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A model is p.rorJOSed to directly relate observed tid&l aotion w1 th 

orbital ~nts of the moon and the earth. 1'bs basic model consists 

of a Wl1 t mass acting as e. free :point on the rots.ting earth's surface 

and being carried into a f'ield gre.dient. The field 1e such as to cause 

the freE> point to "taU" along ·the surface, gain a veloo!ty With respect 

to the earth's surte.ce, and thus produce a tidal interaction at coo.etal 

barriers. Gyroscopic and resonant oecillator;y current effects are not 

treated. 
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R1storieally spea.lting, the problem of relating tidal ~tion to 

earth rotation rmd. to gravitational interaction With the moon e.nd s'Wl 
(1) 

has been examined by many investigators 1nclwUng Newton. A~ntly1 

little succesa has been met in expW:ning specific tid.a.l action fran 

:tunde.menta.l eon.cepts vtth the conventional equilibrium and resonant 

oscillation models(l-5). This tract ~~esents an approach Which explains 

e.s na.tura.l consequenees1 certain "anomalies" 1 i.e., substantial tidal 

amplitude differences 1n areas less than a huudred miles aJ;:e.rt, l8o0 

phase eh1ft 1n tidal actions across thin north·south land barriers, 

and diurnal tides. As an ill,ustration, we 'IIJaY cam!41'e the tide data.(6) 

* The m!!.jor portion Of this study 'Was completed lata in 1960. 

1. H. A. Marmer 1 The T1~ 1 A);>pleton and Co. 1 1926. Chapter Two 
presents a. brief historica.l deve1opnent of tbe sub'Jeet. 

2. A. Deta.nt1 IDJb and J'low, University oi' Mi.cbigan Press, c. 1958. 

3. w. H. M1.mk ELtld. G. J. 'I. McDonald, The Rotation of the Earth_, Cam­
bridge at ·the University Press, 19(50. 

4. J. PrOUdman, ~®.1 Oeea.nS!*P:a:@Y, John \-Iiley & Sons, 1953 • 

5. P. Schureman1 Ma.n\Ut.l of ll.annonic Ana.~i$ ~-Prediction ot 'fides, 
U.S. Dept. of Camn.erce1 Coast iiJid Ge tie Survey, 1§4f. 

6. u.s. Dept. o1 Commer<te, Coast and Geodetic Survey, Tide 'rable,s1 1961• 
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for tJ:lree loes.tions e.round. the Florida Cape otl J:anuary 1, 1961. At 

Mie.td Harbor entrance., high tide appears at the ti.'!llc 0'"(48, fol.lowed 

by a lov tide at· 1357; at Pe.vilion Key, d.il'ectly west end a.erosa the 

penin$ula :from Miand., a ~ tide a:ppea;rs at 0746., follovoo by a.~ 

tide at 1344. The t1d.e amplitude at Miami compares 'ldth tb.&.t at 

Pavilion Key, but is est;ential.ly 1Bo0 out of F.aBe. A station at Key 

west shows a tide somewhere 1n between 1n ~e; howevex-, tbe fiWliPli­

tudo is a.;pprOld.mtely one-third as ls.rge due to the freer water move­

ment allowed in the Keys. Other staticr.as ot the same approximate 

latitude show a simi.la.x- correlm.tion. Ho-wever, all.O'it&Me tcrr different 

zenith times must be cons14ared with wider land masses. 

lVithout ·den.ying they exist1 no eoASideration is taken herein for 

resonant oseilla.t~ water 'l1l0Velllents. 

The a~h "he;re ia to consider a f1ree :po:t,nt P, on the s'Ul"f'a,ce 

ot the rotating earth, m.ov1rlg \dth th:e ea.rtb surface from an essentiaJ.-

1:¥ neutral r>lane into a fi-eld ~ent Which is predominately either 

gra.V1 ts.tional or e¢ntl'ituge.l in the cl.QasiesJ. sense. The s1m]>lif1ed 

model is d.i~ and explained in Figure 1. Ftgure 2a ill~tl'ates 

the force amplitudes on l\ e.nd 1'~2 resulting tram the earth~lllOQll inter­

ootion. Figure 2b il.lustratea the simil.u forces due to the earth-

moon system• s interaction with the !:!l.U'l• Supe.rim~ upon the illustrated 

interactions would be additional variation cl.ue to earth wobble resulting 

from the earth end moon rotating e. bOut their eonuao:n eenter of gntvi ty, 

and to eceentriei ty fa.etors. The lunar orbit is eccentric due in 1;6rt 

to solar "tidaln forces expanding the orbit twice d.uring each lunar 

rotation. 
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Fig. 1. The rotating earth-moon system. A plane intersecting the earth at its center E, and perpendicular to line ME. may be 
considered a neutral (or reference) plane with respect to the earth-moon system. Fe is the centrifugal force resulting from 
the earth-moon rotation ~around A. and Fe is the gravitational interaction of a unit mass on the earth's surface with the 
moon M. The centrifugal force due to rotation around A is essentially balanced at the neutral plane intersection by gravitational 
attraction between the moon and earth. A fluid at P 1 (east of barrier) will tend to flow away from the coastline. and a .fluid at 
P 2 (west of barrier) will tend to flow toward the coastline. as the earth rotates from the indicated position. A low tide is dis­
played by P 1 each time it crosses the line through M and E. A high tide is displayed by P 2 at these same intersections. 
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Fig. 2A. Forces on a unit mass as a result of earth-moon­
system gravitation and rotation w around Ao 
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Fig, 2Bo Elementary forces due to sun gravitation and 
rotation of the earth-moon system about the sun. Expanded 
force scale. 
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The Cffeot is that a. free point(7) on t.he rotating surface facing 

the moon sees a :pl"edca.1ne.ntly gravitational :force directed to'\mrd the 

moon, and the surface away from the moon sees predominately centri.,. 

£ugal force directed amq from the moon. As a consequence, we see tlle 

two tides each lunar day -- this is of course modified by a simil.e;r 1 

a.l though etnaller, pair of tides each solar dfq due to the :tntere.ction 

betwe.en the sun and earth. 

In Figure 1, the earth :ta rotat!n£ around its axis E so as to carry 

a fluid at P 1 a~ from the neutra.l plane interseet1on e.nd into an in­

creasing foroe field. We have a eituat.ion analogous to an unbalanced 

rotating "Wheel with the heavier pertion being carried f1'J'&r the u.p];E!r 

neutral center and starting to gain veJ.ooity. The res~lt 1S th&.t a 

f'luid will gain a velocity faster tb.a.n the earth surface as 1 t leaves 

the area of the neutral plane. At P 
2 

'W$ have e. s:!mi.la.r e1 tue.tion, but 

w1 th a fluid follO'ldng rather than :;;treceding a barrier .... fluid will 

a.ccumul.ate against the barrier, rather than flow away fran i, t. W'! tb 

this viewpoint, 'W'e imnled.ie.tely see t·wo eonaeq\l$ncee: (l) A thin north­

south line barrier having a rising ti<le on one side, should hava en 

ebbing tide on the other, and {2) a. barrier (coast line) along the 

equator would he.ve essentially no tide at e.ll it the planes of the 

equator, the ecl1:ptic1 and the lunar orbit were a.U coincident. 

It would e.p~ that 1n an ideal sense, coaste.l tide actions d.u.e 

to the moon and sun are si:m:ple sine ... like vector functions which are 

m.u.lt1p11ed by Sine iJ, where ::' is the coastal direction angle (o .. 300°) 

111. re:f'erenee to the equator. The ampll tude of the sine-like function ie 

7. We will consider a u.ni t mass of a fluid to be a free 1?01nt. 
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determined by the ld.netic energy gained as the fluid tall$ in the toroe 

fields of JN.gure 2a and interacts W1 th local bot tam features. Considering 

an ideal Poisson ratio such that a. radial for4e 'Will produce an equivalent 

lateral hydraulic force toward the point. of lovest potential, we m!l'J.Y 

calculate a velocity s.m;plitude due to the sine·like forces resulting frc:m 

interaction WU. th the moon in an ideal oirC\'I.lar 01•bi t system vi th the 

ecliptic, equatorial and luna.r orbit planes cotneident. The veloei ty 

f'unctions would then be modified to allow tor an inclined equatorial 

pla.ne. Since the free point of wit mass ie moving w1 th the surta.oe of 

a rotating earth, 1 t sees a eontinua.lly ehenging force. We are interested 

1n the veloei ty of ·this un1 t mass 1 a.s the evergy awJ.le.ble for producing 

coastal tidefl must be derived tram the kinetic energy associated with 

the current (~locit.;'r) gained as the ~t mass "ta.lls" into the torett t1eld. 

Referrins to Figw.+e 1, ve '1.fJB¥ set up the following equa:tions tar 

the lunar effect pe.ra.lle.l to the line M E. 

'a +G Mm --m (R • r cos a)2 
(1) 

(2) 
F,.. 2 
~ ( ) . -•-r -rcoeG rom m o 

Gra.Vi tationa.l force on a. unit 

mass at P
3 

due to the moon. 
The gravi tatione.l constant 

G = 6.670 X lo-8• 

Centrifugal. force on e. unit 

ma.ss at P 
3 

due to 1•otation 

·of the ee.rth ... moon system 

Using Newton' a second law 1 and combining ( 1) and. ( 2): 

F G Mm 2 
dv = t - a.t = [ 2 ... ( r 

0 
• r Cos a) 0\n] dt 

m (R - r Cos e) 
( 3) 

.:< 

· .... , 
·•:. 
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A oomranion equation for the quadrature force F* (perpendicular to 

the line ME) tekes the tonn 

(4) F* (r Sin e a ~ ( ) 2 dv* a 1: - dt = 2 - r Sin o (!) ] dt 
· m r (R - r Cos e) 

'rbe reaulte.nt ~itude V of the veloeit;y function would be the 

difference bet~en tbe c1ua.dre.ture velocities for the rotation carrying a 

point P fran the "neutral" plane to in·tersect line ME. 

s-211 G=2n 
( 5) V = f dv ... f dv* e=?. ... " 31C 

2 ~ 

Solving these equations gives a va.lue tor V of ap:proxtma:tel,y .2.4 em/sec 

greater than, end in ·the same direction as 1 the ee.rth' s aurt'ace ~nt 

due to e.xtal rotation. This ourrent is not large1 but is in the same 

direction for ea.oh tide(B). The result is, effectively, a.n alternating 

current cOl:D.pOilellt superimposed upon the continuous Wast to East current 

inherent in this model. To account .tor observed tidal currents, we must 

consider the lower water depths as mare or less confined, a.nd. invoke 

Bernoulli • s equation 'Which energetically predicts an increased veloei ty 

in the areas ot less restricted motion -- nefU" the surface. 

To extend the e.pproaeh to .e.eeount for the tid.e pormaJJ.y observed at 

a coast line in the form of changes in water level, the potential enerSY 

aasoois.ted W1 th a unit mass near the surface would be determined by 

hal~ the sq'l.lfl.re of the current velooi ty. The energetic si tuat1on is 

8. This is opposite in direction to the current suggested by Groves and 
Munl~, J. Marine Research, Vol. 171 :tW 199 .. 214 . 
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is similar to that of a pendulum .... the kinetic energy (propOrtional to 

veloei ty squared) ie. essentielly all converted. to potential energy lorilen 

the mass CC'JitleS to rest e.t the end ot each sldng. Thus, With wa:ter west 

ot a coast, we have a tide in phase with the current, and proportional 

to ·t.ha square of the current. A coaste.l direction pare.J.lel to the current 

direction will convert 11 ttle of t..he kinetic energy of motion into t.be 

potential energy of a rise in water level and 'W1.ll thus dis:pls3 very 

small t1de level changes. This ef'tect 1s particularly notioeable a.long 

the ncrth~ <:oa.st of' South Ameri~ and of Java, where the tide level 

variation is prineipe.lly diurnal due to the obl1qu1 t:r of the earth's axis 

of' rotation, and the semidiurnal c\ll'rents produce little observable 

coastal tide. 

The ti&! (vertical rise) to be found in open seas or areas a. few 

hundred miles frQn limY coastal. or major see. bottom d1stu:rba.noe1 :m.ay be 

estimated f'rom energetic consid.ere.tionB by setting the potential energy 

equal to the lr...iuetic energy associated with the current velocity.; 

(6) 

Taking e. value ot 100 om/sec., for e. nee.r ... surf'a.ce high tide CUX't'ent 

and using 980 am/ sf!{!2 tor g, the deviation fran a mean level is found to 

be ±5.1 em with the :phase shifted 90° tram the current. An island only 

a few miles across ~roul.d have little effect on this tide. Coastal or 

.l.arge undersea barriers will oau.se a major portion o:t the kinetic energy 

a. tide level va:r1e.t1on ten or more times the o}?en sea value of :t5 .. 1 am. 
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solar heating and e1reu.le.tion. Earth ti&es eannat be considered cy 

this free-point a.p~?l'oach as the movement ot the earth sUl"fa.ce would be 

quite small. 
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Conclusions 

1ng cutTe:nt .a,s tbe :prime tidal effect, ritb an increase in tide level due 

to water coJJ.ecUng against a be.rriel"1 and a decrease in tid~ level due 

to water :tlow!ng awe;y from a barrier. A coastal direction other then 

north .. eouth bas tbe ettect ot mu.lti»J;fi.ng the tide crurrent function by 

sine e, Vlbere e is a. coastal angle o;f 0° ... 36o0 \lith respect to the 

equator. It the earth's a.xis were not. t1lte41 there would be e-seentiall1 

no tide along coastlines parallel to the equator. 

2. The pred.Gmdnently diurnal tide observed e.t coastlines .pa:ra.ll~J,. 

to the equator is due to the obliquity of the earth's axis inducing a 

north-south cu.rrent ean1xment (in phase with the earth's rote:tion) on 

the luni.-sola.r west-to ... ee.st current. This north-south canponent is 

subject to ~er and phase effects similar to that described in 1 

a'bove. The ampll tude of the north-south crurrent is determined e.t the 

equator by- mu.lt1ply1ng the fundamental 'We!ilt .. to-east current f'\mctie».'l by 

the si.ne of the angle between the eart.b.' s axis and lunar orbt t a.:ds. 

3· Ian4 b&l'r.iers v1tll 4.imensians small O«Aps.red witb the distanee 

traversed by the tluid mass 1n one eycle (- 15 miles) vould have little 

ef:feet in :prod\I.Cing tides e.s 1n l and 2. A small land barrier would have 

dimensions ot 1. 5 mi-les or less. A large !tlii&Ss would have dimensions of 

150 miles t1r more. 

4. There w:Ul be a residual west-to-east current component with a 

superimposed alternating component. The continental le.nd masses obviously 

lxrevent any clearly defined movement, but this eastward flow shou.ld be 

observable around the southern capes. • 

·.;. 

•.: 

" 
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A. The instantar.\eou.s esrth·moon intera.et1on torce seen by a. unit 

JnaSS m on the ~quator1 as in Figure 2A1 'fJJIJ.:'.f be determined by solving 

equation 3 tor *· 
Moon a.t zenith, Cos e = +1 

F t ~ 2 
(8) ...! = • 2 .. (r + r) ~ 

m (R ... r) o 

to t.:ne line M E, ie1· 

Sine e • 11 cos e = o 

'! 
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'lhis is our "zero referenoe11 force at tll~ neutral plane for e a ~ 

or e = ¥· '.rhe .,e.ffeotive11 force tor the moon a.t zenith would be 

(4.64 .. 4.46) 10 .. 3 = 0.18 x 10-3 eynes. Simil.arJ..¥1 tar the moon l8o0 

f:t-Q:n zenith (4,61 .. 4w46) 10 .. 3 = 0.15 x 10 .. 3 dynes. 

B. The toroe on a unit Wl.SS resUlting fran t'h.4 earth-sun 1nteraetign 

rJ11.f3 be d.et.e~ by differentiating tbe algebraic sum of the g:ravitationa.l 

foree and the c.eutl.'"ifuga.l foree a.nd multipl.yi,ng by the earth :t"ad.ius r. 

The resultant toree is ea:eentia..1.ly the same With the sun at zenith or 180° 

from zenith. M
5

, R61 and a>
9 

refer t.o the m4SS of the sun, e.vet"age e to 

e d.ista.noe bet~ the earth and the sun, and the rotational f'req,ueney 

at" the earth around. the sun. 

1s G Ms 2 
(10)- = t ~ ± R co 

m K"' sa 
s 

J's 
r d(m) 

(ll) j: • all 
s 


