is -.ubjcc: to a f~e.~~r weather bias not present in the Walden dat.i . So,

if “spatially equivalent ” data fror~ the two sources existed, one night

reasonably expect that a bounding curve derived from the Hogben and Lumb

data would encompass fewer steep and/or high waves t h a n  ‘ t i e  f rom the ~.ilden

data .

Some qu ant lt iti ve information can be gleaned by considering a

seconda ry data base. The measured wave data  f rom Draper and Sq u i r e  which

was in t roduced earlier in the context  of methodology d i f f e r e n c e s  Is
applicable to Station I. In addition to deriving confidence domains from

this data , Ochi derives a confidence domain from the Walden data for

Station I. Comparing these two results shows that the differences in-

volved are rarely more than one meter in height and/or one second in

period .

6
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Even If the differences between the Hogben and Lumb and Walden data
bases lead to bounding curve differences two or three  t imes  as large  as
those just discussed , they will be far smaller than t~ e differences due to

calibration . Thus, the present author holds the opinion that calibration

equa t i o n  d i t t e r i -nces a~ c ou n t  t o r  the majority of the discrepancy found to

exist between nom in a l l y equivalent wave contours and confidence domains.

The methodologies used to derive these bounding curves have a significan t

but lesser impact on the dit~~eren~ es between them. The effect of data base

differences is ill-defined , j u t  probably more on the order of those associ-

ated with methodology than of those associated with ‘~alibration.

CR1 TIQUE

~~ present author has one major reservation as to the validity of

Och i ’s confidence domain ~~rk. On the other hand , the methodology

emp 1o~ t-d by Ochi to construct confidence domains Is  thoug ht  t o  have au

important advantag e over th at which t i c  ~‘ re s c n t  .Iut~tor has used construct

w a V e  c o n to ur s .  Each of  t h e s c  matters is descr ibed in  d e t a i l  in the  b u o y —

in~ paragraphs.

It was concluded in t h e  p rec e d ing  sec t ion  t h a t  d i f f e r ences  in the
cal ib rat ion equations used . ipp. ’~~re~ ‘o be the maj or c a u se  of the discrop-
iz :cjes between n o m i n a l l y  e q u i v a l e n t wave c on t o u r ~ and confidence domains .

it is , th en , the dif fe re nc es in wave period calibration which play t he

dom i n an t  r o l e  In c r e a t i n g  the p o t en t ial  impact of the d i f f e r e n c e s  between
w a v e  cont u- and con~ Idence domain chara~ te r1zat Ions on design decis ions .

Ochi ’ s wave p e r i o d  c a l i b r a t i o n  is the present au thor ’ s “one major reser—

vatl ’n ” regarding the validity of h is  work on conf idence  domain.

On the surface ci it , Ochi ’s logic in equat ing the  d i st r i b u t i o n s  ob
visua l ly observed and measured wave parameter, to derive calibrations

appears unassailable. However, there exists some uncertainty as t o

whether or not the measurement s used are reall y sea truth. N-rdenstrom

rejected the Draper and Squire/Draper and Whitaker data employed by Ochi
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~ unsuttable for use in his calibration effot r because he felt that thes”~
data did not p r o p e r l y  reflect the presence of low—period waves. His
argument  was based upon the fac t  tha t  ship-borne wavementer s a t t enua te  high
frequency/low period waves ; and that the e f f e c t  of th is  a t tenua t ion  can be
proper ly accounted tor only if the data are spectral  analyzed using a

rt .quen cy -dep endent c i l ib rat  ion curve.

A d e t a i l e d  reading of  Re fe rence  8 (Draper and Squ i re )  tends to suppo r t

~ordenstrom
’s arguments. In their text , Draper and Squire St a t e  that the

ship—b o rne wavementer does not record waves with periods of less than about

~ second~~. One of their d i s ~~uss ers , Scott , i~ cr itical of this matter.

In rebut tal to Scout , Draper m d  Squire s ay  that 5 seconds is , in fact ,

t h e  period at which the output ot the shtp—born e wavementer is attenuated

b y  h a lt ; an~: that the\ chose~ not to use such data. Their results , in f a c t ,
-~jiOw no iv. r . I ~~e :e ro crossing per i ds less than 6 seconds , i.e. , no modal

per~ ods less than ~~~. 5 seconds under the theoret ica I re lationship.

The present author would li ~~c to add one point to the argument ad-

vanced by h~ rdenstrom . This will be a physical rather t !’n a statistical

argument. It is , in th is con text , 0! interest to n o t e  how two decades of

.‘xp ~~sure have increased the profession ’s tolerance t~~ ard stat i st ical

; rOot s . ~b .n Jasper placed t h e  i og—n or r . a l  hypothesis b e t  ore  t h e  profession

in l~~ t~ (see Rc:erence 10), several of  hi s discuscers , among then Korvin—

Kr.lukovsky , Szebehelev , Pierson , Press , and Cunliel , were critica l of the

t a ct t h a t  u could provide no physical rationale b or his successful U s C

ot the log-norma l di stri b ution . ~h en  Ochi presented his Ri ferene .‘

paper , u n i v  St. ~~nis came forward to n o t e  t ha t  h i s  success with tb. log—

n r ~~m l d istributi on was “perhaps fortuitous. ”

Ocean Weather Stations B, L , D, I, .J and K lie within the latitud e

range of the prevailing we terlies . Stations A and E are near the limits

ot t h .. ran~ ,’ Station M, ly ing east of Iceland , does not appear to he

sub~ ’ct to the prev ailing westerlies. In this context , it is of interest

to note ‘hat Ochi excluded Stations E and M from .~~~ defin ition of the

8
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“mean North Atlantic ” on the grounds that confidence domains constructed

for them included fewer high waves than did those for the other Stations

which Walden considered.

In the latitude range ci the prevailing westerlies, it is reasonable

t o  hypothesize that most seas in the easterly longitudes will be growing.

A.s one moves west , it  seems that the proportion of fully—developed and/or

decav in~ seas should increase . This hypothesis can be tested using the

walden data .

The Pierson—Moskuwitz r e l i t ionship tor full y—deve loped seas, Referenc e

11 , can be t r a n s f o r m ed to visually-observe d wave height and period

coo r d i n at e s  u s ing  t b .  c a l i b r a t i o n  equations advanced by OeM and by
Nord enstr ’om. Figure 5 i1lus trate~ tb. results of such an exercise . This

t igure a l s  shows a step—wis e ippro~~imation to the growing sea a rea defined

by e tch of the curves. The st ep s  used mr. based on the wave height—wave

period cells cmp~~’ve d by  ~~t l d . ’n ~or hi~ ta bulation s . By su ing the Walden

data for all ~.1ls within t h e  ~:rowth .rea defined ~or each curve , we can

appr oximate the percentage of ~:r.’wing seas implied by each set. of calibra-

t ion equ.t io ns  .i.nsidere !d.

Th e pe rc int -Ige ’. a t  growing se t ’; .,ere appro x im a ted  as described above

f~~r en btat io n  considered by ~.,ld cn. Figure h presents a plot of these

results as a functi on of long itude . Points are shown for all Stat ions ,

but the l i ne s con nect only those points thought to he f1r~ ly within the

latitude range of the prevailing weste rlies. The results based on

No r d ’ n st rem ’ a c - i l ibrat ion equa t inns aup;’ort the hypothea is cited above

rather well . On the other hind , the Och i calibrations indicate that

growing seas are extreme ly rare throughout the North Atlantic.

Turning now to the question of methodology, the present author feels

that the polar intem ~r m t  Ion apptoach used by OeM to derive confidence

domains Is super ior to t h e  simple rrocedure of dividing the joint prob-

abil it y density function of wave height and period which was employed for

1
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d e r & v i ng wave c ntours . By in t e g r a t i n g  r a d i a l l y  outward f rom the cent roid
of the wave h eig : .t -wa ve period d i s t r i bu t i on , the conf ide nce domain method-
ology accounts for conditions which are excluded by a nominally equivalent

wave contour . The conditions in question are those which lie beneath the

plane used to divide the density function yet are within the boundaries

ot the resulting contour . The end e f f e c t  is tha t the confidence domain

bounds a given percentage of the wave environment within a smaller area

t.a n does a wave contour applicable to the same conditions . Min imiza t ion
u t  the bounding area is , of course , intuitively appealing; and no

justificatio n exists for excepting this particular class of conditions in

detinin g a wave con tour .

It is to be hoped that the pending publication of a hindcast wave

climatolog y , as outlined by S. Bales and Ct ina in Refer2nc e L’, w i ll

p u t  the issue of “calibrations ” to rest once and f or  all. The same

dat a base should admit r i gourous t e s t in g  of the log-norma l and other

b ’  otheses as to the long—ter m , s t a t i s t i c a l  beha v i 0 r  of ocean waves. In

the in te r i z ~, th oug h , we r equ i re  some method to bound the  wave env i ronment .

The p r e s en t  au tho r  is i nc l i ned  to continue employing visually observed

w ay ,  d.iL a ft on ilog ht .m and l.uu*~, and to continue using Nurdenst r~m ’ s

calibrat ion equations . As to methodolog y , t h e  prese nt au thor  would i l k .

t o  use a procedure comparable to t ch i ’ s hut  w i t h o u t  the  lu g—norma l h vp ’ t h e —

sis . This approach embodies a contradiction in that the N rdemstr~m

cal ibr at ions ar.~ b ase d ~n tb. log—normal hypothesis. Two circunstances

m itigate this contradiction. Firstly, t h e  log— norma l hypothesis has not

been tested (or tb. Hogben and Lurr .b data ; and the known weaknesses of

th ese data would leave the results of such tests open to criticis m on the

grounds ot poor realism. Secondly, the results obtained above in the

context of the effects of the prevailing westerlies lend credence to the

Nordenstr~,
’m cal ibrations independent of the assumptions which underlie

the ir derivations.

An implementation of the approach just discussed is described in the

follow ing section of this report.
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REVISED METHODOLOGY

Ag indicated in the preceding section , the intent of the present

effort is to develop an approach to bounding the wave environment which

employs the Hogben and Luab data base , the Nordenatrom calibrations , and

a methodology which  is s imi lar  to that  used by Ochi t o def ine  confidence

domains but differs from Ochi’ s methodology in tha t it does not require

the log—normal hypothesis. The initial attempt made was to perform

purely numerical , polar integrations over the Hogben and Lumb data. This

failed . So did similar attempts based on the Walden and on the Draper

and Squire data.  The d i f f i c u l t y  arose f rom the fac t  tha t  the hei ght—period

grids associated with these data bases are , especially for low values of

the parameters , too coarse to support the rather complex numerical pro-

cedures required . As Ochi performed these integrations , the entire grid

of observed f req uencies was f i r s t  reduced to the five parameters charac-

terizing the bivariate , log—norma l distribution. Then the details of

the coordinate t r a n s f o r m a ti o n  and integration were acco odated by the

known torn of the distribution function.

It is possible tha t  an extens ive , computer—aided  e f f o r t  inc lud ing

some data fairing could have resolved the difficulties associated with

di rect polar in tegra t ion  of observed wave da ta .  Howeve r , such an e f f o r t

could not be undertaken within the scope ot  this work. Fortunatel y ,  a

viable alternative was suggested ly Mr. E. N. Comstock ci the Naval Sea

Systems Co~~ and . I t  was to supplement the present wave contour definition

by postulating a vertical cy linder having the cross section of the existing

contour. Then the contour would he said to encompass the ~rcentage of

wave conditions with in the cylinder rather than jus t  those above the plane

defining the contour as in the ori ginal definition .

This alternative not only accounts for the objections to the origina l

wave contour methodology which were cited in the preceding section , but

affords a considerable simplification in contour definition. As detailed

by the present author in Reference 4, wave contour definition requires an

i n i t i a l  data t ran sformat ion  to allow working with the joint probability
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density func t ion . The subsequent in tegra t ion requires the inverse of

the original transformat ion. Under the cylinder approach , these t rans-

formations can be omitted. The intersecting plane can be de f ined di rec t l y

in terms of the joint probability of occurrence of wave height and wave

period , and the probability of occurrence of wave height and wave period

combinat ions within the cylinder thus defined can be obtained by a direct

su~~at ion.

Thi s  simp l i f i c a t i on has an i n t u i t i v e ly  appeal ing sp in—of f  e f f e c t .

The boundary of the contour  as we l l  as the region which it encompasses

now has physical significance. Unde r the or ig ina l  wave contour definition ,

the boundary of the wave contour represented a constan t value of the j o in t

probability density function of wave height and wave period; and this

fuantity has no physical significance. Using the cylinder definition ,

though , the boundary of the wave contour represents the joint probability

‘~~ occurrence of the wave hei ght and wave period combinat ions  ly ing  along
j t • This quantity gives us an indication of the rarity of the extreme

wave conditions assoc f~~ted with a given contour.

Figure 7 compares wave contours derived from the original and from

the cylinder definition. The joint probability level used to define

the cy linder version of the contour is supplied. It can be seen that the

c’, i inder definition result.’. in a significant reduction in the area enclosed

by the con tour .
A t~~ailv of w~ive contours for winter , northern herth At lantic

operation is presented in Figure 8. A similar family for world—wide , all-

season operation is presented in Figure 9. These contours were derived

(rn the Hogben and Lumb data using the Nordenstrom calibrations and the

cylinder definition described above. The world—wide , all-season contours

in Figure 9 use all of the data presented by Hogben and Lumb . The

Figure 8 contours for the northern North Atlantic in winter use the Hogben

and Lumb data for Areas I through 4 and 6 through 11 for  the months of

December , January , and February . The present author will employ the

families of wave contours given in Figures 8 and 9 for ongoing e f f o r t s

requiring the use of wave environment bounds. Revisions will be considered

when hindcast  climatology data (Reference 12) becomes availab le.
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DTNSRDC ISSUES THREE TYPES OF REPORTS

1 DTNSROC REPORTS . A FORMAL SER IES . CONTAIN INFORMATION OF PERMANENT TECI~
NICAL VALUE THEY CARRY A CONSECUTIVE NUMERICAL IDENTIFICATION REGARDLESS OF
THEIR CLASS IFICATION OR THE ORIGINATING DEPARTMENT

2 DEPARTMENTAL REPORTS . A SEMIFORMAL SERIES , CONTAIN INFORMATION OF A PRELIM
INARY , TEMPORARY , OR PROPRIETARY NATURE OR OF L IMITED INTEREST OR SIGNIFICANCE.
THEY CARRY A DEPARTMENTAL ALPHANUM ERICA L IDENTIFICATION

3 TECHNICA L ME MORANDA , AN INFORMAL SERIES , CONTAIN TECHNICA L DOCUMENTATION
OF LIMIT ED USE AND INTEREST THE Y A F’IE PRi MARILY WORKING PAPERS INTENDED FOR IN
TE RNAL USE THEY CARRY AN IDENTIFYI NG NUMBER WHICH INDICATES THEIR TYPE AND THE
NUMERICAL CODE OF THE ORIGINATING DEPARTMENT ANY DISTRIBUTION OUTSIDE DTNSRDC
MUST BE APPROVED BY THE HEAD OF THE ORIGINATING DEPARTMENT ON A CASE BY-CASE
BASIS
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