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Qe Tt e

A model is proposed to directly relate observed tidal action with
orbital movements of the moon and the earth. The basic model cousiets
of » unit mass acting a8 a free point on the rotating esrth's surface
and being carried into & field gradient. The fleld 1s such s to cause
the free point to "fall" along the surface, gain & Veloeity with respect
to the earth's surfece, and thus produce a tidel interaction at coestal
barriers. Gyroscopic and resonant oscillatory acurrent effects are not

treated.



UCRL~ 10008
The Tides: A Dynamic Explanation
Bosed Upon Pundamental Physical Concepts#

Irn P. Pratt, Jr.
Ievwrence Rediastion laboratoxry
University of Calfifornis

Historieelly speaking, the problem of relating tidal sction to
earth rotation and to gravidtationnl intersction with the moon and sun
hae been expmined Ly many inmtigators(l) including ¥ewton. 'Appmren‘tly,
little success hae been met in explaining specific tidal action from
fundamentel concepts with the conventional equilibrivm and rosonant
ogeillation maﬂela(l“5). This tract presents an approach which explains
s nabural consequences, certain "anomglies”, i.e., substantial tidal
amplitude differences in areas less than a hundred miles apart, 180°
yhase shift in tidal actions across thin north-south land barriers,

and diurnal tides. As an 1llustration, we may coanpare the tide data(s)

% The mgjor portiom of this study was completed late in 1960,

1. H. A. Mormer, The Tide, Appleton and Co., 1926. Chapter Two
presents a brief historical developmment of the subject.

2. A. Defant, Ebb and Flow, University of Michigan Prese, c. 1958.

3. W. B. Munk and G. J. F. McDonald, The Rotation of the Earth, Cam-
bridge at the University Prees, 19560.

4. J. Proudmsn, Dynamical Oceanograrhy, John Wiley & Sons, 1953.

5. P. Bchuremsn, Msnual of Harmonic Analysis and Prediction of Tides,
U.8. Dept. of Fmrce, Coast and Geodetic swurvey, 19%1.

6. U.8. Dept. of Commerce, Comst and Geodetic Burvey, Tide Tables, 1961,
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for three locations arcund the FPlorids Cepe on January 1, 1961, Az
Mismi Herbor entrance, high tife sppears at the time OTLS, followed
by é low tide st 1357; at Pavilion Key, Qirectly west end aeioss the
peninsula from Miami, » low tide appears &t OT46, followed by & high
tide et 1344, The tide amplitude at Miami campares with that at
Pavilion Key, but is essentiamlly 180° out ¢f rhase. A station at Key
West shows s tide somewhere in between in phose; however, the ampli-
wde is approximately one-third as large due o the freer water move-
ment allowed in the Keys. Other stations of the same approximate
latitude shov e similar correlstion. However, gllowence for different
zenith times must be considared with wider land mzssees.

Wthout denying they exist, no consideration is taken herein for
resonsnt eseillaﬁ@ry water movements.

The apyraach'here'is to conslder = free point P, on the surfage
of the rotating earth, moving with the!earth gurface from an essentiasl-
1y neutral plane into & PLleld gradient vhich is predominately elther
gravitational or centrifugel in the clmssictl sense. The simplified
model 1is diegromued and explained in Figure 1. Pigure 2a illustwgtes

the forece emplitudes on Fl end P resulting frea the earth-moon inter-

2
action. Mlgure 2b 1llustrates the similsr forces due to the emrth-

moon system's interaction with the-aunav Burerimposed upen the illusfrated
interactions would be additional variaition due to earth wobble resulting
from the earth snd moon rotating about their common center of gravity,

and to eccentricity fectors. The luner orblt is eceentric due in pard

to solar "tidal" forces expanding the orbit twice during 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. Fg is the centrifugal force resulting from
the earth-moon rotation wp,, around A, and Fg 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, (east of barrier) will tend to flow away from the coastline, and a fluid at

P, (west of barrier) will tend to flow toward the coastline, as the earth rotates from the indicated pesition. A low tide is dis-
played by P; each time it crosses the line through M and E. A high tide is displayed by P, 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 o around A.
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Fig. 2B. Elementary forces due to sun gravitation and
rotation of the earth-moon system about the sun. Expanded
force scale. ‘
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The #ffact is that a free peinﬁ(T) on the rotating surface facing
the moon sees & redaminently gravitational force directed toward the
moon, and the surface away from the moon sees predominately centri-
fugal force directed sway from the moon. As a conseguence, we see the
two tides sach lunar day -- this is of course modified by a similar,
although smaller, pair of tides each solar deay due to the interection
between the sun and earth.

In Flgure 1, the earth is rotating around ite axis B 80 as to carry
& fluid ét Pl avay from the neutrsl plane intersection and into an in-
creasing foroe field, We have s situstion enalegous to an unbalanced
rotating wheel with the heavier portion being cerried over the upper
peutral center and starting to gein veloelty. The result 15 that a
fluid will gain a velccity faster than the earth surface as it leaves
the area of the neutral plane. At P2 we have s sigdlar situetion, but
with a fluid following rather than mrecefing & barrier -~ fluid will
‘aecumuiate against the barrier, rather than flow away from it. With
this viewpoint, ve immediately see two comsegquences: (1) A thin north-
south line barrier having & rising tide on ome side, should have an
ebbing tide on ﬁhe»ather, and (2) a barrier (coast line) along the
‘equator would have essentially no tide at 2ll if the planes of the
equator, the ecliptic, and the lunar orblt were all coincident.

It would appear that in an ideel sense, coastel tide actioms due
to the moon and sun sre simple sine-like vector functions which are
multiplied by Sine 5, where [ is the cometal direction angle (0 - 360°)

in reference t0 the equator. The amplitude of the sine-like function is

T. We will consider a unit mass of & fluid to be & free point,

oo 3
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. determined by the kinetic emergy gained as the fluid falls in the farce
fields of Figure 2a and interacts with local bottom features. Considering
‘an ideal Polsson ratio such that a redial force will produce sn equivalent
lateral hydrsulic force toward the point of lowest potential, we may
calewlate a veloelity smplisude due 4o the gine«like forces resulting fram
interaction with the moon in an ideal circulexr orbit system with the
ecliptie, equatorial and lunar orbit planes coincident. The veloeity
functions would then be modified to allow for an inclined equatorial
plane. Bince the free point of uniy mésm 1s moving with the surface of
a rotating earth, it sees a continually chenging force, We are interested
in the veloclity of this wnit mass, a8 the ev'ergy avallable for producing
coestal tides must be derived from the kinetic energy esscclated with
the current (velocity) gained ss the wnit mass "falls” into the farce field.
Referring o Figure 1, we may set up the following equations for
the lunsr effect parallel to the line M E.

FB i Mm . .
(1) —m - ~ s Gravitational force on & unit
' (R - x Cos 9) mass at P, due to the moon.
The gravitational constant
& = 6.670 % 10*8.

F
(2) 59- = -(ra - r Cos 5) &i Centrifugal foree on & unit

mass at P3 due to rotabtion

of the earthemoon systom

Using Newton's second law, and combining (1) and (2):

GM

3 Patw . . 2
(3) ar=z-dts= | (r, « r Cos ¢) of ] at

(R - r Cos 6)2
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A compenion equation for the guadrature force F¥ (perpendicular to
the line ME) takes the form:

, G
W) o ozsme %M

a* = £ 1 , - (r Sin 0)df ] at
‘ (R - r Cos 9)

2

The regultent smplitude V of the veloeity function would be the
difference between the quadrature velocities for the rotation cerrying &

point P from the "neutral" plane to intersect line ME.

Em2a E=P2n
(5) Va/f av - [ av¥
9'3“ . 3%
2 - a

| Solving these equatione gives a value for V of approximately 2.4 cm/ sec

greater than,vanﬂ in the same direction as, the earth's surfece movement
due to axial rotetiom. This current is mot large, but is in the same
. direction for eagb tide(g). The result 1s, effectively, an alternating
current component superimposed upon the continucus West to RBast current
inherent in this model. To account for observed tidal currents, we must
consider the lower water depths as more or less confined, and invoke
Bernoulli's equation which energetically predicts an increased velocity
in the areas of less restricted motion -~ near the surfoce.

To extend the approach to account for the tide normelly observed at
a cosst line in the form of changes in water level, the potential energy
assoolated with a unlt mass near the suwrface would be determined by

halving the square of the current velocity. The energetic situation is

8. "his is opposite in direction to the current suggested by Groves snd
Munk, J. Marine Research, Vol. 17, pp 199-21k.
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is similar to that of & pendulum -~ the kinetic energy (proportional to
veloclity squared) is essentially all converted to potential energy when
the nass cames to rest at the end of each sving. Thus, with water west
of a ccast, wve have a tide in phase with the ecuwrrent, and proportional
to the squars of the current. A comstal direction parsllel to the current
direction will convert litile of the kinetic energy of motion into the
potential energy of a rise in weter level and will thus display very
small tide level changes. This effect is particularly noticeable along
the northern éoaat of South America and of Java, where the tide level
va.::;iation is principally diurnal due to the obliquity of the eerth's axis
of rotation, and the semidiurmal currents produce little observabdle
coastal tide.

The tide (vertiesl riée) to be found in open seas or arees a few
bhundred miles from any cosstal or mejor see bottom disturbance, may be
estimated fram energetic considerations by setting the potential energy

equal to the kinetic energy essociated with the current velocity:

(6) Mg (mn) = 3wy agi = 5.1 en.

Taking & value of 100 amfeec., for a near-surface high tide ewrrent
and using 980 mn/eec’a for g, the deviation from a mean level is found to
be 5.1 om with the chase shifted 90° fram the current. An island only
a few mliles across would have little effect on this tide. Coastal or
lerge undersea baxriers will cause a mejor portion of the kinetdc energy
in the fluid body %0 be transferred up to sea level snd thus may display
6 tide level varimtion ten or more times the open sea value of 5.1 cm.

Atmospheric tides due to these effects are almost campletely masked by
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soler heeting and circulstion. Earth tides camnoct be considered by
this i’ree-pomi: apsroach as the movement of the esrth surface would be

auise small,
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Conglusions

1. 'The 180° difference in the ghase of tides simultanesously obeserved
an opposlte sides of north-south land messes may be explained by consider-
ing current as the prime tidal effect, with an increase in tide level due
" to water collecting against a barrier, and & decrease in tide level due
to water flowing away from a barrier, A comstal direction other then
north~south has the effect of mulitiplying the tide current function by
sine 6, where 9 is a coastal angle of (° - 360° with respect to the
equator. If the earth's axis were not tilted, there would bev assentially
no tide along coastlines parallel to the equator,

2. The predominantly dlurnal tide cbserved at comstlines Parallel
to the equator is due to the obliguity of the earth's axis inducing a
north-south current camponent (in jhese with the earth's rotation) on
the luni-solar west-toweast current. This north-south compement is
subject to barrier and phese effects similar to that described in 1
above. The amplitude of the north-south current is determined &t the
equator by multiplying the fundamentel west-toewéast cwrrsat function by
the sine of the angle between the earth's axis and lunar orbit axis.

- 3. Ilend berriers with dimensions small ceampared with the distance
traversed by the fluid mess in one cycle (~ 15 miles) would have little
effect in producing tides as in 1 and 2. A small land barrier would have
dimensiong of 1.5 mileg or less. 4 large mess would have dimensions of
150 miles or more.

4. There will be & residual west-to-east current component with &
superimposed altermating camponent. The continental land masses obvicusly
prevent any vcleaz-ly defined movement, but this eastward flow should be

observable ayound the southern capes.
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AFPPENDIX

A. The instantanecus earth-moon interacticn force seen by a unit

maes m on the equator, as in Flgure 24, may be determined by solving

equation 3 for %%,

Moon at zenith, Cos ¢ = +1

(7) av m %

a—— ———————————_ (r
dt n (R - 1’)2

o’r)“i

_ 6.670 x 2070 x 7.343 x 102
(3.80% « .064)° 10°°

2

alg™

+ (6.378~4.66T) 108 (r.079)10”

"

*‘3 e 3408 x 1070 + 1.211 % 1070 = 4.639 x 10”3 dynes/gn

Moon 180° fram zenith, Cos § = -1

oy Tm B 2
(8) -E :Wn(rc)#!’)a)m

= (3.207 - 7.819) 1073 a « 4612 x 1073 dynes/gn

The q,uadmﬁﬁ:e’e faree, radially 'autwaxd from E, Figure 1, and normal
to the line M B, ist

Bine 6 = 1, Cos ¢ = O

(9 = % - o = 846 x 10°3 dynes/em
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Tois i our “zero reference" farce st the neutral plane for 8 =

fofR

or 8= %’-E. The "effective” force for the at zenith would be
(4.64 - 5.46) 107> = 0,18 x 107° dynes. Bimilarly, for the moon 180°
from zendth (&,61 - 4.456) 10”3 = 0.1% % 10”3 dynes.

B. Th@ force on e wnlt mess remililng from the enrth-sun interaction
may be determined by differentiating the algebrsic sum of the gravitstional
force and the cembwrlfugal force and muliiplying by the earth radius r.

The resultant force is essentislly the sawe with the sun at zenith or 180°
from zenith, M, R, and @ refer to the mass of the sun, aversge ¢ to
¢ distance between the earth and the sun, and the rotational frequeney

of the earth aromd the sun.

¥ eM
, 8 2] 2
(10) — = % ?—i Raws
i

?s
r d(-x-;) 2 GMrx
(ll) b4 i &= £ + I“(})s
ot R
8

(S

e 2 x 6,670 x 1.987 %z 1033 + 6.378 x 108 x 3.965 x 10”
(1.495)° 10%9

e 5.05 % 107 + 2.53 % 1077 & 0.076 x 107> dynes/gn

1k



