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Foreword ..

This paper constitutes the-final technical»reportlhf.

on a study of SurfaoeRPropertiesfofgooean_Fronts;for'tﬁef
NationaidAeronauticsvand,Space.Administration.under Contract
No. NAS 5—22376..;The basic report provides oaokgroundfinfor—
mation on oceanic fronts“andtdesoribesfthe'resultsfof}the

- several . models which were developed.tO'stndy the;dynamics

of oceanic fronts and their effects on various surface- proper—
ties. The detalls of the four numerlcal models used in

these studies are glven rn separateyAppendloesfwhxch,contain'
all of the physical equations, proqramvdbénmentationwand

runnlng 1nstructlons for the models.

.The follov1ng scientists: part101pated as consultants and
scxentlflc collaborators in thls progect Professors D F
Liepper, and R J Renard from the U, S Naval Postgraduate
School-and Dr. Taivo Laevastu and Messrs. S,_Iarson and K.
Rabe from the U.S. Navy's En’x’iironmént‘al” Predi¢tion Research

Facilitys ™
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1.0 DEFINITION OF OCEAN FRONTS

Although oceanlc fronts especially major-ones,thaVe
been referred to in sc1ent1f1c llterature ‘at least as long.h
as. their atnospherlc counterparts, thelr deflnltlon is not
as preo;se and defrnrtenas for atmospher;c-fronts.' This is
'Partly due to the fact that the nature of.oceanie frohts-v
can be dlfferent in dlfferent locations- and is af fected by

’a great number of factors, both permanent ‘and temporal ones._

There haS'beenﬁsecently a. renewed 1nterest in. the study of -
oceanlc surface fronts, partly due to their 1mportance 1n
naval, flsherles, and nav1gatlon problems and partly dus

to the fact that uost oceanic:frontsfcahvbe'obSerVedffrOm,m
:satellites,’either as temperature or color or sea_surﬁaeer
roughhessfd;scontinuities;

The best def;nition-of oceanicffronts is_that;of.LaPond-
(1960X;i"ihe oceanic front is the leading edgefof afborderf;hz
separatéhgﬁunlikerwater‘uaSSes;i'Fronts'can oecur-hotfonly
betweentwater.masses;oﬁﬂdifferent-salinity but»also‘between
those dlfferlng in other prOpertles, such as temperature"
'Before descrlblng ‘the characterlstlcs of the front we have
to define surface water types ;The term*"watef masSeS"
refers to‘deep water masses (below the thermocllne) where
temperaturevand sallnrty“cah.be‘conslderedhasiconservatlve':f'
properties and whithare defihedlon,temperature;Salinitya

diagrams; The,term "water type" has been applied in the



paststo a.singular point in the~temperatureesaiinity
'diagram.' Temperature and sallnlty are not as conservatlve;
in surface laYers;’ however, surfacezwaters can’ be'charac~f
terized by other properties, such as blologlcal (el g{,;
plankton) content, color,'turbldlty, and range of annual

"change of temperattre and sallnlty (Schott 1935' Laevastu,

.31963) ; The terﬁ'"surface water type has_been 1ntroduoed
to de51§nate surface watersawith. deilnlte but relatlvely
unlform characterlstlcs..' | .

Thus the oceanic. fronts at the surface are boundarles.ﬁ.
of unllke surface water types;3 they form: 11m1ts (boundarles)
of natural regions_of the dceanst(LQeVastu,andeaFond, 1970),
The fronts can be major.ones;“easily"récognizable”from~re—‘
latiyely nronounced changesfofhtheipreperties.(e;q;}rtenéerae
ture) or theyucan be reiatiﬁeIY"bfoaaftransitionﬁréq{onstﬁith;
graduali:.changes. | Ai -

":Laéondeand LaFond-(1971)ffoundﬁthatfthefCalifornia I

Front, whlch can be con31dered as an-"average front, was .-

characterlzed by stroug h“f' :Ap:rature (and sallnlty)
gradlents, large vertlcal changes in 1sotherm depths, tem—
peratureulnverSLOns,HandAaalarge“thermocllnemSeparatlon,- |
Furthermore, measured current shear showed relatlve current
in the upper layers to be Ain.a- southerly dlrectlon on : the
‘eastern side of the front .and in-a westerly dlrectlon on

the western 51de;' currents 1n51de the boundary reglon ex—

hibited diuerse directions. .



Fronts are usually (but not ékciuSively) determined
by dynaﬁinfactors“ahd‘are‘thus convergences: (and/or di-

vergences) of surface currents. They can be caUSed by .-

thermohallne gradlents_ surface w1nd systems, or by coastal
topography, such as coastal fronts occurrlng, for - ezample,
along the continental slopes.

7The most common property for recognitiou-of surface
fronts is sea surface temperature gradient. Shpaykher”ahd
Moretskly (1964) have characterlzed some propertles of the

oceanlc Polar front 1n the follow1ng table._

TABLE 1-1: BASIC PARAMETERS OF OCEANIC FRONTS

P 3
S RS} Yy
2 L 5 °©
o i Maximum 5oE 9 9
w B horizontal. - -
W L. L B+ DA [~
o) Py gradient . ‘_ 03 I ’5
: .. L oo : . AN [T
Area’ x| Greatest. | & 9 )b’a 5 85
: ' Smallest” .-| A t,wl s, 2 o
Mean " - = °C/km - | %,/km
Arctic - .| greatest | “108 - | 0,39 | o0,69 | 125 |- &'o0"
sea . | smallest 2 | o,01 - 0,01 7 0'07"
a ! mean - : 21 | ..0,10 | 0,12 210 117
Greenland greatest 75 |- 0,30 0,08 1000 1°08°16"
Sea | smallest 20 | 0,01 0,02 150 18'20"
mean 46 0,11 0,04 531 32'42"
Norwegian greatest - | - 200 - {": 0,16 - 1500 1°08'45"
Sea - | .smallest | 24 | 0,02 | - - 100 S 120447
1 mean . .80 | 0,07 | - 745 31'19"




fAs there are seasonalechanées in snrface tenperature;
- frontal discontinuities disappear in some seasons((see
e.g;, Colton,iet; al., 1975).  The coastal fronts ars only .
recognizable'by”temperatnféﬁgradients (outside-nnnelling~,~--
areas) durlng summer (when coastal waters are warmer than
offshore waters) and durlng w1nter (when coastal wat'rs“are
lcolder than offshore waters) ' Durlng sprlng and autumn[}tem«
perature gradients are;frequentlyfmasked at coastal_fronts,
The second:indicator forhsurface fronts is Water ooIOr, caused
either by dlfferent plankton content (quant ty of'standinotoroo
of phytoplankton) or by the amount and type of minercgen st-et
pended matter. Salinity diséontinuities as well as current
dlscontlnultles at fronts can be recogn*zed on1y bv speck al
‘measurements and not by remote senSLng. Major oceanlc~fronts
can be- recognlzed also by changes of waves: (surface *oug“ness)

Contrary to the trans1ent nature of meteorologlcal
fronts; ocean;c_fronts are relatlvely-stable_rn respect to
the;rgmean positions. 'They frequently renresent the time-
averaged signaturefof'atmospheric.featnres;ftHowever{ﬁsome
seasonal shifts, meanderings and quasi-synoptic changes:in
frontal p051tlons occur (see further Sectlon 3)

One of the maln objectlves of the. present study . ls-to
'construct numerlcal .models for ‘the study of the movewent as
well as changes 1n'sharpness (gradlents) of ‘the fron_s as}-

affected-by&surface driving forces, suchuas wrnds,lgcne‘of'



the prectical reasons for this.is'that.snrfaCefthermal

fronts can be recognized inicicuqlessfareas,fﬁcﬁginfrafed
satellite'cbservaticns; " However, aﬁrihgfthéjpgtioqg'wnén,V‘
the"frohtal'areeS'ﬁnder considerationfere'clcuagccVered;iit
might be necessary to- complement the satelllte observatlonsex
with numerlcal computatlons on. the p0551ble changes 1n o
rfrontal p051tlons and sharpness. |

A further“ob]ect1Ve-of'thlswstuay'iSWto=modélmthe.fA

effects of oceanlc fronts on surface roughness (waves, waveﬂ-_

patterns) so that ‘the m1crowave radlometer observatlons
from satellltes cculd be correctly;;nterpretedzas to which
surfaceyrcughnessf(wavejpattern);chgnéesfare5due“to-truey_ul
sharp discontinuities_in SQgﬁagejviﬁa,ﬁaﬁtEfns;(me;eOro;
logical frcntsxfand_whicn;afefdue?toﬂmejdrf@ce&nicffrontss‘

with large current shears.



2.0 APPLICATIONS,

OceaQictthermal'fronts,often coincide;with”thehbounde"
ariesho$7oomnercially important'fish'sPeoies ‘There mav' 1
“also be an aggregatlon of flSh near- or ‘at the oceanlﬂ ther*al
f;onts-(see e.g., Lee, 1952; Hela and.Laevastu, 1962). Thus:

it is of economic importance to fisheries to analyze. 4nd pre-

. dict-oceanic fronts.,

As the curreﬁts of ma3or oceanlc fronts, suchde3=theg

Gulf Stream front,, cen he‘strong and-opPOSLte»dnvdifecﬁion,:
use:can,be made ofithe'éurfenis in'nayioation*fof timeﬂanc‘
fuelhsaving,in'shiéping;f |

: The vertlcal thermal end sallnlty structa*e (tbe tem—
perature and sallnlty) change w1th depth on dlLfeLen**sides
of the oceanic fronts "Thus, . the propagatlon oat_erns of .
sound w1ll be dlfLerent on leferent sides of oceanlc fronz sf
and the fronts-WLllogreatiyreﬁﬁectgsonaryranges-tnrough~nnem_nf"
(Laevastu, Wolff, and La?ond,_1970)}?hIaFondxand-LeFondd(137i)fdh
forjekample, found thatihemoeraiﬁre ;nversions.et the Celi-d
‘fornia Fronﬁ (which is a “nedium intensity" front) produce
sound channels above the level of increased tenpe*atnre.__éome'
further effects of oceanic: froanV(Polar Fron; in the Denm“rk
‘Stralt) on the propagatlon of sound have been deSﬁrlbed bv‘

Nunn (1968) ;Consequéntly{ﬁthe»knowledge of the pOSLt;ons



of éceanic,fféntébié éfmutility to the Névy)'fér;éggﬁéfihé
as well as anti-édbmafine»warfare. N
Finéliy, a.largé part of the energy for the. atmosphere -
originétes_from the-oceans-(sensibie@énd iatent»heat éxf
change). This_feedback is‘1argeé£fwhere ﬁhe5égf§éféﬁcé
betweeﬁ.the pfopertiesvof the sea surface (tempe#atﬁré¢and

‘water vapor pressure) and the surface air.are. large. Tarde

;differences of these properties occur whefexﬁﬁ;
gradients_of,sea-surface-températprg are sharp (i.é., at

oceaniéﬁfrogts),i(iaevéstu,and Hamilﬁon,,1972). ”Cycrogénesis
"often 0c§urs_in the vicinity of major OCeanic;frdnts, énd;the
climatological mean position of Arctic andﬁPoLar-aﬁmdéﬁhéric>
froﬁts ovéf the oceans éoincides closely with“thézdo::gsppnd-

ing major oceanic fronts.



3.0 SYNOPTIC AND SEASONAL BEHAVIOR

Althoqgh_general knowledgefinaicates that océanic fronts
.are relatively‘éﬁatiohary oVervé§ﬁo§ti¢~time peridds (up.t9 
3 daYs); no detailed’synoptic_study on the dynamics_éf3off—
shorévoceanic frontslhas Been carried ouﬁ. ‘Aygilable;stuq;as
Qf offsho;e,oceanic‘fropts using multiple sh;pdtrgvepses;show
ztﬁatvthé ﬁajor frbﬁté.a%é‘reiatfvély sfatibﬁafy, bdﬁfiﬁﬁldﬂe
relativelyflarge—scalé meanders; whereas the mihor.ffénﬁs
(e.g., Sargasso. Sea fronts),show-relatively irregulérpandm
small scale meandering:andgconsidérable_Changes of position
and inteﬁsity. : | |
Colton, et al, 1975, found that $g;facevtemperature-i
fronts.in'thé:Safgésso,Séé”diViaefit:iﬁtoia éb§iér,ﬁmbre
préducti?e-ndrthern part and warmer, ieSs,p:QduCtivé-southern
part. _TﬁeyvalSo féund a shéfp fauhalichangejacroSS‘this
front. This surfaCegthermal_front initheHSargéssb'Séa,
howéVér,_cannétﬁbe_féuﬁd dﬁring1thé warm séasdh,from”;ﬁlf
to Septeﬁber;* One of the main objectives of this study is
'£ovmodelvand investigéte the péséible'changés of Offshore
oééanié fronts as affected by surface driving fOrCes_(mainiy
surface winas). |
Recent studie§;offCOastal'fronts;(oceanicff;oﬁtsﬂne&r
continéntal_slopeé) show that these frcnts~are greatlfwbound 

to bathymetric featufés;(cohtineﬁﬁal5$lope), but that ‘changes



(small meanderlngsdand mlnlnglmat these fronts occur 1n a
tldal rhythm as well as through the actlon of surface wind.

Seasonal mlgratlons ‘of major surface; fronts ‘have..been
‘studled by Laevastu and LaFond (1970) and others.' Stefanson_
(1969)~found_that the near-shore end of a-frontaiizoneﬂsouthe'
east of Iceland appears to-movesnorth—south with the season,
and that it might be displaced as much as“SQTnauticaljmlles,
Some minor fronts inilow latitudes can-mggratéfinﬁéoﬁeﬁseaSOns
as'muchﬂa31230 miles with an'average speed of 7.miles;per.day
(Hela«andlLaeVastu, 1962f:? Rossov and Klslyakov (1969) found
that seasonal and year ~to- year changes of the p051tlon of the
Polar Front 1n-the Atlantlc can reach 200unautrcalgm11esv-

Voronina (1962) found that the Antarctlc front .is
largely determlned by surface wrnds and that 1t can change
fromhaﬁconvergencettoiaTdivergence;lfﬁsurfacepWinds change
in the sanehsense., Besides,changesfinipositionf some . sea-
'sonal Changes‘of'sharpness (gfadienﬁ3§iof'theffroutsialsor'
occur}_ It can be assumed that changes of current in ‘the sur-
face: layers plus changes in surface w1nd reglmes and heat
exchange processes are responsrble for these seasonal changes.
Con51derable seasonal change can occur 1n the color and
.turbldlty of dlfferent water types due to- seasonal cycles in
phytoplankton productlon..'vi -

It 1s*known_from‘emprricalfobserVatdons as Well as:

from theoretical considerations that there i's considerable



variation inﬁthe_thernocline inﬁfrcntal zones. These;changes.
are'largely determined by the dynamics of thetupperQlaYers
of the o¢ean.-'No detailed studies,pnorenumerica;mmpdeting,-
of the thermoclinetChandes atpfrontaipregicns.aregaﬁailable
at present. The mcdelsd(ﬁN-mOdelS) programmed@withinﬁthis
project will contribute to our knowledge in this area.
AIt-is‘wéli known to seamen‘that'currents“Strbﬁgly“aﬁfect
‘wave characteristics,i,lf'the current runs againstggheﬁsea,
- waves are steeper, the length_appearsAshorter.and'the:seas
are verypchoppy, vAgain, if the current Tuns Withfthé{Se§4
the seas5are'smootheriand_the waves rounderrand,longer;;iThose
effectsvcanveasilf_be chserved in narrows;where.strCng_tidal

currents occur and in channels between islandsg Quantltatlve

'*observationS‘at Sea”areNSCarce on the aeffects of. curlents on‘

Wave shape, length and he:ght B Groen and‘DorresteinV(l958)

~ have constructed graphs whlch give the ratlos of wave length,

speed, 'helght and steepness of waves in currentSew1th'dlfferentJQV

speeds to the sane elements 1n non- flow1ng water.

There is a mass transport (wave current) ‘connected with
waves. Therefore, a long swell (whlch is - causing a. "wave
current") affects also the shorter superlmposed waves.. (sea)
the same way as currents do. Any swell tralnsxwhlch run.
nearly in opp051te dlrectlon to the ‘sea ‘can- be expected to
causegsteeper,-shorter;waves andga‘swell running in the same
direction as the sea should cause the‘seap(wind;waves) to be -

less'steep, round'and5longer.' This effect’has,beenmtreated



theoretically by Longuet-Higgins and'Stewartj(1960,_1961);
These éffects_éouid_be expected to.6gcur~a#:qceaﬁic;frontal,

regions; .Aﬁéﬁher sét of médelsﬁ(spegtfb;angﬁlar.Qéﬁefmodél'
and wave réffactionhmbdel)_progrémmedfand/oﬁqadqpted within -
this projeétﬁwill‘help to evalugte;;peseqefﬁggﬁégqggngita}

tiyely.



4.0 NUMERICAL STUDY OF FRONTAL DYNAMICS

ThlS study 1s a.prellmlnary demonstratlon.of the’ ap—
pllcablllty of a hydrodynamlcal numerlcal model to:the sxmu—lp_
lation of oceanic frontogenSLS.' As the'model;has~been |
'_described.elsewhere-in this report, ”this.section.is-devoted‘
to a descrlptlon of three 1n1t1al test (s1mulatlon)-rvn and
a flnal test run for a case with unusually strong 1n1t1al»
thermal gradlent and convergent w1nds.- | |

In all cases a two layer ocean was s;mulated An. whlch

'the.lower.layer-was 1n1t1ally at rest. In-each:caseeagcgrrent;“"

field, initially specified in the too*}a§er,*déveloped7ine
both the top and bottom layers in response ‘to.an 1mposed
.iw1nd field and to the 1n1t1al 1mbalance in . tho mass and
veloclty”flelds.'*As_the]lnltlaldState;ofﬁtheﬁpresSUre (depthf W
and.denslty strﬁcture needed;to*balanceithejspeCifiedwmotion

~ fields are not known, the model-must he”ron'for"a-sufffcient
number of real ~time hours to establlsh ‘proper dynamlc balancenﬁ
between;mass.and:motronfflelds;fﬂIn~a11-four;test*cases
descrlbed here, run tlmes were’ extended to the p01nt where
balance was achleved Thls_problem and-the;waylln~wh;ch
balance.ls flnally'realized within theznodel itself is common
to all Prlmitlve Eqnatlon%modelsﬂ(including those used for

routine atmoséheric:prediction);

4-1



In order to demonstrate the use of the HN model for rou+-

tlne condltlons of lnltlal current structure and - surface ‘wind. .

stress, ‘three dlfferent 51mulatlon runs were conducted in an
initiai test series. These cons;sted of a twelve- hourISImu—
lation.of a current shear frontx(Case'I), an elghteen—hour |
51mulatlon of a surface w1nd convergence front (Case II), and
.a twleve hour SImulatlon of a cyclonlc Wlnd fleld mov1ng
.across a cuIrent shear front (Case III) ' The*several'lmporév'
tant phy31cal constralnts whlch dlffered in- the s1mulatlon
runs-.are llsted in Table 4 l

In Case I the lnltlal current and steady state w1nd
field, uniform .in the east-west: dlrectlon, are»showniln.'
Flgure 4—1.' The initial current was zonal, nonedivergent
and had 11near shear in the northern and southern portlons
of the grld The wind field, also spec1f1ed as a. shear flow,
was dlvergent south of the: front and - convergent ‘horth "of
it. It should be noted that at the front the lnltlal cur- .
rent~and wind field were set to zero.:

In Case II the initial current field Was”prescribed
as uniformly-flowing to the west at 2.5 cm secfl._,mhegwind
field,:shown in'Figure 4-2, simuIatedpaﬁCOnveréent'Wind.
stress front. »North‘of the‘front, the'uinds-wereedivergentﬁ,.
and south Of‘the-front they Were convergent. -In Case- II
-as'in Case«Ig the wind field. varled ‘only in the north ‘South

direction.



TABLE 4-1: PARAMETER SPECIFICATIONS

PARAMETER - | - . CASE.-I .- - CASE II; -IXII

TOTAL DEPTH 300 m. 300 m.
GRID MESH . o 10 km. 10° km.

TIME STEP - 60 sec. 60 sec.

: THICRNESS OF SUR:ACE

CLAYER' . . . 50 m. - , 75 m.

DENSITY .OF SURFACE | e g o
LAYER - e 1.026 g cm -  ° 1.025 ¢ cm”

DENSITY QF BOTTOM N 3 .3, =3
LAYER - S - 1.029 g'cm T 1.027 ¢em T

[{¢]
G
8

LATITUDE or CORIOLIS: | o |
FORCE _ B 30° N . . 45° W

SURFACE LAYER SMOOTHER(l) 998 .998
BOTTOM LAYER SMOOTHER .- - -~ .920 - . .920

EDDY DIFFUSION

COEFFICIENT(Z) - sx10® sx10?

(l)"Theserparameters simulate:eddy viscosity by conside:ing
_the‘VéioCities‘at:sdrrdundihg'grid‘points.

(2) -The_value'éf-thisvparameter?in CaseaIinwaS'leQB.
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In Case III the initial current field was.thet;used,
in Case'Iy' An initiai uniferm wind field:of 5.4 m sec—lefrom
- 112° (south of'east).wes prescrihed”over the grid. ' 2s the'
simulation proceedéd-this wind field was modified by a cycion—
ic disturbance. _This.disturbance_wasvof.auredius_of_so”neu;
ticalnmiies and moved froﬁnthe:southern.bouhdery:to'the_Korth-
weét: . i - Dt B L

| The discussiodn of the results of ‘these’ 1n1tal ceses  is
_llmlted to .a descrlptlon of the dynamic. behav1or of txe £WO
layer ocean.» In Case I a shear front 1n both the w1r .fl°lC
and current field wes-prescribed.~ The front, '‘as defined Dby
the slope of-the_interfece between the top,shd.bottou’layers,
is shiown invfigure 4-3. The top layer deepens under *he ihiiu-
ence of the convergent w1nd north of the front and shoals
under - the- dlvergent reglme south of the front. The 111t1el
trough 1n the 1nterface occurrlng at the locatlon of zero
veloc1ty 'in~the w1nd and current fields becomes léss orohounced
by the end ofathertwelVe.hour-simulationjrun.

The currents in the surface layer in Case I at710cations
north and'southhof the front. are shown in Figure 4-4 incthe
form of progressive vector diagrams. From this figure,rit
can be seen that the priﬁary mode of_thegresoonse of the sim-
ulated,oceenﬁto_thefinitia;:conditiousfeﬁd~the.steadyfstatey.

‘wind field isfthat of a rotary current:
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FIGURE 4-4: CURRENTS-IN TOP LAYER - CASE I.



Case IT 51mulated a-convergence front, the deve1opm ant
of whlch 1s shown in Flgure 4 -5. In this run the front
develops w1thout a trough in the 1nterface as bappened 11
Case I. This fact-canjbe attributed to the-lack of a nu;lp :
‘current line inithe'initial_current field in Case .II. .
After,twelve.hourshthe slope of thevinterface-in this run
1Gas.abont'56%-oféthathin Case 1I. 'Also;”it-appearsféhat};
the:top'of the front.isreroding;northwardifrom itstinitiali3*
positfon.resulting infa_gradually decreasihg frontal slopea:

| _ The-currentsjnorth;and‘south of the frontﬁin Caseef;-i
are againfdepictedﬁhy,progréssive_Vettor diagramsrand-are‘ﬂfi
shown »fn Eigure 456.--While’the rotary-current response is
the same as seen in Case I, there is not the initial cha“ge
in dlrectlon across the front in Case II due to tbel;nlform
1n1t1al.current5g1n thlslcase. Agalnrno;change was Found

in theeinitialufemperatnre;distribhtioniiﬁocasefilr

Case -III Simulated_theiinteraction ofia time dependant
w1ndf1eld and an. 1n1t1al shear current. ' The develop-ent of
the front is seen in quure ‘4=7. In this dcase the front
develops thrOugh the first four hours as‘in Case Irf3At
six hours however, the topography OL the 1nterrace becomes

dlstlnctly dlfferent from that of Case I.ﬂ This 1nuerfa0c

topography contlnues to evolve dlfrerently tnrough t:e'rema n-. -

ing six- hours of the run.- The general form of the front is
similar»tohthat of Case I . in wh1ch~the‘1nterrace deepens:

in the north and shoals to the south.
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The—currents in the surface layer invthefnorthern and .
southern reglons are shown 1n Flgure 4 8. Because ln
Case III the wind field 1s not unlform in the east—west
directibn,'the currents are-not as representative of“thEy
reglon concerned as they are for Cases I and II 'By éOmfl
_parlng Flgures 4- 4 and 4- 8, the lmpact of the dlfferent |
Wlnd reglmes can be seen. In the northern reglon Lhe rotary
current is . rather strongly deformed compared to Case I due
to the dlfferlng wind reglmes.,ﬂ

Slnce the lnltlal test runs dld not show apprec1able
changes'ln temperature structure.ln the upper'layerm(because'
of the.weak_initial;thermal gradient-andfbbmpaiatively;§h¢1t=
run time), an additional test case was_formulated,tojdem9n~
vstnategthat,temperature:changes:wouldvoccur.'_Inxthrs,case,i»
a strong;front'was specified initially and current/wind
forcesmwere speéified which shoulddcause aﬂgradualymeakening
of the frontal 1nten51ty.—- espe01ally in the frontal frlnges.-

Figure. 4 9 shows the initial north—south temperature
’proflle (homogeneous cold and warm water masses w1th a sharp.
gradlent in between) and the change in surface layer temperature
whlch:occurred afterﬁlzo hours of run time. ‘Notlce;thatwsome.'
blurring~can be -seen at.the_cofdﬁedge but the largest changes
(almost OrG?C[§occurred'at the-marm edgesof thenfrontrAAThis
nonisymetricalvpattérn isidue to_the'waYLthe'initial-winds
and currents were defined. Figqures 4-10 and 4—li;ShOW“ the

initial and final temperature values.
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5.0 NUMERICAL STUDIES OF SEA STATE CHANGES

One basxc objectlve of thlS overall study was - to deter;
mine the 1nfluence of oceanlc fronts: upon ‘Sea. state - es-
pe01ally-the effect of fronts on Wave energy dlstrlbutlons
and/or variations 1n wave steepness whlch mlght be detected
.%be satellltes Two approaches to thlS problem were utlllzed.'
“(a) a spectral wave model (see App B) was. useéd to study
sea-statefenergy dlstrlbutlons-arounduan~atmospheric-con—'
vergence zone which would support/ampllfy an oceanlc front
and- (b) a model described by Johnson (1947) was used to- study}g
wave-changes caused by 1ntersect;on with a“current boundary,
i.e., a numerical_wave retractioniﬁodel3wasﬁusedaas;descrrbed_

in App. C.

5.1 Wind: Wave Changes Across Oceanlc Fronts

a. Experlment De81gnA

The'French D.S.A. V séectroanéular*Wavezmodeixwas
- used- to generate typlcal wind wave flelds resultlng from: ‘an
atmospherlc convergence 51tuatlon and, also,_the passage of
a tropical cyclone. The description-of this;numericalamodel
is.found in App. B of this report. To=reproduce the wind
fields, the 29 row X 33 column grld was used ca. w1nd speed
of 20 kts from the ESE occurr;ng,at row_l4 and above;and-a-}t

~-wind sﬁeed-of Lo”ktsffrOmgthe.ESE~attroW“15'ahd“below.'=For

5-1



the tropical cyclone experiment, a cycloﬁe'of'radius Zoornmi'
and-makimum=wind speeds'of»60'kts, at thé“wall of the‘eye

was prescribed. The ‘wind speed,prbfile.was,based-on:

S Vmax ~ Veack o
v = 'V B e -~ x 1n(D/R._)
D Smax . lngReye/RCirc) eye
where:
‘ VD is the velocity at distance D
. l . : - 4 F : g - .vr
VBack'“:S'tbe ve}oc1ty of the background flow
R ;,-isfthefradiusfat the eye
eye L ST _
Rciféaﬁfs.thefsgdlus §f tbe storm .
vV__. is the maximum wind velocity

max -

.In both experiments the grid mesh length was set at
40 nmi. The time step between introduction of wind fielés 3
was 3jhr..'The pr¢gram;was run out through 40 hours of com-

putatiénsViﬂ"boﬁh instances.jf.

b. Case l:’ Convergent-Wind Field Results

Figureé-541,‘542”and>5—3'depict a subsegmént,ag:QSS'“'

the front Qf”fhé fields for Hl/io’ directién:df maxisnum
energy,ﬁand-peringof,maximum'energy,:afteri33-hou;s’d£
computation: _Higher wave heights are evident on the ggr;ha:nA
side,Qﬁéﬁhe.frqnt*éS wel;fa$flopgervpgriods,” The fact that -7
the heiéﬁté decreégé, lO:fﬁ.-£O,7 ft.;‘andﬂfhé pe;iqis shorten,

8 sec. to 6 sec.; as the convergence is approached'is,aue to
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”.the combined effects,of increased wavefinterference»and
dampening.f On the southern side, the llghter wind speeds
result in a comparatlvely flat Hl)]O field of 4 ft. w1thf
a period of'max1mum energy of 4 sec. |
.The‘dlrectlon fleld shows two ‘bands of anomalous dl—
reofions of max1mum energy;' These are clarlfled when the_
{35§e;tral informatlon at the three specxal p01nts are 1n;i
spected on Flgure 5 4 As.can«befseenwmthe direCtionppﬁ

maximum energy,_when moving from pOlntS 1 to 3, undergoes

a dappenlngroﬁ ENE;components,wwhlle_thefNE”componentskremain
large enough to become the direétionjbfﬁmaximumsenefgjg'°The
'-overall pattern:shows;a’decreasefinfenergy Qhen'crossing'thefg-
front aocompanied by a corresponding,shift_in the.direotion,
Likewise, the period”of magimumféﬁergy*shortens onoe“the_
enefgy.deoreaSes‘while prOpagatingfsoutHWard across the 

front.

c. Caseﬁ2:1“Tropicalﬁcycione;ResuLtsE

For?thisfegoerfﬁeht Eesﬁitsuforsthree different'
times are presented LZl,ﬁ27nand 33»honns of computation),
These timeS'correspond;to the passageﬁof*the'stOrmuacross
the convergent: front .described in “the” prev1ous sectlon‘

In this,. case, “the- storm was,lnltlated at t—O and - allowed
to travel across the wave. field: produced by the convergent

w1nd flelds
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f7mean that no 51ngle directlo

Figures 5-5 through 5-7 depict the surface ane.para—
‘meter fields generated by the w1nd field shown in Flgur

5—8. As can be- seen, much higher values of H occur

l/lO
around ‘the storm. and to ltS right where the storm. veloc1ty
and background flow c01nc1de The directions of maXimum,

energy take on a cyclonic appearance. (Values of """ "382°"

"has a predominance of energy Yy
The same pattern.is‘eyident in the wave period field, with
higher periods occhring to the right and~ahead'of the’storm;
'Here, pOints of no predomlnant period of maximam: energy
are left blank

| Much~the_same-results are evident from the reSultS'at:
27 hours, Figures 5-9 through 5-12. At this time the: storm
is in the process of cr0551ng the convergence zone. frém__
Figure 5—9,‘1t can be seen that the values of Hl/lO have
spread;acros81the_zone. The directional field still has a
cyclonicinature and haS'almost totally'obscured.the:convergent
1nit1al pattern. 'In the wave period'field the*high pericods
are ev1dent mov1ng ahead of the storm path ‘An interesting
aspect is the. spread of 11 sec. periods along both -sides-of
the convergent zone.

Figures 5-13 through 5-16 depict the ‘results after 33
hours oﬁ_computation;gaAt this,time,the storm is largely{.
across;theigénvergent;zonefandQnovingfawgy,»'As canabe
seen;:thegWayetheight field has decreased~substantially,

reverting'to.the original'state. The directional field,.
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'however, ie etill'quitenexteneiyelydeitered‘dueﬂtozthe passage_
of the storm. he'periodsvof maximum energy.have‘begunﬁto'
revert to their orlglnal state with: the longer perlods occur—
ing at the convergence zone. _ _ | | o
Figures 5-17 thorough 5-19 depict the directionaidand
;perlodlc energy Spectra for the three spec1al p01nts as
leunctlons of tlme. Desplte their locatlons which- account ror
1n1t1al»energy‘dlfferences, all three show the same overall
patternsjin the.energy~ver3us-direction spectra. A shift
in direction'togthe sontheastiis-evident in all three and,
except for the*northern%most]point;”all,experience a decrease
in energy. In the.caee of periocd of maximum energy,-Pointbl-
experiences anvincrease to longer periods,'Points;2'énd,3’a
decreaee.l_Only Point 1 experiences an increase in eﬁéﬁgy.in

either spectra.

" 5.2 The Effectsfof“Oceanic Fronts on Wave Refraction. ..

The theory presented in thisisection is based upon -
Johnson;s.(l947j'meth0ds for'calculating the effects at
~oceanic velocity fronts on the refraction of waves. The
basic equations are presented in a followingvsection (App. C)
in which the full computer program 1is described.V-This*section-
owill deal only Wlth the results of Johnson S theoretlcal

study and the numerlcal results. based upon his. work
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The core of Johnson's reéuits are summarized by 
Figures_S—Zd through 5-22. Given my_tﬁe'ratio of current
velocity over the WAVe,rayvspeed} Figure 5-20 shows that the
inciden#iangle,#d,_iS‘transfbrme§ into.ang1e B depeﬁdéntv
upon this ratio. The largest alterationS>occufing in béSes
where the two are of:eéual ﬁaghitude,"with“the current” -
._;either opposing.(negative_on) or conciding (positive:on)
.withAthe ray difectioh; ‘

FigureIS—Zl showthﬁe effect of the currenté'upon the
sﬁeepgesanf the waves. Here the largest effects'afggfbggd
at m=-1. This value is relativelyguncommon in deép§watér@;
_ casés but can easilybﬁe encountered in_near—cdastal areas’
such_as_rivér outlets. As can be seen from Figure SQZZ,che
Hﬁmﬁ%iﬁqufoéct'up@n,theﬁwaveleﬁgﬁh'occuﬁréa”éﬁ.m%+l, m§ﬁ11
resulﬁing in'a shérteﬁingzof the wavelength, Frqﬁﬂthe above
results;‘it-isvcléar thatAwave.heiéht is-incréaséd with ne-
gative'valueé,of_m and median values of &,

Twé examplég'of-thé.results of the_pumeiical model;;
aré=shOWn in Fiéures 5-23 and 5-24. Table 5-1 summarizes
'the:rasults éf all computer-runs; From this it can. be

seen that the maximum heighﬁ change»occufred at a=30,
im=—1064. " The maximum directionai-shift'Was;—9? at G:SOQ”
m=f;064; ' The maximum steepﬁesé”occufred at a%45,_m=—-064{¢
It can then be éon¢1uded;that-the most-séveresélterainnsh
at wave fronts Qécur wﬁen;;arge opposing cur:ents'a;e

encountered.
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6.0 THE EFFECTo OF OCEANIC FRONTS ON- AIR/SEA BXCHANGE
PROCESSES .

It is known that: the ocean atmosphere heat and m01sture
exchange (feedback) is different on opp031te 51des of oceanlc
(and atmospherlc) fronts {e.g., Laevastu and Hamllton, 1972)

‘ ThlS relatlvely abrupt spatlal exchanqe of: heat: and ‘mois~
tture (evaporatlon) mlght affectsVar;ousqobsenyationswand;
sensings.bYISatellites of the near—surfaoewatﬁosphereVasfwell
as the sea surface. -

In orderﬁto[study and'demoastratégquantitatiﬁely.the
feedbaoﬁ:of ehergy'ﬁrom the oceans toothe.atmosphere,;the-
best exchange formulas , verified in WaEteus adt te search ;

‘ were_programmed into an integrated oomputer progﬁamu(Aép.qD
of this report). In this program;iaea&serfaoeftempenatﬁre
(Tw)vand Qinds (V) were prescribed; all othervparameters
were.oomputed;”;The results of;am244hour*?steadyfstateﬁ,com— .
Putation areﬂshown in‘Eigufe-G—l,  |

The heat and;moicture feedback from the ocean’depends
greatly on the removal of these quantltles through turbu—
lent transfer, whlch is a functlon of surface ‘wind speed,
Furthermore, the-quantltativewturbulentftraﬁsferfLs“also_
dependent on the difference.between*the;seaysurface,temoera—l--
ture and water vapot‘pressure*and thefcorresponding propei—

ties of the;near—sutface alr,'(Tw-éfTéfand‘ew~—-ea)..



‘The properties ofrthe surface air (temoerature'andlwater.
vapor pressure)_adjuSt relatively rapidly-toithe corresponding’
propertles of the- sea surface, so that an "equlllbrlum dlf'"
ference“:ls establlshed w1th1n flve to 51x hours.. The adjust~'7
ment of the propertles of. surface air to the correSpondlng
-_propertles of the sea surface, and the resultlng "equll1br1um"

dlfference“dls dependent on the rate of- change of sea’ surface

9T . -
W

temperature under the trajectory of surface-air (Vr 35
Thus,_the surface w1nd soeed and its dlrectlon in relation.
to the sea.surface. 1sotherms determlnes the heat and" mOlS—:;
ture exchange (see Flgure 6— l),,the sea surface temperaturee””'
gradlent 1nfluences thlS exchange to a lesser degree
Consequently, 1f the change of surrace w1nds (both
with respect to speed and direction) closely coincides
with the oceanic front,'a-relatiuely sharp gradient of latent
(Qé)iépd~senslhlet(Qh)fheat exchangéfoccurs at.theﬁfoht;'
(Figure 6-1). JHowever,ﬂalcomparable,gradient-ovae_éﬁdjgh
can also be'foundlat,atmospheric frOntsfwhich do not coincide

with oceanic .fronts. -
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7.0 SUMMARY

A two layer Hydrodynamlc Numerlcal (HN) model -of the.
Hansen. (prlmltlve equation) type was used to show how ocean
temperature Structure- and near—surface currents are lnflu—
enced by_surface-w1ndvstresses:1n_a case whereoaiconvergent
»uwind field-coiﬁcided with an ocean frontr The; French %pectro—
angular Wave Model was used to show dlfferences in . spectral
- wave epergy across an'oceanmfront being (a) malntalned.by ‘
surfacé wind . convergence, and (b) dlsturbed by a mov1ng
cyclopc._ The studles of Johnson (1947) on wave refractlon
due to currents ‘were programmed to demonstrate changes swhiich
can be expected in wave: dlrectlon, helght and’ steepness
Edue;to;1ntersectlon,w1th.a strong current_stream (front).
Finally, a computer program was developed to’ show changes’” -~
in transport of latent and sens1ble heat due to. alr/sea
temperature;dlfferences~acr095*an:oCean front;*

Thesefstudies iﬁdicate“that surfacefpropertiestvary.-‘”
suffiCiently’ihgthe vicinity of'majorrfronts to'permitrde—

tection by satellite.
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APPENDIX A

HYDRODYNAMICAL-NUMERICAL (HN) MODEL .
' FOR THE. STUDY OF OCEANIC FRONTS
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1.

Basic Hydrodvnamlcal Equatlons and Thelr Flnlte

Difference Forms

A two-layer7Hydrodyna@ical—Numefééél:(HN) model of -
Walter Hansen's-tYpemwas ueed in
individual layers are vertically

eguations are as

where:

Uul,vi

U2,v2 - u,v componerits in lowerelayer

r

f
g
H

v2 +

< u,v components in upper layer

'-szi'_ surface elevation;

S dev1atlon of MLD (mlxed 1ayer depth) from mean.

- friction coeff1c1ent

}192

Corlolls parameter

acceleratlonvof gravity

depth

- densities

k(¥

‘the present study.

external forces .

A-1

integrated.' The_basic:
foliows:

;2“+:Hul(le) + Hvl (VlY) =0

Hup (U2,) + Hyp (V2,) =0

vl - £l - gy, = k™
2. .2 -

r JU2° + v2°© pl (L
L U2 - £V2 - g 2= . - g1
a2 e p2 71x _

rL YV v+ g0l - gz, = kY

g Yy

r M2l +v2? oo ol )

H o v2 + fU2 -9 53 Eiy g (I




There are two ihter—dependent continuity equations,

‘one for each layer.

These compute the change ofJSea.level;’

. the change of depth and thlckness of - the layers.

The equatlons of motlon for each layer are vertlcally '

lntegrated through thlS glven layer

The lower layer des

drlvenﬁpyl1nternal.fr1ctlon and,by pressgre gradlents,

The finite difference forms used for computation are:

: t+T
%(n,m,1)

t+T
S(n,m, 1)

t427 -
(nlm}l)

E%nTm 1) _.%gHu(n,m,l)_U(n,m,l) - gu(nmﬁri;l),-
U§n,mfl;i) + HE(n—l m 1j. %g inﬁ 1)' 'Hs(nﬁm;l)r
V%h,m,l) b -t fHﬁ(h,ﬁ,2)'U§n;m,2) flﬁsthmfl,g)
U%n,m—l,2) * Hs(n—l,m,é) V%n—l,m,Z) —13;19,m,2)-
V%n,myz)}:
l? Z%;Tm,z) - %ﬁfHE(n,ﬁ;z)uuiﬁ,m;z) ‘fﬁﬁkn,m~1,2)
U%n,m—lyz)-f;HE(n;i,m,z) * V%nel,m,z)"‘Hsln;m,z)_ye
V?n,ﬁ,Z) } |

- Gt ) A Ve

—%n m1) * 2 fivtﬁ;ﬁ,1)l {C%:Tﬁ+1'i)

Sy} 2 X?22;>
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%;?;,2) t1-l2tr /HETi m, 2)] /G%n,m,é)z * tﬁ m, 252}
-5?n;m;;) oot V?i,m,z;fj H i %:Tm+l 1
S 0 B E
- ct(::leIZ)]}
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-21f U(n a, l) - —% {C%;Tm 1) . c%;il m, 1)}
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The computatlon of U and U ‘'is done as in the single-~layer

model
-t t 1-a it t t
Unm =% Y%a,m ¥ 7 Wa-1,m * Yo+i,m ¥ Ya,mel)
) t .
+ U(n,m—lyy
U =7 P Va,meny Y Ve, men) Vw7 Ulnt1,m?



: - * : . _
The computation of V and V are analogous to the.cornespond-_

ing U computations above. The actual depth (and thlckness of

- the layer) is computed w1th the follow1ng equatlons-

t+21 -
u(n,m,1)

t+21

| S V(nrmll) .

formulas above
XY
t
u,v

u,v:

+ h

) ?V(n)-"m',l)

' 1 t+t t+T
u(n,m,1) 3z {vg(n,m,l) T t(n, m+1, 1)}

t+T : t+t-

+ { C(n m, l) + c(n+l m, l)}

Nll'—‘

,,,,,

B space coordlnates

time ,
componepts of VelOClty

indicators of U and V p01nt (locatlon) Jdn
the grld

initial depth (when r = 0)

surface elevation (for. the second layer, it
indicates the deviation of the depth of the
layer from its prescrlbed mean value).

total depth_(H =h + )

depths at u and v points respectively

components. of external forces .
acceleration of gravity
Coriolis parameter

friction coefficient (bottom stress for lower
layer) : )

coeff1c1ent of . horlzontal eddy v1sc081ty
(also acts as-a smoothing coefflclent)

coordlnates of the:. grld point, 1 .and 2°

7 indicate ‘the flrst (surface) or second

(deep) layer
half time step"

“half grid lergth , .
densities of first.and second layer
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As'thé?hN modei providés a.éﬁrfent Qéétor atvéaEﬁ érid.
'point”af”éaéhftimé stép,;one can solve fhe-interaétingmad—;:
vection and diffusion problemsuéing a time—stepping@finite |
difference method. In the frontal model the distributdion of
surfacé layer tempéra{ure.wili be advected and diffused>td
_ obtain the.changes in position and intensity'of théﬂsurfacé'
-fféht aé éffectednby wiﬁd—induCed.cﬁrrenéycomponénﬁs;l;ihéz
followiﬁg'restraihts and considerations applf-to thé¢§ﬁﬁe¢£ion/
diffusibn'computatiqps: ' | |

(é) Vertiéélsdiffusidn_between-layerS'is neglected

(b) A Fickian type-diffusion with basic Lagrangian-

- approach,. and with-constaht diffusivityfis;qsgd'
since'thé'advection_andfdiffusioﬁ equations.are -
solved separately in short,'interlocking-ﬁiméﬁsteps.

(c) Thé_Austaqgch (eddy diffusion)*coefficient;is
related tb»time;step and grid size used. -The.
advection is_bompufed linearly in the following

finite differeénce erm:t}njr

T _oat L LTl (ot ot _ t+T
sn,m__*sh,m T Un,m 'f<?n;mﬂ Sn,mil)-. T .Vn,m
t et '
(Sn,m - Snil,m)_ ‘

2 -

wheré}f%Sn;m;l‘or.n,m4i?(respeqtively;h;l}"n+l)'aregused,

depehding“on-thewdirégtion (Siép)'of,U-andﬁV._



The folldwing diffusion formula fdr Eémpératﬁre«has'
been used; heat is conserved pfovided‘né_decayﬂqr heat
exchange formula is aﬁpliédfaﬁd'the:¢orrect Austausch co-=

efficient. is chosen. . -

t+1 _ ot 4TA t TA t t
sn,m - Sn,m Y _Sn,m + Ef ‘(Sn—l,m + Sn,m-—l

t K t t "
+ Sn%l,m+1'+ S(n+l,m—l) + S(n+l,m+19
This schemearequirés that
UAt :
=T <t
The Austausch_cpefficienfiA is taken from thé graph:

on Figure l: o

_ 1000 ;v
A= =% *A(graph)Q
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FIGURE l1: DEPENDENCE OF AUSTAUSCH COEFFICIENT (A)
ON GRID SIZE (&t=1000 ‘sec) |



Figure 1 also shows some_other horizontal dimension.:
(grid size) f_Austausch coefficient relations;found egpefi—
mentaliyvby.different'researchers.”. | |

The maximum length of the tlme step in the numerlcal
.model is determlned by the grld length and max1mum depth K
vaccerdlng to the Couranthrledrlchs—Lewy crlteplpn:

0. 5At_<_ 0.5¢%
k Hmaxigj

where‘At.is time‘step.(sec); % is grids;engthf(cm);pgﬁgs
acceleration of gravitYr and.Hmaghis the maximuﬁ de?gh]ihp
the area of cthutatidn‘(cmj.’.Any attempt*to increaseﬂthep
time stepaabove-this'criterion”fesults in:"blOWwdp" or:
computational instability. | -

The selection of the size of the area and the distancekv
between'gridvpeints is usually based on requirements.eéncern—,_
ing tongraphy, accuracy, and availability'of computerﬂcore-~
memdr?t_ A 10 km grid size was used in the present model. |

The grld net (staggered grld) is shown in Flgure 2
It conslsts of three dlfferent sets of grld p01nts (l) the
,water elevation p01nts (Z) at the intersection of the grld-

(2)vthe point fbf U%veloclty component_to the_rlght and (3)
the vaelocity component belpwpthe corresponding]z point.
Eachiofpthese‘three—pointS'ﬁas the Saﬁe°cgerdiﬁate desfédaé
tlon (n,m), | | |

As thlS model has been spec1ally adapted



for the frontal study, no rotation of the grid from é'normal

position is permitted.

o ¥z 5 3 .
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FIGURE 2: SCHEME OF THE GRID NET

The.solution~to the hydrodYnamiéal'eqﬁations is
uniqﬁely determined if.éil Eoundaries.are~either closed or
prescribed In the present study, the boundaries must be,
however, left open for in- and out- flow. Much effort has
been'spent in the past to findﬂtheoretically and practicalan
,(from computatlonal point of v1ew) satlsfactorv solutions . to
© open boundary-treatment,_'Two relatlvely simple. aporoaches
-haveuproveo,most_usefuia In onerapproaoh, the.varlap;esﬂrx”

(u,v and Z) are computed out to one row- or .¢column from the



‘boundary. and these next—to—toundary values are transﬁefpedg
to the boundarydat each time.stepf The second approach
whicn_hasﬁuerified somewhat bettet, is to compute the -
Variables'ué.to the open boundaries and»then replacevthe .
one mlssing pafameter (which can be either U;_V”ot_zl'with
1ts value at the boundary ThiS-meth@dais commenlyﬁpew
ferred to as the "leaky boundary" method 4

2, Model Inputs and Other Parameters .
and Program Organ17atlon

l,The smoOthlﬁg coeffiéiéﬁt"(AiPHA’in‘thedﬁfogram)'aCts”"“
'as a horlzontal v15c051ty coeff1c1ent., Normalivalueﬁforﬂ
ALPHA in surface layers is between 0.985 and O. 99, .For
‘the second‘layer a somewhat lower value (0192).is_u§ed&to
suppressWsome COﬂputationally causedfgfaVity"anes;
| The bottom frlctlon 1s .a non- llnear (quadratlc) quantltyz
bw1th a. coeff1c1ent r of 0.003. The valueyforutheﬂlnternal
friction-coefficient is someWhatﬂuncertain;"NumefiCal‘eXper;
‘iﬁentations havefshown'thatﬂQ,OOIS‘glves.Qerifiable ?esults{%f
If the model is applied in real conditions, depthv
values, as well aS»initial layeruthickneﬁs:Valgés>mu$§pbe
.digitlzed-at.U and V points.'A sea/land table‘is tead in at
VA p01nts., The coast ‘must pass through U -and-V- p01nts and
no flow 1nto or out from the coast is allowed -ThlS'Condltlbh‘
ls.notgpertlnent toﬁthe frontal model, asvlt has.four:opéniil

boundaries.



In the present model the permanent current (e. g..
-thermohallne current),_the w1nd and surface temperature
are.prescrlbedpat4each:gr1d-p01nt. The w1nd speed is glven_
on an input card (or in-a data.statement in presentrmoﬁel)
in m Seot;. The wind direction must be given in grid coordi~ .
nates-and_in the direction toward which the Wind.is,b;owing,
Tnus,va westewind is coming from fx‘toward tx and“should i
be givenian;angle“of Oé; a north wind»has‘an‘angieaoff§703;
east-wind l80°- and south wind, 90°.
| The FORTRAN program is organlzed 1nto elght subroutlnos.‘,
The common blocks are 1dent1cal in- all subroutlnes. _The‘maln,.
program calls the major subroutlnes and counts. the tlme ‘Sub-
routine JO2 is for 1n1t1allzatlon of the flelds, rt;rnpgts”
and compntes;afnumberugf,derlved parameters used injother S
subroutines:;vlt is_oalied only’onCe; | |
Sub¥outine VECTOR is c"aileg._-by 'subroutine JO4 and Eomputes -
the;resultaﬁt'directionVof the aﬁrreﬁt[ffbﬁ U?and.vlcomponentsf
' during-outputﬂtimes. Snbroutine:JO4 is for output-and is
called at any de51red time 1nterval (T1). The latter is
glven in the data statement ThlS subroutine also~Writes para-
vmeter values for spec1al (seleoted) p01nts on a tape for - |
output at the end of computatlons (u51ng subroutlne J08)
Subrout;ne JO5 1is the-maln computatlona;3subroutlnem

and is called each' time step. This subroutine .also calls



wind scbroctiﬁe SOl andﬂthe current ana teﬁcerature

lnltlallzatlon subroutlne (CURRENT and TEMPS) .. Subrout}ne

SOl calls the w1nd subroutlne (WINDS) and’ computes- the

W1nd current component.' |
Subroutine WINDS contains variousc(different) frontal

.‘Wlnd generatlon sectlons, dlfferent types of 1n1t1al frontal

csurface current generatlon sectlons and the 1n1t1al sur;ac0'

. temperature distribution section.:

'References

-OCEANOGR DEPT. EPRF - 1974. A vertically integrated dero—,
- dynamical- Numerlcal Model - (W.. Hansen- type) B
. FNVPREDRSCHFAC Tech Note 1-74.

LAEVASTU T., 1974 A multl layer Hydrodynamlcal Nunerccal
Model (W. Hansen type). ENVPREDRSCHFAC Tech Note.- 2-74.
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AGFN

*ALPHA
*C

Cl

DEBUG .-

DL

D+

HTL1

. IUE
IZE
JA

KKE

‘System Variables

Description of Input Parameters.v

The follow1ng parameters are set lnternally in-: subrou-
J02 in DATA statements---
'NbT_USED
“Velocity field smoothing parameter or pseudo
eddy vescesity for top layer; ALPHA"= .998
- Drag coefficient for computation of Wihd stress
c=3.2x%x10° ‘
Flag to 1nd1cate whether or not wind stress 1s

imposed; Cl1 = 1 for w1nd stress, Cl = 0 for no
wind stress

Flag used to print and initial" current, w1nd and
. temperature fields; DEBUG = 1 prints these fields

at beginning of the program, - DEBUG = Ousuppzeuses
- the print A

' 1/2 distance between nodes on the computational

grid; DL = 10_-5 cm

1/2 the tlne between iterations of the 1ntegratlon
scheme, DT 60 sec:

Coriolis parameter, F = 2wsing ,
e = angular rotatlon of the earth ¢ = latitudey»

(F = 1.0312 x 10~ % at card 29 of J02)

Accelératien due to gravity; G‘= 970}'cmcsecf2

Initial depth.: (thlckness) of the ‘top layer;
HTL1 = 7500.0 cm : _

NOT USED
NOT USED
Shouid be zero always

NOT USED
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LI . Reset at Card 341 of JO5 to LI = 1 as. temperature
advectlon is calculated (may be removed from data

statement)
ME : Number of. columns in the. computatff%au-t-“
' - ME = 30 R
NG.H : ’ NOT USED
NE " Number ofvrows in the. comoutatlonal grid;
NE = 25
NS '.NOT.USED
NURU- -~ ¢ DUMMY.variabléi*leave at NURU =6+ '
*R | 'Bottom-friction coefficient;_R = 3 .x. 10—3:
RBETA 'Used only in. PRINT statement Ans subroutxne JOZ
' (card. 63) whlch may be removed-
roL NOT USED
sI . Time (sec) at which wind field’is Set'tOﬂzer07'

SI. = 36 x 104 (SI must oe greater than TE for

wind- 1nput throughout run)

SIGMA. NOT USED .

T 'n. Tlme 1ndex 5'always set at zero 1n1t1ally
TE . Total tlme for integration. of equatlons

(Slmulated real. tlme), TE = 43200

“TW . Tlme (sec) at which wind. fleld 1s first 1mposed;
S ITW = 100 0 sec

T1 1 Output (prlnter) interval in seconds, T = 3600
' implies output paraneters w1ll ‘be prlnted at
1-hour’ 1ntervals o :

T2 ‘ Leave at zero_always'jt

T3 NOT USED i



The following are set in DATA statements in JO5:-

*ATLP - Velocity field smoothing parameter or pseudo
T eddy:; - viscosity for bottom layer; ALP =.0.82

- IFLG Flag used to initialize current flled on first.
' »1teratlon, IFLG # 0 results in Dypassvng ‘this =
1n1t1allzatlon
IFLGQ_ 8 Flag used to- set up temperature field on first
' iteration; IFLG2 = 0 results in bypassing the
temperature field initialization
*RHO1 - Density of the top layer; RHO = 1.025 g c'r‘nf‘3
*RHO2 = ‘Density of the lower layer; RHO2 = l.027-g’cmf37'
The follow1ng lS ‘defined in JOS at. card 350: -
AUS o . Eddy dlffuulon coeff1c1ent US = 5 O X 13 =3,

.*The“raggegof:thése variables is given in Table A-1.
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3.2 Initialization Options

The following are used to select an optlon An thc i
tlallzatlon or the - current temperature and w1nd -

In JO5:

KEY=1

KEY=2"

KEY=3

KEY=4

KEY=1"

- .In JOLl:

KEY=1"

KEY=2

KEY=3

Card 109 selects current (cm sec ) field .

) 1n1tlallzatlon

';Currents parallel to the front, butﬂ;n opposing
* directions from one side ‘of the front to: the

other. (Case I and III Current Fleld)

Currents. converging and decrea31ng toward front.
{(not used to date) :
Uniform east.west cdrrents-atuz;Sﬁcm.seé (Case II)

Currents converglng ‘and lncreasnng toward front
(not used to date)

Currents diverging}ﬁrom front (not usedrto¢date):

Card 332 is used to select the. temoerature fleld
lnltlallzatlon,

This is the only optlon at- present for the initiali--

zation of the temperature field. The temperatire”
fleld_ls,hcmogencuslln theveast.west directién. .

Card 20 is used to select theZWind field initialization

Case I w1nd fleld dlvergent south of front,
convergent north of" front'

(has not ‘been used to date)

Call to subroutine HURRW for the generatlon of a
moving wind field

‘A-16



3.3 Description of Output Parameters

The normal output (DEBUG=0) consists of 1n1t1al
prlntout of the values”of DT, DL, ALPHA, ‘R, R,

SIGMA
RBETA.

LAMDA

SIGMA,

RBETA," LAMDA.

(NOT USED).

(NOT. USED)

is the variable C'described‘in 3.1.0f this

appendix

- Following the printout of the above, these flelds are.
prlnted .at the interval specrfled by T1l:

Z2L

RAD ,ANG

RAD2 ,ANG2

Helght of. the Free surface above the- 1n1t1al
position in CM This field is. entrtled,‘
"WATER LEVEL (CM) AFTER T*__ﬁ

The helght of the 1nterface above the initial-
position in CM. .This field is entltled,

"MLD DEPTH (CM) AFTER- T=__ " o

'uThe top, layer resultant’ current speed (RAD) 'in
CM sec. = and the direction (ANG) toward ahich

the current. is flowing in degrees true (horth is.

0°, East is 90°). This.field is entitled,
"RESULTAV” ”UhRENT SPEED (CM/SEC) .AND" DIRoCTIO .
(DEG.)AFTER T=. ". 'Note .that" the fleld”con515ts

of numbersicf the form RR.DDDY “where RR :is the
Current Speed and DDD is the Direction.

:-The bottom layer resultant . current speed (RAD2)-
and direction (ANG2) in CM sec ~ arid degrees true.
The same conveéntions are sued for RAD2 and ANG2 .-

as for RAD and ANG. The fiedl is-entitled, "DEIEP
LAY. CURRENT SPEED (CM/SEC) AND DIRECTIOV (DEG )
AFTER T=___ ".

" The temperature of ‘the top. layer in dégrees- Ceﬂtl—r

grade. The field is labeled "TEMPERATURE OF 'SUR-
FACE -LAYER (DEGREES) AFTER T= . ".' It Should ba'
noted “that these 30 by 25 fields are- prlnted in .
two sectlons of 15 by 25 each. They are’ lndexed'
properly with. row and column 1ndlcated 50 - there
should be no- problem w1th 1nterpretatlon.-
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For DEBUG=1l  (debug print de51red), the fOllOWlng are
printed as the first ten columns of the 25 by 30
arraytupon 1n1t1allzatlon

The components of the wind field® (in msec )'aﬁd
the value’ of KEY which was used to select "the '
option. The first twenty five lines-.are. those
of the XW array (the east-west component .of -the

wind). The next twenty-flve lines are those of
~the YW array (the 'north-south component of the
wind). The print commands are located in sub-

 frout1ne 501, cards 26,27.

The comg?nents of the initial current field

(CM sec: and the value of KEY which was.used. to
select the option. The first twenty-five. Iines of ..
the array are’ those of U (the east-west cOmponent
of the top layer of the current) . ' The -next twenty—r
five lines are those of the V. array (north south)
component of the current in the top layer)

Note that the bottom layer is 1n1tlally at: rest

The temperature field in degrees Centlgrade As
.only one option is avallable at present no-. Value
of KEY is printed.. - . oo ' .

TABLE ‘A-1

RANGE -OF TYPICAL. VALUES

PARAMETER | MIN © | MAX

ALPHA 995 - .999.

AL S .90 | .99

AUs  s.ox107? 5.0x1073

¢ 1.ex1076 3.ex107¢
‘R 2.0x107%  4.ox07d

RHOl;' - . 1.023: 1.028

RHO2 1.024- - 1.029
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1. The Basic Spectro-Angular Wave Analysis/
Forecasting Model (The French Model)

The spectro—angular wave.analysis/forecastingrmodel
used in the present study has been-developed‘in Meteorolqgigf_
vNatioﬁaie; Paris, France (Gelei and Devillaz, 1969 - |
Devillaz, l965,a;b). It has beeh,‘however, considerably
modified by.théﬁpieééﬁtﬁaufhorSVané adipféd for the specific
purpOse;of this:study;.mrhiSIFrench»spectro—angular wave
‘model (DSAS)_is consideréd;to be one ofvthe_best‘availableﬁ
numeficaliwave forecaéﬁihghﬁédels.' Theimethod’of,propagqﬁion 
and'épreéaiﬁg’of Wa&e,enéquEﬁskééiéhis modeiﬁéttnactivew£9r~
this particular'étﬁdy. |

The bésic formula for'cpmputation of spgctro—angular

‘energy density is:

de ' ' Ae = - o
a—E = qv [ W,[@"Wi ,T ] - ;Zmo - V(J.,G))Ve(T,@)
with:

where:

e = the spectro-angular density

?(T,Q) = the "unit speed" of the component, i.e.,

_%%.,vg beiﬁg_gféViﬁY'

W = surface wind speedgin knotéﬁ,ﬁ

<
3

O
i

@
i

= ‘a component azimuth

w = a surface wind azimuth



- T = the wave period in seconds
T = the spectro-angular increase
A = the émpiribal:dampening coefficient

The-form of~the;s§éctro—ahgular incréase isa
™ [T,[O—w[,vw] = P(T,W,) S(0-w)

where: -
P = the spectral increase _v
S = the’funcﬁion fér angular diépersibﬁj-Suthtﬁat:
LT ’
7o o
. 8(0-w)d(0-w) = 1

m

2

From y, the decay coefficient of a component is

given by: .

L 64um

—_— e TT e oo m——— 3T

o g dedu-- T . T

0 e
[oTR
o NN
@ .

]

- the energy density due to that component

dedu = the specific water mass

Il

vgravity
A =18 x 1077 cGs

leaving: .



The energy density is computed for 6 different periods
and 16 directions. - The growth andidecayggonstants are pref_ 

. computed into a look-up table in the prograﬁ.

2. Model Inputs and Outputs.

The wind‘speed and direction at each?gridgpoint is |
pxg?gribed every 3‘to 12 hours, depen@}ﬁg upon théaaﬁail—
ability of surface Wind'anélysis/forebégfs. In thé&bresént
program} the.wind speéd and.dirécti§h‘is?printed dutffcf
checking in a code as used in the prggiam}(speed in 5-knot
intefvals} direction, in 16'compass §$ints); as well-as  in
conventiénal'fbrm; .

- A specialﬂsubrqutine in the prpgram permipsuthefﬁn;;p—.
duction of a cyclone. The raaiusvof_maximum'winds, the
maximum_wind;speea andxthe direction and speed of movement .
of the cyclone is dete:mined'by internal*parameters,;set;
in.thgfmain program.

As thé eﬁérgy.prbpagation is related to grid sizé}‘
the ¢oefficients'AMﬁL and AMULLl in the subroutine CONST. must
be calculated with the_following fqrmula;é ' |
. ~AMUL = 4.5/grid éize in naﬁtical miles.

| Grid@sizeé.smaller than 30 nautical hiles sHould.'
not be:use&'if wind speed is‘introducéd~each 3 hours or
longer time intervéi;:as'"hélesﬁ in:energyypropagatioh
will dcﬁur in the prog;am;£ :

Various outputs of wavelﬁarameters are-préVidea-fOr in

. the program. First’the,Hl/lo.(average_height of the,ftenﬁh_



”highesttwsﬁe;) can bé printed at.each grid.poiﬁt. The dee
perlod and dlrectlon of maximum. energy are also prlnted ou’&in'
field form In oraer to dlsplay and study the energy: sPaccrun,
a special subroutine IMPDENS prlnts the dlstrlbutlon of ensrgy
' by compass dlrectlons and by dlfferent perlods at deslred

output p01nts.'

3. The Organization of the Numerical Model -

The main progrsm,-TYWAVE, reads thezinéut cards, calls:all’
otherisubroutiﬁés-snd_cdunts{the tiﬁe}"It~also'stérés:thes,
enérgy:dénsities,fism'previdus time'steps..} |

The second subroutinéy*AJUST;.is~for_sdjustmentw(and
smddﬁhiﬁg)-fheveﬁérgy;speétrum. |

Subroutine ECRI computes-and_prints ths heightf(Hl/lof,
period and direction of_maximum‘energy-and.prints-qptfpheSs
fields. o

The‘éﬁﬁroﬁtiné]CALCUL:compUtesfthe actﬁai spectro- -
angular density fiéids iRo) considering‘décays{usingappoper
decay_constants‘from AMOR tablé) and growth correspOndin Lo
" new wind fields and time (using proper growth constaﬁtsvf;sm
table CROIS). | |

Subroutlne VENTOS calls the w1nd flelds, puts the. spead’
and‘directidns.into codes used'in_thevprogramﬂand prints ouit
the wind fiéldsfr

_Subroufiné.CONST thfainS'the grdwth'(CROIS) and-deca§ff.

(AMOR) tables and other constants required by the program.
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Subroutine ADVEd simalates the movement ef the.“swell"
(waves from previods time step). The "spreading %connters".
- AM, BN and CP ‘are generated by subroutlnes AVANCX and -AVANCY ,
whlch are called before calllng ADVEC. |

Subroutlne HURRW creates a moving cyclone. Thefparam—
eters of .the cyclone (grid size, speed and radius-Of,maXimum
w1nds and dlrectlon and speed of the movement of the cyclone)
are glven in thlS subroutlne. Subroutlne PPAGE, called in
HURRW subroutlne, outputs«the.wind fields'created by it.

The constants neededffor‘outéut of wave spectra>are
created Wlth subroutine’ SELCPT : The energy denSLty table
is created in subroutlne IMPDENS ‘wnlch calls a compass
language subroutine DECRIPC‘whlch packs the data into the
array TABLEAU. The array is printed when'tne final pass

throughgthe‘subrcutine_lMPDENS.isvmade.fggf

4. Symbols Used in tHe Program

Card Input

The follow1ng parameters are ‘read Wlth the data cards.

ﬁIHIND-*':. 0/1 'Y;I O=forecast, 1= hlndcast (set to 0,
usually) :

IRO - ‘ .0/lﬁv | _ O—new start, l=use old sea state

IMER?“ | 0/1' : l=fields-read in forﬂevery.B‘hours.

IMFRG¥;  O/l - 1l=sfields read'in~for every76shour3"

A zero.in the latter two p051t10ns means. that the. flelds e
will,be read'ln-every 12 hours, 51nce the w1nd flelds ‘are: 1nter4.
nally generated1everyfthree'hours, the current-conventlon is

IMER3=1 and IMER6=0.



ISTOCK  0/1 ' l=stacking of fields for the

special points output - not used

currently
NSTEP - Blahk/Value  vThe number of hours off¢omputaﬁﬁqn, 
IDENS3 ' 0/1 . Densities for the special points
. -are taken every 3 hours,
if IDENS3 = 1
IDENS6 O/lv : 1 =»special points densities

taken every 6 hours

Other arrays3and~variables in the programjare:.

AM_V. ‘ The longitudinai-spreadigg

AMOR : . The decay constants

AMUL : | Coefficient 6f'advécﬁionfvé1®¢i§y
AMULL ' ' ‘A decay.coefficient relétive

‘to grid, used to compute.the.
the.overall'decay |

BACK : Backgfound wind spéed (nOt Q$edfin
this model)

BN | . The later spréading_cbuntérSﬁ5 
(odd) | |

cost Cosine table for advection
computations

Cp _ : The lateral spreading counters
(even) . |

. CROIS - » - The growth. constants’
EX - : ' Spreading ‘counter in-the

x direction
EY A ' - Spreading counter in the-

y direction



IALT -

JAN .

ICHART
TICOMPM.-
- ICOMPN

IDE
IDIFM

IDIFN
IDIFP 7

JTHED
IHER
INDRFT

INTEN -

- IRANGE (IRAN) .- .

IRESUL

Incrementatlon value for the
three spreadlng counters;
AM, BN, CP

A counter, with the. value.of.
either +1 or -1, which is used-
by the program to consult-the.
IDIFM tables -

Year

A cohntef“which triééereféﬁfpﬁt
of'the'SEa—statE'graph'
Long:tudlnal spreadlng reference

cycle constant -

Lateral spreadlng reference

vcycle conseapt (odd) .

Same as IDENS

«The%iongitudinalﬁspreading%GGHStants'

The lateral spreading constants
(odd) '

The. lateral spreadlng constanes

(even)
“T1me;counter,'-
.., Hour

Indrift component of the. cyclone

Maximum wind ‘speed,. knots

A_counﬁer~used.to‘load;the“f;eldS'“

Aﬂas¢a¢§@ﬁeﬁyaiact9re

_ The.array¢cqntaigipg,the_heighﬁ¥¢fg

theglxlqghighestewaves;"Hl/lo



 ISTEP

ITETA -

. ITETMA

_ IVEN

IVENT

(IV2y

JOUR -
MESH

MOIS

SINT

RCIRC

REYE

RO

ROCUM .. .-

ROCUML

Step counter

Index.counter'for the 6?p§§ipdgiggp"f

Index counter  for the lstipéqx an
loop -

The array”éohtaihingjthe;”méximum“‘
wave direction"

A counter which causes the next
set of wind fields to be readb

The two arrays which contain the
input wind data, the_firsﬁ;ﬁeingﬁ%
wind speed and ‘the second'-the

wind ‘direction

Day

Grid size (nautical;miles)_”_;
Month

Counters -

' Grid step constant, used in AVANCX

‘Grid step@dbnstgnt,:used in~AVANC¥2{§j;

Sine table used fbf*advéétion5:¥'

computations

Radids-of,cyclone'(max.ﬁWinds)f

. (nautical miles)

Radids-of the eye

‘The Spéctrc—angular densitwaield.

generated for a given time.interval .
The summation of the spectrbfangu;a;LV
densigieé for the run”ihwprogress";
The summation of therspectfo—angulaf

densities from the previous run



'ROPRIM

ROTECU

ROTETA

>Réfo7".
(IROTM)

ROTT -

UCNTR
VCNTE

R

VMAX

XORIG
YORIG

. XBACK-

Y

|

}

YBACKPc

The summation field of themSpectrOj_o
angular den51t1es used to -add- the

advectlon effects to RO

The summation of the’spectralcdirecé;”
tions, used to find the direction '

of maxlmum energy .

The "max1mum dlrectlon retained

‘The max1mum perlod fleld o

The six period arrays frbmjwhich

the ROTM value i5 ‘chosen

U and V components for the movement o

of cyclone center (knots)

Maximum wind speed.of-the-cyclOne_‘

{(m/sec)

X and Y for the Original'center_

of’the cyélOne

‘X and Y conoonents of ‘the" bac ground

wind speeqf(knots):ﬁ
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1. The Dobson Wave Refraction Model -

bobégﬁ[utiligéd-ﬁhe theory of Munk and Afﬁhur as{the”
basis oﬁﬁhiSLmbdél;;*Eiggre 1 gives the.definiti@n“gketyﬁ_£0r
the wave-réy equatidns._:Application of Huygeﬁfs;prinéiple'
for%moho¢hfoﬁati¢ wave p;opégat@on yiel@;ﬂthe ﬁbiiéwingwh
_»féIA£ioﬁsﬁgég;' BT S .
s = oot

8o o= =

So = -
so = N

" 8n = sba

Sa “_ De

Dy _ Z1Dc
Ds ¢ Dn

From this it follows .

n = xnoB‘ Where B _= -E—;Q“

§n = nodB

- Dol n.8B
S - nOB bn ~ Ts




.

Figure 1. - Graphic definition of wave ray eguation. .



| Using Gauss's integral-theorie5wphis yields,

D _ 1dB
B ds

Dn

which in turn, after'applying'bperators énd”combiﬁétioha;

results in the equation for ray separation as a function.of

time:
Db Do, _ _Dd’c
Dn Dt 2
, Dn

After further manipulation, this equation can be .converted -
to the form
)

d“B . .dB '
=% + plt)zz + gq)B =0
32 3 T
. where: . ’
p(t) = -2 (cos{d) & 4 - sinfay 25
. | R ay
- and - _ . : ' |
_ " vgiszc _ - ’82c
q(t)‘.= c(sin® (a) 5;?' + 2¢51n(u)_cos(a)j§§§;
2
+ cosz(a)‘é—%l

The equation for the curvature of wave rays is then;

= L . .y 3c _ e
K = = s1n(a)_ax ,” cos(a) bl

The itéféfiﬁé equations;ﬁhich r£sultginvtheesummafizedu

solution:are as follows: -
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YTiep = ¥+ bs sin@)

If further operations and_the éﬁgin,fﬁle are_appl@ed,
the governing equations can be expressed as functisns at ‘the

méah water depth, h(s;y), as follows:

QL

d

— =

C C
5K

“3h.

B8
|5
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232,
z

Ny
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with corresponding expressions:for the y - direction terms.

The wave cele;ity has previously been given as:

o sh
c = CO tanh ("E)

This form can be readily converted to
_ = : ;
'_oc (1-R, )--»4,
CR_ + oh (1-R.%) 7+ -
. € o c "ol

de . =
dh

- wheres; ' -



Applying the chain rule to this eguation yields:

dh? -~ &h
where : |
"—ZGC-RC“ .
Y T [er 7
| » ICRC + oh (1 R )_J

Substituting into the governing equation, yields the

final form'of these«equations5~V

a%c _ge [2%h o, 4 @hy2
8x2 dh 8x2 ax |
- .
32¢c _ dc 2%h oh, 2
3 T a |z v V&P
3y |y :
2 [ 2 ]
3°¢c _ dc 3”h o,y 3h 3h
AXIY dh -} ex3yei 9x BY;

Dobson USesﬁthe_least°squares méthod and é'sacondfdegree;;;_*

equation to describe the depth from the trend surface

S 2 2
h = e, t e,x + e,y + e,x" + ey + ey

t i 4

The deviation. at that grid point is given by:



'His method utilizes twelve points aﬁd coeffiéientsfchosen to
minimize the squared deviations. ’With’thelléasf'squarésF

criterion that:
F (é e., e., e,, e., e) = Zkﬁﬁfz
rTLPoT2r T3 T47 T57 Te -
then there w%1l:be a minimum when:

-JdF _ . 9F ©. i 9F -0

= — =

el B el | i .};ées

Dobson uses a matrix approéch'to-thiémpféblémvand'finds,

polynomiAl_SOlutiops from:
(E] = fIsxy]l - [H]
where [E] is the coefficient matrix (ei"é¢—'e6)

- [uxyl]l is aﬁCOﬂStantiﬁspe¢ialgunit,matxix

[H}”"v,is.thefdéptﬁﬁﬁatriﬁS“j

.ThisgyiéldS'théﬁdefivatives of h with respect to x and y as

.- shown:

BN = e2-+ 2e4x;+ esy

with similar expfessions for the y ;erms.



Tﬁé'durvatufé énd wave sepération are now representable
in terms of depth using these coefficiénﬁé.A"Ehe'equat;ohé'w
: bécohev | |

c-r %)
K = : — - [sin(a)

cR_ + ch (1-R 2)'
c " e

.5(e2‘+ 2§4 + gsz? f7?98(a) f§3 fTs5x:fv2gﬁ¥)J
—écc'(i—Rcz)
Py = — 2
| " cR_ + ch(I-R_%)
c e

T

A[cos(a) (e2 + 294X”+Ae5y}if”s;n(g)_4g3 ta X + 2e6y)]
5
) , )
cR_ + ch (1-R
c c

oc2 (l—R
A c

q(t)

).

'{sinz (d) [284 -I‘—_v‘U:(e_2 +':2é4x":'+.,e»S-Yf')_Z‘_'Z:]”'_-_q-

.251n(a) cos(a) . [e eg + U(e + 2é4x_£'95j)(eé+§5x¥2é6yx1;'

+ cosz(q) [2e 4+ Ule. +e5X+2e ]}

Where¥k3and~y35fe loéal ¢oordinateuValueS@;5Thé p(t)'andpq(t)'
‘solutions can then be used to find 8 by:

1+l

(2 +tpg) (2+tp )

(n) . _
Bi+1 =

) (), iy 2 qp(n)y
1[(tpi521B£Ei + Z(th,inBié?J . 28

whereit.is the constant’ increment of time between pointsy. €
is an error term, and n is the ‘order of. approximation. . B is_

then used to find the refraction coefficient.



To the above eqeations, the.formelae‘eeV1sed bf Johnsohe
(1948)7have been 1ncluded in order to SLmulate the refractlon;
:at wave fronts by currents;,_Hls method;;gabased;og a:ver51on,,_
of Sneli's.Lew: | | - |

'CO' ~_' u + cC

- These relationships are displayed in Figure 2.

" Solving for_sin(B) we have

sin(B) ‘= sin(e)/(l-m sin(a))?

1 u .
wnere m = — -
- %0

There reéults, dependent,upon_the:angle.of;interéeppion,

chahges in thevwave_lenqth, height and steepnessﬁ

L

L = 0. ,
- (1-m sin(a))”®
. H.
H 0;
Lo ow
L LO'
where -
M = [(cos(@)/cos(8) { (1-m sin(a))®/(Lem sin(e) }11/2
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Figure 2, Refraction of Surface Waves by'Curyents_-

(After'Jthson).



Model Inputs and OQutputs
- DATA - CARD ‘SETUP

card 1 (515, 4F10;5}12¢F10;5)ﬂ?

MI, MJ ~ L .;_gThe maximum values . of. I and J

““Which define“the 'grid: “Note: Sy s
X + l J. = Y + 1. Max1mum 50 by 50.-v

IGRCON . ' ‘Grld unlt ldentlfler
: <Hl”feet

Srgutical - mlles

»3~meters

LIMNPT L-“V R Max1mum number of points to be
: - : 'ﬁcomputed for. each rav.ﬁg« _

NPRINT .. ' f.Frequency for.prlnted-output

 GRID ' ;-»uNumber of grld un:tt«per grld

-diwvision
DCON l S _COnversién factors ‘for depth units

DELTAS . v Mdndmum CREgER - ‘of“imcrementratong
: : ray (grid unlts) ’

GRINC = . :Length of. 1ncrement for ray 1n ‘deep’ '
- water (grld units) ' '

 ITEST - g If =0, d pth field (Card Two) is
' T Tuireads, If=—'l Jartificiall deep water B

'mdepth field generated

Ccard 2, ete.  (16F5.1)

DEP (1, J) ' -gﬁDepth datafatﬁgridipoints. - More

~ than one card

gy lde ot desprwater ‘depth Field

XCONST R _ _ L
“(in unitsidentified- by IGRCON) -~

Card::3, = (15

NOSETé . lNumber of sets of rays of dlfferent
s wrperiods” .

" Ccard 4 | © (18Aa4)

TITL o .. -Identifying title for each set



Ccard 5

NORAYS

HO

Card 6

(I3, 1X, 2F6.1)

Number of rays in each set -

| Wave period’ (secdnds)-

vi Wave height on deep water (feet)

(3F7. 2)"'

Coordinates of the startlng p01nt
for each ray

‘Initial direction of wave ray,

measured anti-clockwise from.
positive X direction (degrees)

OUTPUT VARIABLES (not . prev10usly defined)

NPT

WLO o

co

The ‘number of the point-on the.ray
Deep water Wave‘Ieﬁgth*Tféetf

Deep water wave speed



_133 g125,231

102,80 97,0 94.¢C

LISTING OF INPUT CARDS FOR AN ACTUAL DEPTH GRID, (Example)

37 36 17300 _
120,011%.0101.6 96.C 91,0
46,0 36,0. 30,0 15.0

51650,00000

88,0

‘ 1, 65080,
d4,0 B80.0 44,0 12,

g «1,0-10,0-10,0-10,0-17 g ~10,0-10,0-19,0-10,0-10,0+
=18.0-10,0-106,0-10.0123,7118,0140,0108,0 %4,0 87,8 A4, 81,8 74,0 72,0, 69
63,8 60,0 55,0 54,0 <3,56 36,0 20,0

5,0 g -1,

,onscu'

,20000 . 1 _
69,0 65,0 65,0 62,0 55,0 52 0.
10w0'

-10,0-10,0-19,0-10,0- lﬂfﬂiiﬂﬁu

-10,0-10:3-10.0-10.0-10,0-10,0-10,0~18.0125,0115, ClPB 9102.0 96,0 90,0 87,0 84,0

 81,p 77,0 40,0 64,0 60,5 S8, o 53,0 49,0 43,5 32,5,
~10,9-10,0-10, c 10,0-23,0=

i 96 0 93,0 %0,
S -1,0-10, c 16,
18,¢108,0 98,0
35,5 32,0 14.¢ 8.ﬂ
. «1,0-10,0-10,6~10,01353,
55,p 49,0 41,5 3%.5 36,1
. 0 8 g
21,0 -035”_"0

57 g 50.0
- i
86,0 78,0
-10,g-16,0-10,8 0 ]
137,9130,0126.0115,08407.,
31, g 16,0 8,8
g - 6
43 a 41,0 37,6 34,5 29,0
1.9 1,5 1,5 1.8 2,0
72,0 63,0 53,0 48,0 44,2
1.0 Bt R .0 6,0

4e5.0 8,0 E4,0 77.C. 8.0

-10,0 . 0. ] 1]

‘1o4.a'32 7120,0113,0106, g

12:0“‘v0'»¢.0 o} bi
2,0..1,0 ]
25.5 24.5.21.0‘20.0
L} g 7.6 72,5
34,0 31,0 29.0 25,0
0 10,0
95,0 60,0 40.0. 36 i
32,9 35,0 37,0642,0
144.0136 d125,5115.0
51,5 52,0 45,0 45.0
15.0 »'D g )

10,0
1,0
27.8

3240
69,0
96,0
45,0

S0 0 )

10.

94,0

30,0

44,0

1,5 -
66,0

(=]

g1g2., D
-1,0-10,0-10,
-1.0128,3125, Cl¢4 6109.0101,

1 .45
39,0
1,0
53,0

15;¢

C)

56,0

Q

.5138,3132,0123
~10,0
2,0

24,0

36,0

50,0

53.0
45,0

. 0148,0136,0129, 0125.0
40,0 47,0 55,0.63.0 65,0 45,0 45,0 45,0
© 83.g B1,0 67,0 49.0 37,0 26 0 13,0 15, 0150 0144, c135 ,0127,0104,0

"35,0 34,0 30,0

D

-10,0-20.0~10,03~ 13-4

78, o 75,0 75.5 71,6- 63,0 57,5 96,8 : _ 3
N=10,3-10,0-10,0-15.6-10.0-10.0-10,6-10,06-1C,0=10 0=10,0-10,

9p,0 85,0 75,0 4i,0

«1,0+16,0-10,0-10,0~10,0- 1.4
2424,0114,0109,0164,0. 96,8 91,0 &4

9,6 ] 'l,U“ln{G
40,0 39,0 34,0
1,0 ¢ 0
60,8 5 9.0

‘_
u
Vi o

(=]
»
8,

1,8
68,n

g 76,0 70,0
0 .5

32,

(=]

0 «1.,0- 10
0 =1.0832;

D ig, P
142,

1,5, 1,6 2.0_ 4
49,6 30,6 17,5
-18,0 ¢ 0
77,0 63,0 52,0
8- 0 ~"o

N
0

o] 30,0 ‘jU '3
015?

3309,

89,04
45,0 45,0

5 o'

45,0 65,3

- 5,8 5,0 0 »1,6-30,0~ 19,0
10.0-10.9129.0115.0101.0 99,0
SEEe 2

54,9 .94,5:39,0 30,0.17,0

68,0 60,0 55,0 51,0 "¢8

-1,0 =-8.,5 -0,5 ~1,0 =0,5 g
Yy 24.0_68wngﬁ410 59,5
'-10:0‘10.0-11_.0 1 0 ’0 s ’\0.

0 -1,0 -1,0-10,0-10,0138,0125,6116¢, 0169,0 58,0-94,0 89,0 84,0,

,oexo.n—ln,owxo,g,lq.o
-1,0136,01324 a1 201080
39,0 3¢ 0u2Eyp - 6
1,0 ¢ =0, 5

 ?;.5
56,05
1.5

(R
408 o

¢
-
=

-

20, 0 a 0 0
5120,0114,0106,0 82,0 59 o 36
0 51 0-25,5 22,5-21,0. q.
0 8144,0135, 0126 gigg 0
23,6 12,0 20,0 45,0 32,%-
BN} 0 ]
34,0 35.0.33,0°
45,0 71,0 71,0
37.0 3£,0- 35,5
47,0 53,0 -43,0:

-0
'0.
a

. 'DrlO ¢ ,0
37,0 40,0 -

68,0 43,0
36,5337.0
q?nﬂ?éﬁ(ﬂv
59,0 43,0

34,0
69,0
72,0
39,0

30 Ehi

45,0 .. -



 LISTING OF INPUT CARDS FOR AN ACTUAL DEPTH GRID (Continued)

84,0 34,0 36,0 30,0 28,0 . -
23,0153,0147,0143,0132,0
51 0 51,0.38,0
42,0 58;0.63,0.
41,0 47,0 49,0
9.0 [ B 0
Y¥3,0 71,0 2,0 45,0 43 .0 44 0 49.0
6,8 6,0 .6,0 6,0 6,0 6,0 -0

45 .0
39,0
54,5
I.n
42,0
800

37.0 37,0 41,5 42,0
J1.0 3.3 18,0 29.0
107.0 73.0 46,0 41,0 39,0
19.0 19,0 16,0 14,0 13,0
156,0152,;0144,0124,0113,8 97,0 52,0 44,5 43,0
S0.0 3940 30,9 23,0 20,9 17,0 14,0 3,0 8,N
33.0 30,0 40,5 91,0160,0154,0147,0432,0110,0
49,9 51,0.51.h 53,0 52,0:53,0 29,0 &.0 6.0

47,0
45,9

54,0
63,1
39,0
1240

53,0
45,4
40.0
10.0

53.0 45,0
66,0 54,0
43,0.50,0

7,0 740

36,0
35,8
54,0

sl 4B, 0 0

$2,0:24,0 ¢
56,0 93,0 45,0
52,0 91,0751,0

-1,0-10,0 J -0 42,0 35'9 22,0
50 il SU 5 S0,6 51,0 51,0 51,0 45,0
. Q a ¢ -1,0-20,0~10,0-10,0
"129 9114.0103.¢ 72.0 6;.0 59,0 55,0
38,0 36.0 32,5 29,5 24,0 20,0 15,0
150.0177 0162,0147. 0137.01?5 Flll a

46,5 46,0 44,9 42,0 29,0 39, -.0

21.0168,0159,0150, Ulo? 0122, 0107 6 95,0 40,0

‘92,0 .75,0 65,0 64,8

41.0 48,0 45,5 48,0
0 42,0 36,0 21
53,5 46,8 41,5 41
Q=10 ,r=10,0 =i
61,
34,0 31,5 26,0 19,0 14,

Q

54,5
9.0

o 0
S01 770868,
05 4“1 §- sl
o

6 57,9 52 '5.:438,5 47 5
050 iRl 0ol O

0 o

g 11,5 23,5

41,0179,0174, 016

,0143,0137,0121,0118,0133,0 97,0

85,0 77,0 64,0

50, 0 52,0 48,5 47,
-1 0 0

59.5 56,0 49,0

9.43,0 40,0 39,5 38,5 37,0 34,
0 20,0183.,0176,0171,0158,0143

0-40,0 23,0 13,
70133,0129,0121

0
.8

11,0 - 0-10.0 )
167,09 91,0 88,0 84, n 71,06 58,0 57,0
37.0 34,0 29,0 23,5 16,0 5.0 )

57.5.51;5 55,0 51,0 47,0 43,0-41,8 3975 39,0
, 0 ~1,0 =1,0 ~t,0 Q. - 0183,0183,0178,0174,0 -
163,0149,0133,0107,0410,010%,0 99,0 88,0 78,0 74,6 71,0 65,0 57,0 56,5 56,0 .50,5 .
46,0 42,0 45,0 39.5 9.0 8.0 3t,0 27,0 21 11,0
200.0192.0179.5168.0154.0146.0132,0132.0122,011n.0109 4 92,0 7.0 79,0 73,0 70.0
65,0 60,0 54,0 52,0 51,0 47,0 44,0 43,0 41,0 39,0 65,0 30,0 24,0 17.3 5,0 0
-~1,0-10,0-10,0-10,0201,0200,0195,0184,0168, 01ﬁ4.n115 0126,0121,0121,0126,0408,0
98,0 66,0 82 0 79.0 63,0 65,0 59,08 55,0 65,0 50,0 47,0 46,0 44, - S0 89,0 38 Q
27.0 24,0 11,0 0 -1,0~10,0-10,0-10,0202,0209,0193,0179,0174,0156,01%1,3445,0
$32.0125.0119,0108.0 99,0 94,0 39,0 82.0 74,0 68,0 60.0 99,0 57,0 51,0°50,0 49,0
‘47,0 45,0 41,6 39,0 31,0 25,0 17,0 3.0 0 -1,6-10,0-10,0203,0201,0199,0185,0
17%,0168,0154,06150,6132,0125,0119,0115,0109,0 92,0 89,0 83.0 76,0 71,0 bu.o 60,0
%8.,5 54,0 51,0 5050 48,0 46,0 41,0 38,0 34,0 28,8 19,0 14,0 .fru--z 0-10,010,0
206,0202,0198,0183,0175,0161,0155,0144,0136, 01:a.n124 9115,011050 97,0 91,0 66,1
79.0 72,0 63,0 61,0 59,0 54,0 52,0 50,0 49,0 95,0.43,5 42,0 40,0 31,0 23,0 19,0
2.0 -1,0-10,0-10,6209,0203,0200,0194,0482,01/3,0164,0150-,0147,0135,0127,0116,0
108,0105,0102.0 96.0 65,0 79,0 .78,0 73,0 66,0-63,0 58,5 56,0, 529 50,0-48,0 46,0
40,0 34,0 29,0 22,0 12,90 0 ~1,0-10,0212,02U4,06196,0189,0163,0178,0163,04%0,0
159,01533:0149,0126,0125,5121,0111,0104,0 91,0 42,0 78,0 77,0 74,0 67,0 62,0 59,0
S6,0 54,0 51,0 48,0 44,0 39,0°30,0 25,0 14,0 2,6
162,0180,0172,0165,0160,0154,0149,0131,0129,0123,6115,0101,0.96,0-91,0 &7,0 61,0
76,0 72,0°65,0 61,0.57,0 55,0 54,0 49,0.47,0 41,0 33,0:28,0 20,0 5.0 »1,0-10,10
220,05212,0200,0196,0192
104,0150,0°.97,0 87.0 48,0 72 0 74,00 65,0 60,0 58.0 55,0 52,0 47,0 42,0 55 0 38,0

3.0 =1y 0‘10 Q=11 0~1g G- 16,0 7

-1,0-10,0216,0208,0204,0194,0

.018140170,0167,0163, 0151,0147,6134,0127,0122,0418,0112,0

22, n 20,0 -1,0-10,0
coLuﬁsxA-R. PERIOD B SECCS, DEEP WATER DIRECTION, E,S,E,
3 8,00 10,00 . :
19,0 $,5 110,0
12,0 -.3,5 110,0 v .
27,0 3,5 110,0 ’ o ,
coluMBIA. R, PERIOD 10 SECS, OEEP“WATER DIRECTION, E,S,E,
3 10,00 19,00 '
10,0 - 3,5 90,0 .
15,07 3,5 90,0
25,0 7 3,5 -990,0 - : v . .
coluMBla R,. ERxon 12 SEC:, DEEP-WATER DIRECTION « Ey1SE,
3 12,00 10,00 : :
10,0 5,5 25,0
15,0 28,5 25,0
29,0 25,0

3,5



3. Organization of ‘the Numerical Model

The main program 1s wrltten 1n FOﬁTRANIIV.and ‘iseasily
adaptable to any operatlng system w1th a FORTRAN compller.

The maln”program'ls largely a bookkeep;ngrroutlne(rlt
reads in the depth and wave data, initializes:manyaofptheA'
necessary parameters and keeps track-of whlchﬂray s bemng
computed. It also sets the size of the common block belng
utilizedf'a_descrlptlon of whlch_follows. |

Variables in Commonéﬁft |

IPT‘(QQO)-':l o Intermediatefstorage arraya?lr

D (12) o ... Depth at grid- p01nts used lor

- ' - surface fitting computatlons,

D (K). (in depth unlts)

E (6) ' : ~Coefllc1ents for the equatlon of
: surface of best flt SE (L)

Bl, B2 - -Valuesaof‘Betafat-the»pOLntsf
: : '  NPT-and - (NPT-1) :
CXy ... Wave speed at a p01nt on the
’ ray (ft/sec)
DCDH .~ - . o The dlfferentlal c00ff1c1ent of
‘ C ' speed w1th respect to depths (dc/dh)

DCON l S Conver51onufactor¢for:depthwunlts
DELTAS : Mlnlmum length of- 1ncrement along

ray (grid unlts)

DRC ' -Depth at ‘which~ refractlon com-
T mences (0 . 6% WLO)Y

.DTGR : | Tlmevlntervalxﬁetween'calculation
: points on the ray

C-14



DXY
GRINC .

HO

~ 1GO,JGO,KGO |

LIMNPT

NPRINT
NPT

PHX, PHY .

RCCO

SIG :
SK

TOP

WLO
SLOP
DS

DY2

DYBL, DYB2 » - -

ILGO . -

v

. WLB

"The calculated depth at the pOlnt

X, ¥

Length of 1ncrement for. ray 1n
deep water. ' :

Wave'height'in,deeprwaterf(feet)
BranChing'identifiersl

Maximum,number*Ofapointsftofbe
computed for*eachvray

Frequency for prlnted output
The number of: the p01nt on' the ray

Partial dlffelentlal coeff1c1ents:
of depth with. respect to X -.and Y.

Ratlo of actual wave . speed to
deep water wave. speed (CXY/CO)

Max1mun limit for X on a ray

'Refractlon coeff1c1ent

Angular frequency.of.the wave (g)

'Shoallng coelf1c1ent
"Maximumn llmlt for Y on a ray.

Wave length at’ a p01nt on the ray S

(feet)

,Deep water wave length (feet)

The slope at frequency o output
Incremental dlstance~along&ray
The deoth'at-the new point

The ‘depths: at- the. breaklng p01nt i
and reforming® p01nt reepectlvely

o Intermediate identifier

Intermedlate value 1n computlng
the curvature

Wavelength -at breaking (feet)

c-15"



'SUBROUTINE RAYCON

vThisiroutine controls each_individual‘ray'as_it“brOgreSSesA
across the drid."Inltially-it.aasumes‘that-the WaVefis still
“in deep water and calculates the second point on ‘the ray
The sub outlne DEPTH is called and the depth-at:- thlS -point is
found N , v

If thlS depth is greater than the refractlon depths, “then
_the subroutlne WRITER is called and the detalls are prlnted =
out for that point. . If the wave. has reached shallow waters :
CURVE'isdcalled torcalculate theglnltlal,Vaiue;oﬁﬁrayycurvaé'
ture.'a N

Wlth the ‘initial p01nt found the subroutlne REFRAC is
called to flnd the next pOlnt on the wave ray.m"HElGHTgls
then called to compute@the wave‘helqhtﬁat that §oint;illf.
the-breaking height criterion'is notwexceeded~atheawaveu
details will be prlnced dependlng on the frequency ‘of.;outputsy
or the next p01nt w1ll be computed |

If breaking'is ev1dent, thc routlnes SLOPE ‘and” BREAK are'iJ
called. 1If certain orogram limitations are met, RAYCON also
acts to'qtop the COmputation'of that.ray;twforiinstanCe,-1f
the ray has reached the boundary or there is. no convergence.

Local Variables |

ANG | 3{' ' The ray angle with respect to the
' ' X axis (degrees)

A . , ‘ The_ray angle (in radians)

c-l6



SUBROUTINE REFRAC

This routine solves the refraction equations:

X

Y

i+l

i+1

Ry AaS

[(ks); + (xs),,,17/2

. +
al Ao

. . y1/2
(ay + aj49)

K+ s cos @

Y. + s sin (@)

iteratiyely;5to find the nethpoint*dnfthe ray.

Local Variables

FK
FKK

XX, YY

DS

RESMAX

veur

Curvature_at_;he}ﬁqint NPT.4¢

Curvétgre at.the‘innt (NPT%%'}).*_»
Coordiﬁgtes”at'the point (NPT + 1).
Angle-of’féy at the point (NPT +°1).

Incremental distance along ray (in
grid points)
Limiting difference between success-
ive approximations for the new
curvature. '

Identifier;ﬂcontrdlling the~stability:A
of the solution..

c-17:



SUBROUTINE CURVE .

This routine first tests for whéther;ﬁhexane-isminmdeep
or shallow water:andetﬁén”computes“the local speed using the
appropriapevequatién. It_then‘computes_thefldddl differéhﬁia1 

coeﬁficieﬁtsjand fihdsuthe;Curvatu:e at the point by the equation

" .

o (l-Rc )
CRC + ch: (l__Rc ) .Sé_n ((1) [ (82+2e4X+eSY) ‘—rCOs ta)

(e3 +iegn + 2egy)]

~are computed fitting coeff- .

- where R = c¢/co and e, through e,

icients.
Local Variables
cI , Intermédiate value of wave speed
' used to solve- for the intermediate’
water wave speed. . '

FK Curvature at the point X,. Y.
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SUBROUTINE DEPTH

This toutine determines:the_letal_grigin;forrtheqpcint
on the tay andwthen.calculates.the‘iecal-cootdinates>V A test
Jis. made to see whether the p01nt lies w1th1n the same mesh
‘"square as the prev1ous point. If 1t does, the” new depth is
:7Calculated u51ng ‘the new local coordlnates w1th the coeff;c1ents
computed when~the ray first.entered the square.‘TOtherwise,;ﬁ,
new coeff1c1ents for the surface. equatlon are calculated and
vthe depth is found

Local~Var1ab1esﬁ%i

SXY - The spec1al unit matrlx f01 use
T with a square grld

I, J | The grld coordlnator at the - local
‘ ’ ' orlgln for the’ p01nt at “the ray.



SUBROUTINE HEIGHT

This routine calculates the,shOalingﬂcoefficient'andsre-
fraction coefficient using the value of'Beta_oaloulatedlatgtheA
previous point These ‘two coefficients are then used,tofbalf:

.culate the local helght of the wave.

A test lS made to see 1f the breaklng wave crlterlon
has beenareached If so, the subroutine BREAK is called»by
RAYCON Wthh ‘uses the refornlng helght and wavelengtn to..
calculate subsequent wave helghts.. vathe wave has not
broken, it computes “the flnlte dlfference form of the
equat;on of wave 1ntens;ty to,flnd,the value of Beta at the
next p01nt o - - |

Local Varlables

H ' . The" wave helght at a p01nt on the
- ray. : '
CG . - The group speed of the wave.
P, Q. = Varlables used in the calculatlon .
of Betas s



SUBROUTINE SLOPE

‘This routlne calculates the slope ‘of the surface u51ng
the depths at each p01nt and then taking a mean slope over. the
frequency_eutput.‘ It thuseglves the_contour overﬁwhlch_the ray

,;traverses.'

wLLocal Varlables

SLOPL . ~ The. s lope- of ‘the~ bottom contour at
each point. . e

sSLopP - I TheiSIOPe-at-freguency;ofvoutpﬁt;



SUBROUTINE BREAK

This subroutlne 1n1t1alltes the- wave helght to. the
breaklng wave:- helght and "then calculates the length of the
g breaklng zone. - It then determlnes the coordlnates and ‘calls-
%ithe routlne DEPTH to determine the depth at the reformlng point.

The slope is calculated and from»th;s the refc;m;ng wave

~height and length are determined. If'theaslope ie:ﬁchéfefafﬁihg,c
the routihe wlll continue to evaluate heights;untiljeithet a
refcrming.slopeﬁte,encounte;ed.ortthe bdﬁhdaff“ccnditioneﬁare’~'
reached." ) i

Local Variables

RUN | o __The slope over the breaker zoneh
‘HA _ -;The reformlng wave helght

HP - . Wave heightyprior to ;eforming.
LA - : -'Refcrmihg}wevelength;

WLB - ' Lengthﬁbver_the breeker.zghe;'
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SUBROUTINE ERROR

' Thisjroutiqg?estimaté?.a'mgasufé’bf the error.by using.: -
a least squares Suffacé:to calculateé the depth at the point. .
X, ¥. It finds_the'max;mum_difference_between”the”depths*at_

';.the"grid'points calcﬁlated, using the surface polynbmia1; and

'ffgﬁhéiéétdal'data aep£h§f arid then cbmpﬁteé thé staﬁdafd;déVia4

tion -of ‘these differences. -The maximum di%feﬁéﬁéé iéié%ﬁtéééed
as a percent of depth at the point X, Y.

LocalfVariableé

DP The computed depth@atfthe»£6urggrid” B

points surrounding'thenpoint-X,“Y.

DIFMAX - . The maximum dlfference between the
o actual depth at a grid p01nt and '
the computed qepth

FIT . . | The standard dev1atlon of the least
S squares surface.



SUBROUTINE WRITER

This routine controls the'prihted;outputHof the~program.
It also-includes various_error-meséages which are printelehénf
~ _the error conditions‘have océured:i,Also? ail intermediate
fiStoés are handled by fﬁig routine. | : | |
lLocal variables |

NWRITE - : ‘Branching identifier to cdntrol output.



' SUBROUTINE BAR

This roﬁtine calculates,the amognt_of defbrﬁation'to~
the_wéVe_frqnﬁAéfésSing:an océénic Velécity diécéhﬁinuity,
’incLudiﬁg wéveiéhgth‘and hei§ht Chanées,:bdsed>oﬁ"fheﬁeqdations
deécribed in Section_1. | |

‘Lgéai Variables | - |

XM } | | ' $fbéfi§edfas u/éﬁj~

U ‘ A_Cgrrént;vélocity-

STP - _ . “Resuliting steepness

XMM - ' .The steepness factor

_Note:
U is set internally in BARyQslight¥alterations‘would

alld& it to be reéd fromyggdata card.
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APPENDIX D

COMPUTATION OF HEAT.AND MOISTURE -

' EXCHANGE ‘AT THE OCEANIC FRONTS '

CONTENTS .

1. ':The.fo;;&fééﬁﬁééd{ihafﬁé Model

2. 'Modei Inputs-and dutputs .

3. ' Orgéﬁiééﬁidn,éfvthepNﬁmeriqgi{MQdel
4. . 'Symboléaﬁséa £n thefPrbqféﬁ ;f B

5. '; Referéncéé" o

Program listing separatély submitted



1. 'The Formulas Used in the Model

The heat and moisture exchange program;computes:the . =

latent heatﬂexchangeﬁwith the'following'fbrmula.(LaevaStu;jQ

»1960);‘
Q %;(9'26,f 0.077V) (0.98e, - e ) Ly BT 5
- where Q_ is latent heatfexchange;(qjgalgcﬁfgﬁ;égh),~vgis

l), e, is saturation Vapor=pressurelofvthe.

wind speed (m sec
sea surface, ea is vapor pressure of. the - h at the helght
of 10m, and L‘ is latent heat of vaporlzatlon.

The sen51ble heat exchange is computed ‘with. the follow1ng

‘formula (Laevastu, 1960).

Qh a

= 39 (0.26 +0.077V) (T~ T) o 21
where Qh is senSLble heat (g cal cn»21524h)jf w“isisea-sdffaéé*f
- temperature (°C)mand_T‘ is air temperature at the -height of

10 m, .. |

For computatlon of saturatlon vapor pressure of.“the-'sea"

surface the Goff=Gratch (1946) formula is used:

7

- 1.3815-leo‘.(1011’344‘1‘Twa/Ts’ -1 131

+ 8,1328 % 10‘3(10;3,49149(¢$/¢wé- Ll”l)‘+”1°gioews'-



where € is saturatlon water vapor .pressure,.}ewS ismsaturation
&apor pressure at steam p01nt temperature, Ts ls steam poxnt
temperature:(373.16-K) and,Tw is absolute temperature of |
the‘sea surface (°K). |

‘The sea surface temperature-and.surface.wind are“pre—v
scrlbed (and/or avallable from other programs) VChangesWiu
surface air temperature and water vapor pressure dlfféiwﬂi al
are»computed-w;th the Amot—Mosby formulaww1th‘Laevastunﬂard;qg;

(1974) constants.

Wy (1 - eKE

aT

r 5t

~Kt.

_ ¢, 1, |
AT = AT 7T 4+ (F 2V ) 5]

The same formula isvused_both for air,temperaturerKT;T“aﬁd=”
water vapor pressure.(ea) computation, mhereby.AT;and'Tw
intthe above formula are replaced with_Ae:ana:ew,.,The
symbOlS'uSed 1'n‘f'ormvv.ilav[Sl] are?. AT is T Ta' AT'Jis

AT at time 0, t is time (hours), C and K are emplrlcal con—';'
stahts (for-T } C = 0.103apd_K:=,0.35 and for ea:t;+=30;40~aﬁd

‘ K:f 0. SO) and V aT /Br-is the rate ofﬁchange-of sea'surface‘_-

temperature under the trajectory of ‘the surface w1nd



2. Model Ihputs-and_Outputs

In addition to the nécessa:y coﬁsténts (gfi@,size,;tiﬁe'
step, etc;), £he main inputs required'byfthe modél ére sea
‘surface temperatu#éfand éu#fécé w;nds,  Synthic obsefvaﬁiéﬁs,
6f 9dfféce air'teﬁéefaﬁuié aﬁd watér vapor pressure of the air
are too iﬁaécﬁ#é£é aﬂd'too spércé ih‘éﬁéce and;time'fbfﬁsé;férv
direct computation, Thus,ytheséﬁare compﬁted with tﬁgﬁﬁgll'
VerifiedbgmgﬁeMpspyxfo:mula (;aeVaStu éﬁd Harding;.l974).

:Thé model'éomputeS“(énd.ﬁrints éuﬁj séﬁs;blé aﬁd,latentQi3»
heat é?éﬁénge in terms of g'ééi cmfz‘ih 24mhgi;Furthérmore,
the resglting,changes of seal$grfacé temperature as well'as
- the sea.éurface temperature éhangés duevto advectioﬁ.éndﬁeddy

diffusion can be computed with this model.



3. Organization of the Numerical Model

‘The main prégram'THERMAL:reads thevconStanpsyand:chefcﬁ_-
.data;“calls&gpggr subrodﬁinés,~keeps timédandvpriﬁts ouﬁ§the,fgv
surfaéé £éﬁééré£ﬁ5é fieldQ | |

The first subréutine éalled is SETFLD.;EIt;initiaLizes
the. sea surface-tgmpefatﬁ;eﬁ currehts‘ﬁsu;faCe wind, and.an
iniﬁiélbéués§'for the surface‘air.teﬁberétupe.

. The ﬁ_ext'_;subrbilgihe .WA'I_'E'R: :compu_tes ‘tﬁ"'e” Asatﬁ?atibn vapor
'pressdﬁéﬁaf;fhe sea‘surface-and vapor,p;¢ssure;and:température
of tﬁéhéﬁéfﬁcé;éir;j |

The subroutine ANOMALY c6mputésf£hé?adVeéﬁibnﬁandidiffﬁéion'_
o€¢§e§'§uffacé temperature..’Theffinai;subrOutine-CALC»ébmputes
_ the conveétive transfer of sensible heat and.the. transfer

of‘laténtIheathby;evapotation.'



Symbols Used in the Prdgrem

" A

AA

AK
AZA

AZZ

DT
EA

EC

EK

EW

EWEA

EWS

LG

NE.

ME @

QE

QH

Eddy-diffusion coefficient

Absolute temperature of sea surface,’W

(°K).
TS/AA

Outputvinterval (sec)-(data)

Tlme counter for output (1n1t1allzed 0)

Constant in air temperature computa—

tion (data)

Time-step_(sec),(data)_gelso TTT)

VaporupreSSure of-the'dir~(mb)

Constant C in vapor pressure compu-

tation (data)

Conatant K in vapor pressure conpu-

tation (data)

Saturation vapor pressure Bf'isea
surface (mb) - .

(eW —-ea)

_Saturatlon pressure of water.at steam

point temperature (data)

Time in hours

Constant K in air temoerature compu—

tatlon (data) -

Grld Slze (cm)v(data)-

Number of grid points in y direction -

NumberTof grid:points?iﬁ~x7direction'

Latent.hea.tfexc':harﬁ“'g';';e:(g-’'ca];"‘c":ﬁ:{-"2

Sensible heat exchange (g caefcmfz,

’

24h)



. TA

TE
TS

W

TWTA

uu

W

Time counter (sec)

~ Air temperature (°C)

D=6

End'Of'computatibni(sec)'(datayﬁfi
‘Steam point temperéture (data)
'Sea surface temperature (°C)

,‘?w.; Ta)fb

Sufféée cufrént,vu céhp6hént
Reiativé'humidity 
sﬁrfacé_windfauﬁC?ﬁPOnent,p#~=
Surface;qurregt}*v?éOmpbnénpfgg

Surface wind, v component -
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