


liBRARY 
U.S. NAVAL POSTGRADUATE SCHOOt 

MONTEREY. CAUr-ORNM 



Harry 1- ~ Ha.r~il ton 



TiarrJ 1.). IIo..:_-.ilton 
// 

-:-.let~ ..,e.!.1ant ~ United .:.>tates ~~c.v 

3u br itted in c.rtlal fulfillr.t- ... v o.r 
t he re<:"J .. ire"'er.:. ts for the c1 c~r8 - of 

li .. ...:>T...jR 017 .JCI0:rc=::; 
Ilj 

I~~1~CRCLCGY 

Ull..._ v..;C _.~tC'tc _· aval ~-OS .. graduate .;r;hool 
r:oL cereJ ~ Cc:;_lifor ,ia 

l j s 1 



T ihr'lr"J 

l'. ~- ~;n·al Po~h!n1dunte Schonl 
~luutcrcy, Cnli1ornia 

by 

Harry :J • :~ a.·.1i l ton 

This •.-ror:: is acce:ptod as fulfilling 

the thesis requirenents for the degree of 

I '!\T 

.L. 

n=:;l'ECRCLCGY 

from the 

United 3tates I~aval =·'ostgraduate .~chool 



AB~TRACT 

The manual method of minimum-time ship routing has 

proved so successful over the l ast several years that 

ever inc r e asing numbers of ships 0 ca~tains are requesting 

this serviceo The desirability of the electronic computer 

f or the computation is therefore readily apparento In 

t his investi gation the minimum-time route is determined by 

cal cu l us of variations ~ rather than the conventional manual 

t e chni que . The present method consists of solving the 

associat ed Euler equation by numerical integration on the 

Contro l Data Corporation model 1604 digital computero In 

c ase l the ship's speed is assumed to be primarily a func­

ti on of position; and in case 2 the ship 0 s speed is taken to 

b e a function of its direction as well as positiono Case 

2 i s re c ommended for operational adaptatione 

The writer wishes to express his appreciation for the 

a ssi st ance given him by Professor Geor6e Jo Haltiner of the 

United 3 t ates Naval Postgraduate 0chool in this studyo 

li 



J ection 

1. 

2. 

3 . 

4. 

5. 

6 . 

Introduction 

Case l 

Ca s e 2 

Results 

Conclusions 

Bibliography 

T.\BL:C OF CCITTEI::T 3 

Title 

iii 

::age 

1 

5 

9 

12 

15 

17 



~i;:;ure 

1. Case 1 :lave I:odel 

2. Case 2 'Jave I:odel 

Table 

1. Results of Cases 1 and 2 

IJ:litle 

iv 

8 

11 

14 



r = Ti ne, hours 

v = Chi p's sneod knots ... ' 

w = Vv, hours per nautic a l mile 

ds = El ement of arc length along the trnck 

y ' = dy/dx 

2 '") 
y ' I = d y/dxc.. 

y . = y value at the • th grid point l-
l 

yi+ l = y value at the (i+l) grid point 

\T = y value at the (i-1) grid J)Oint tli- 1 

D = Finite i2.1cre:::'ent in t he x-direction 

..... 
yi+l y ' = - y. I l-

2D 

H = Uave height, in feet 

= Direction from Hhich "i·Javes are c oming 

= Heading of ship 

= Rotation angle betueen cartesian coordinates 
of \·lave mode l (x , y ) and of ship 
routine; c~:::,y) w w 

v 



l. Introduction 

... lna ·ual :r1ethod of minimum-time ship '"'routing 1..,ras 

devclo}?ed and te sted b;y the U.0. Navy Hydro c;r a:;}hi c Offic e 

[1] • In t h e investigation it 1:1as discovered that t he most 

i mportant ~;ararJ.eter in retardinc; a shi lJ ' s pro [jress was 

Have action. This action manifests itself in t1.vo \va;ys; 

first , the direct reduction by the resistanc8 of the vrater 

t o the shi p ' s passage, and second, the indirect reduction 

through the vo l untary decrease of sh i p 's speed to reduce 

t h e vio l ent effects of ro l l, pitch and heave. The t"l.·Jo 

most i myor t ant c omponents of this wave action are vrave 

height and Nave di rection (2] • 

The :F l eet r,Jeather Facilities at ~·~lameda and ett Norfolk 

have been v ery successful v1i th the operational application 

of the manual nethod to hundreds of c ases durin:; the last 

s everal ;ye ar s [1]., 

Ui t h the advent and c onti nued im:Jrovement of elect­

ronic c omputers, t here has been a s i multaneous increase in 

their application to scientific and en8ineering prob lemsQ 

Cne such ex am?le is the processing of meteorological data 

and the subsequent forecasts . 

The application of t he elec tronic computer to the 

mininun- time shi p ~outing proble~ aypears de sirable as 

ever- i ncreasi ng numbers of ships' captains are requesting 

t l1is servic e . The fi r s t natural ,ir:1~ulse would be to adapt 

the pre sent manua l me thod to the computer.. However there 

i s a br~Dch of mathematics called calculus of variati ons 

vrhich deals vri th t he problem of minimizinc; or maximizing 
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the value of an integral by the determination of an approp-

riate function, in this case the proper route which will 

minimize the time required for a ship to travel between two 

p orts of call., 

Under quite general conditior s it may be shown that 

the function y(x) necessary to minimize or maximize the 

integral 
Xz 

j F (x,Y;Y') dx 
x, 

must fulfill the Euler equation 

dt --d)" = 0 
... 

(l) 

(2) 

The boundary conditions applied here are that the y values 

at x 1 and x~ are fixed [ 3]e 
c 

The time T required for a ship or other vehicle to 

transverse a track is given by the line integral 
s2 -

T= 1 ds (3) 

s, V 21 !lz 
In cartesian coordinates ds may be rep laced by Ldx2 

+ dy] ~ 
and (l) may now be put in the form 

\X a 
T= j_ tf [1 +(~-)~~ dx 

x, Y: 
~.Jhere: Of [I + (y")Cj 2 = F (X} yJ Y') . 

The Euler equation (2), which must be satisfied for a 

minimum, becomes 

d d[lf(I+Y'Z)Yl] 
dx 6 Y" 

d [ lf' (I + y'Z) vi?] 
dy 

2 

0 

(4) 

(5) 



.::Jeveral methods are available for the solution of the 

:=uler ec:._uo.tion.. One :1ossibility is to tre nt it as 011 

i nitial-value probleno For o. 3iven i nitial he adin3 of the 

shi::::-- t here 1.1ill be an error in the arrival :point as det­

ermined by this me thod fr oB the desired destino.tion. Thus 

a first estimate is made for t he initial heading and the 

subse (;_uent error is determined . ..".. second i nitial heading 

is then chosen in suc h a 'l.··ray as to reduce the corresponding 

error a t the final point. Thus the initi a l headins is 

succe s sively modifi ed until the destina tion error is 1.·ri thin 

o.ccep table linits of ac curacy., 

.A rela.'"{o.tion method i s used i n thi s study and 1.·:il l be 

described in a l ater section. 

Richard 1:l o Jar.nes [2] found t ho.t theoretic a l equations 

representinG s h i ps ' s p eed under various seas did not fit 

observed data tru(en from ships' logs . Cne of the many 

re asons g i ven for t his discrepancy 11ras the ht.l.lllan factor of 

voluntarily reducing the ship 1 s s pe ed in order to reduce 

t he moti ons of the ship. J ames first classified his data 

acc ordin3 to four 90-degree sector s of relative 1,-:rave dir­

ecti on . \-!ave s that approached a ship 1.·li thin 45 degre es of: 

1. t he bo1,·1 \'lere classified as head 'l.·vaves; 

2 . the beam uere classified as be am 1.1aves; 

3o t he stern were cl a ssi f ied a s following waves. 

Then under each clo.ssification, Have height (feet) ver sus 

ship ' s s~eed ( knots) was p lotted. UsinG the method of least 

squares on the o.ssumed straisht line function V= a + bH , ~ 

the constants "a" ancJ. "b " 1.·1ere deter:rained to give the best 
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fit for each of the tl-::.ree classifications . l.'he resulting 

e ,J_uations are: 

Head .Seo.s v = 18.2<) - 0.529 H 

Beam 3e as v = 17. 90 - 0.276 H (6) 

Follo~-rin~ .3eas 7" = l 8 e50 - Oel68 H 

I~o te t hat zero 1:HJ.ve heic;ht does not result in the same 

s peed i n the t hree e : uations. 
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~? . Ca.Jc. l. 

functi -1.~.2. of __ osi tlon only and not a function of sl1iJ.: 1 s head-

in;. Jtrictly, this idplies ship 6 s S]eed is a function of 

'I'ID..Ve llei~l~t alonee :~o,vrever, in practice the empirical 

for:.:ulas (6) give no var1ation in s~}eed for a considerable 

cho.nc;e of shi~ 1 s headinG in their res:'ecti ve broad sectors 

of head , bearD., and follouin2; seas. ~=ence the shi=:?' s di2:-

ection ma.:y be changed a]=)reciab l y ui thout altering the 

e :rJ.1:"irica lly-determined ship's s~eed. It follo'I;JS that in 

many c ases no great error Hould arise from nee;lectin;:; t,cose 

t er 1s in tl1e ~~uler equs.tion involvinG tr ... e variation of the 

s h i ll ' s s~·eed as the course chanc;es slic;htl;;r in the success-

ive approximations . nevertheless t h is more general case is 

considered i n the next section. 

If V, a..."YJ.o therefore 1f , is a function of x and y but not 

y ', the .~uler e,1uation (5) becomes 

"' ,. 
Using central finite differenc e ayproximations y 0 m~d y' 1 

f or y' andy'' in (7); the equation for y. becomes 
l 

(7) 

.~ince tr_e ship v s s:9eed is ex1;re s sed analytically ( 6), 

t he derivatives ma3r be e:q)ressed analytically anG. evaluo.ted; 

or the derivatives ma;y be a 'J.)roxinc.ted by finite difference so 

The latter nethod. ',·:o· .ld )robably be usee~ in :;ractico.l 

O~)erations. 
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~quation (8) is solved b;y the relaxation method, \·1:1ich 

consists of c~lculatinG the n~ a),roximation for yi' denoted 

as y.Cn), using the previously calculated approximations 
l 

(n) (n-1) y. 
1 

o_nd y. 
1 

• '1he initial cstinate is somevJhat 
l- l+ 

arbitrary and may be ~a(en as the sreat circle route, for 

exc::L'"2ple . The initial and final p oints remain as fi:;:ed bound-

ary conditions. 

Int ernati onal stearner tracks , VJhi ch are modifications 

of routes laid out b;yr I1ieutenant IIatthew Fe r:raury, u,ss 

(ci r c a 1850) , a re quite often selectee_ by ships ' ca1)tains 

\·:hen the minimal-ti:ne shi~--: :i.."'outinc; service is not useC-.. 

~~ese route s were the best statistical routes, based on the 

clir:1atology of the stor:n tra cks and sea conditions, to 

·re".rent dam.aso &"lc to clecrec:.se sailing tir.1e [l] • 

However, to keep t he )roblen~. ceneral, the initial 

estimate for the corroc·c ~·oute is ta'':en as the c;reat circle 

\·Jhic~l ·.)asses throush the point of cle ... ·arture and the ~; oint 

of arrival. ~o tru{e full advant age of this choice, a 

Lc::L·1bert Conformal chart is used on wLich a gre at circle is 

a]proximately a straight line [ 4 ]. The secant projecti on 

of the Lam.bert Conformal chnrt is chosen in order to have a 

broaC.or o.rea of minimm"l distortion. The :.mage scale e , 

uhic~1 is the dimensionless ratio of imac;e distance to earth 

distance is ~iven by 

E -
Sin <Pg 

Sin <f> 

/ 

I 

tah -~~ J- n ,~ ---·-
tan j}!J. 

1'2 
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'./here: h = 

Hi th the standard parallels of ~ 1 = 30 de e;rees and ~l. = 60 

degrees, n = 0.716 [5]. Then e = 1.0 at 30 and 60 degrees. 

The minimum value of e is at 45 degrees and is approximately 

0.97. By staying within a range of about 25 to 65 de grees 

of latitude, e may be neglected with an error of 3% or less. 

The map scale does not enter into the computation of the 

:problem. 

In order to test the method, a fairly gene ral hypo-

thetical 'dave distribution v'las designed, as sho \m schematic-

ally in figure l. In the c entral region betv.Jeen the 

dividing lines \.Jl and W2, t h e Have hei ght is a function of 

Yw together "Ji th the maximum wave height \'lhich is constant 

along the dividing line W3. Cutside t h is central area the 

\·Jave height is a function of xw and Yw' \'lith "~Have height de­

creasing away from the central region. To avoid discon-

tinuities narrow linear transition zones of speed were 

inserted. The computational procedure is programmed in su ch 

a way that the various parameters defining the model may be 

changed at will. Thus a large variety of sea conditions 

may b e simulated. 

7 
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3. Case 2. 

I : t: is .Jcction .lche lll.Ore _;enera l c ase \·J"L.cre the slli_ 1 s 

s::_ ecd varies c ontinuousl y \·J i th relative wave d i r ec tion wil l 

be c onsi dered. Thus~ = 'lr (x,y ,y') , and the Eu ler ecluation 

( 5) reduc es t o 

(9) 

r.v1le n t his equ ati on ( 9) i s expre ssed in finite d i ff er-

ence form and s olved f or y . it become s 
l 

[n . ..,+ >L-·1 
7;:= 2 J+ 

n2 (lo) 

2 

In order to a llow for a c ontinuous c hanGe of shi ] 's 

speed vJith r e lative wave dire ction, J ariles ' t h re e e quations 

( 6 ) may be a]prox i mat ed by 

(11) 

If a b ette r aprroximation vi i t h he ad and b earn wave c ondi t ion s 

i s d e s ired, with a s light los s of a ccuracy with followi ng 

1·rave condition s , t hen ( 11) may be modifi ed to 

V = 18.23 - Oe302 + 0.225 Cos (p-t() H (12a) 

Cn the other Land, a better apr)rox i mation v·.ri th f ollohrinr; 

a.nc' beaiJ uave conditions, 1-ri th a s liGht loss of accuracy 

uith head uavo conditions, is 

9 



V = 18.23 - 0 .. 302 + 0 o 153 Cos (f- (() H (12b) 

]\_'""' las t e :"uo.tion i:Jo.s used for the r esults i n t o.blc 1; 

llo\·:ever the thres constants in order uere rounded to 18. 0, 

0 . 3-J and 0 .. 15, resJ;>ective ly. 'Ii tll tLcse value s, t he three 

c ases of heac"l, bec:L~ B.l1.d fo llo\:in:; seas are representee~ by 

=~ ead ~eas V= 18.0 O.L~5 -r: .. 
J.l 

Beam Se as V= 18.0 - 0.30 H (13) 

Follov..rins Seas "'~= 18.0 - 0.15 H 

In order to test the effect of i nc l uC:ing t he variation 

of s~1iJ.1 ' s s~~ecd v1ith its direction in the ~uler es_uation, 

only the adci tion of 1;J"&ve direction a t ever y l)Oint to the 

='rcviously-desi0ned \Jave model ~'las ne ce ssc..ry , as sllmJn 

schemati c al l y in fi:ure 2. Outside the c entral region of 

t~.c "l_odel the ·.Jo.•,-e c~ire ction .follous a circ"L~lar c~ __ r::l;::_;c until 

i t returns to the c entrCLl area. -· trlli"l.Si tion zone is neec.:.ed 

onl;r to se···arc:..te hec:..d CL'l<'l fo llm·rint; s e o.s . This is ac c omp-

li s'~eci_ "Jy a ra~~i G.. c L<.-:;.n:___e of ''!l ave Circction be tHe en tl::.ese 

t1.1u c.,reas. ·111e rc~:~c..ir.ins sLort line of d i s c onti nuity of 

S_,_leed i s :._::.osi tionccl at the start of each s::_:Je cific ] roblem 

ne'-.r the center of the transition zone , 1Jut in such a 

:._osition t hat it Hil l no t become i nvolvecl in t he subsequent 

c nlculations e 

Cther cordi tions remain as berore. 
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\ . .l..:.es, l ts & 

~ res- l ts t;e~e ~Jot~ obt;..Li. -~cl •.rith 

initinl ccuCitions &s s ecifie0 ~elo1 (s~~ fisures 1 anC 2). 

~he .:::;rent-circ l e distance betlreen de:J. rt1.·re :.: nd arrival 

~)oints Has L~, 800 n mi o The finite incre .~ent in the x-

direction J 1;Jas 60 n :·;,i. S:he rotation cn__;le e- , v.ras zero; 

t:~us the tuo c oordinate axes coin cided . 1..71 was 1 200 and \,J2 

·vras 3600 n mi. The c;eneral wave-directional ::~attern vras 

cyclonic, that is, head seas above the great circle ( p os-

i tive y - direction) and fol loi.·ring seas belo·~~ the great 

circle (negative y-direction). ~;. 11 i nitial y values ~rvere 

ta~:en as zero alone.; t~J.e ere at circle; tl.Lerefore the E1aximum 

dis::~laceJJ.ents sllOio'JYl in the table are the lJerpendicular 

distances a-1:1ay .('ron the :,;reat-circle route. ·I'he maximwn 

·v1ave heisht \'las varied from. zero to thirty feet at OI1e-foot 

incre 1ents .. \'ave hei~ht decreased at tl1e rate of 0.03 feet 

;er n m.i i,'li th res)ect to x ond 0 . 06 feet =-'er n mi vri tl" ·t.rP: 

res)ect to y .. 

The c a lculated results of cases 1 and 2 varied suoothl~ 

therefore only the results obtained at five-foot increments 

of max:imwn viavc hei . ..:;ht are listed i n table 1. The results 

in the table n.re rounc ed to the nearest one-tenth u.~."'li t ~ 

In c ase 1 t b.e ~reat-circl e estinate \-Tent t,1rough the 

~;icdle of the head-follouin~ linear transition zone, thnt 

• 1J • l S , '.f 3 Has Z e r 0 n Jl.ll e The api'arent discre:.. ancy for zero 

w ve- height is a result of the unequal speeds fro~ the 

Janes 0 e\:.uation (6) for zero vrave he i ght, and the ~assae;e 

t:.Lrout;h a linear trcnsi tion zone of the nodel .. 

12 



:r.J. case t'J ~...- rc.. t-·circle estiL1<:...te 1.-Jent tLrou;:;h on 

t '"" u __ ~ er li.·.~i t o:...' t :.: tr _J. si-::;io~l zone , th.::....t is, hc<J.c seas 

verc encounterc~ t~rou~hout the cen~ral recion, 1dth w
3 

set 

at ni~us oTie n mi. 

In com1)o.r:.ns t~~e results of cases l and 2, the miniuum 

tines a..11d ma::-:i:m.Uiil dis)lc-cement s should be co..J.::.>ared rather 

tha.J.""l the great- circle times , since tLe greatest differences 

betueen e ~ ua tions ( 6) and ( l 2b ) or ( 13) occur v1i th head seas 8 

In c ases 1 c:nd 2 the converc;ence to the mini:oum time 

varied in a nonlinear :::J.anner ':!i th the rate of c onvert;ence 

decreasinG as the nininu::n-tir.1e track uo..s appro a ched. 

To mnke certain that the c a lcu l atec_ results uere not 

just relative mininu_r:o.s due to sor:1e unforeseen combination 

of speed e quations ru1.c1 Have model, i n i tial estimates other 

tLan the great circle Here used . C:hese vrere ta:cen on both 

sides of the COD.)Uted nininwn-ti~~1e track~ nevertheless the 

final trac~ was the s~1e. 

13 



1--J 
+:-

REJULT3 OF CA.SE 1 AND CASE 2 

I C ~ •. J~~ 1 I TJ.'~V=~ 

I 
rilr-:-' C ICU:rt''' ) I 

~-~IG=- T J.. _ _,_ _.LJ .l .;) r: '.::::-:TJ1I = ~1c:r: ::u:: 
GJ.{J~-~rl' r ~ I:~ 1: :ur: DI ,~PL.~C::2~ ::~~~T DI.SP~Lc-~~ ~-~-~r ( F ,-. ..,rn) 
C:IJ.CL~ J.C'UT=:!; ( r ·-· 1 )) . ..J_j .J.. ( ~T ? - ' 1 ) 

~' o • l GS ~ ·. Ll es 

2Gl~ ~ 8 263.6 - 0 .. 7 0 0 . 0 

')"7 0 ~1...) • '\_.) 261\ . 2 -11'1-. G 5 - 11~.3 

321.7 265.0 - 196 .5 10 - 196 . 2 

373-5 266. 5 - 280. 7 15 "7- " - ..:... G . () 

11-60.3 268. 6 -361. 1 20 - 301. 3 

632 .8 271.2 - Lf-4-3 • 2 25 -1~1-3. 2 

L1156. 7 __ 27L: • 5 -51~/ : .. 7 30 - 527- 5 
---~-~ ----- -- --~--~--- -- -- --~--

7nb1e l 

CA3E 2 

TI: -~ (I-ICUR:3) 

:i~ Il: ILUL G':r" ' ,, m J l J_Jr. J. 

Rcu:::~~ CI.:1CL::-:
1 - -- - .., 
I 

2C)6. 7 26Go 7 1 

267. 1 20S .Lf I 

208 . 0 314-. 7 

2GC) .5 355.4-

271~5 L~ 16. 9 

27L~ • 0 517 .. 8 

277.2 713.0 
I 



J .Jr. v 00 .inir.J.UIJ-

'll: ... s cv t1 ,.) t~ -· i t_ is stur:_y 

u=.s · i :covered t.~. - t -·o-u.lr1 ba::c· o ~r~r~ic no.l o_,~ o.. ·c~~.-~io. · o.: ·chis 

detLo(. 

relo.::aticl~, it is ac;recd thc-~t ~~he best cJ.~ __ roximat i on t o the 

correct ai"lm:cr is the J1ecu1 bet1.·.reen tLe v:-1.lues obtzi:'..1e:cl by 

rcla::ci~\ _ _; f::;:o~: initial esti~ntes on bot~ :::>ides oi tL_c cal-

ct:lc..teC 3llSHers. 

c o..lculateci :lilS\!er fro~,l tl.1.e [_;re~:-t circle route is 1.:ell 

c al culation a::__._·eo.~s cccssar: • 

In tllis stuc~-, c'--'-se 2 took about four ti.,.1e0 a.s lon~ to 

c alcul ate as c~se 1, ~ut s:nce the so l ution time involved 

-..;as sti ll onl;:/ abo'J_t to·- :r~inutes on the Jo,lt~ol Data Cor:?-

see:::.1cd uort::.. tl_ e [;J ~ i ti onal ti 'l.e. .. 1~-;o since ::hi-· ' s head-

inc; a11.cl ':lave direction nust be Cc.!.lcul atec in t:1e o~ erational 

informo..tion =ay as we l l be u se& to i ts fullest extent by 

utilizin~ case 2 . 

.r:1.e ti::·o v;...ric,tion of the sea eay be inclu(ed ij_J. c ase 

2 in JlucL the sm-:e IJ.Bnner as the cl irectio-'-al vario.tion of 

3'ortunatel;y tl.c nii.li_ ·u·"'-ti ·e 2."'oute 

is ~ene:rall~:- aviay fro:." active storr::. cente-rs o....11.c_ alons the 

frir.ce arec;.s u:-crc _,_ i -

J t; 2.CtU8.l t :_ '1C V'::::'~:.. ti '")11. of tl1c se~· s is 

15 



si-->~ific: · 'CC: nc: r ro.~ icll;:;r-clcvclo:_·in~ .stor,;J. c enters. 

se o c ·_;no.i tions. 

Ja,es ' :.::;_,0'--d e ~u<: tions, anc -cl cir a~~-'ro:::imatim_ls, uer e 

used i:;,1 tl:is stue_~;y only to })rovi de re~listic v a l ues, and 

in an o~;erc:tj_ono.l a~~:9 l i c o..t i on eo.ch sLi· coul d hav e its O'VJn 

charc.c-ceristic S::_·c...:d er __ uo:tion inser ted int o the progran . 

.2Lc ..,.. :r1';ert Confor:·1al cl"1 art , 1:rhile co:;_r . .rer:..ient for this 

experinent , is by no means ne c esso.ry , 8Tld 2n o::~eration2.l 

::_"ro,c;raT1 should be cJ.osen t o use the data available fror: 

fore c o.st -r,•r s.v c hei;:;ht and dire c t i on :::1ost econo11icallye 

.·.s rentionec-: enrlier, a further refi ·1e:1ent of tLis 

T'1Cthoc1 of nini=ll..t.::.l-ti~-.J.e shi:.; routi:-.1.:::_; Nould be the inclusion 

of the te2:'~-1S in the -=uler ec_:_uation the::. t involve the chCJ.1.' ·e 

~ince t~e results 

1.1ere ch~_.nsed very little b;;· t~.e acr"iti /n of t~1.e relo.tive 

·uave - directi on ter~as in tLe :=ulcr er_:_uation, in _-,ost sit-

uati\JllS t~J.ere ~-robn~Jl;y uoulcl be l ittle chan_ ;e -~Ii th the 

o.c:ition of the time-v~riation ter~s , e7en t~ouch they are 

q_ui-t;e n_u~.,erous. 'l'he added tir.e r e1uirecl for solu~cion, as 

Nell as the extra storage of sea-c ondition data in or out-

siC.e of the cor.1_--:uter onr' the c a_ll J.::.1.C' -recP<ll of the data 

for at le2st t,1rec ti:r.1e ::_;criods associo.tcd ,-.Lth eac~~ 
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