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Fig. 11.13. The upper diagram shows the tidal bulge if there is no friction. In the case
of friction there is a delay in the time of high tide, and the resulting distortion of the
tidal bulge leads to a deceleration in the Earth’s rate of rotation, and to an acceleration
in the Moon’s orbital motion.

Table 10.13. Summary of tidal accelerations estimated from
astronomical, tidal and satellite data. §Qr is the contribution to )
from terms other than those related directly to the lunar acceleration
(10.5.1)

e

Astronomical Tidal Satellite
cstimate estimate estimate
_’______________/-’———————/
i (107 rad s7%) ~1.35+0.10 —1.49%0.5 -1.33+0.25
Qln, (1072 rad s7%) —-5.48 —-6.05 —-5.40
50y (1072 rad s7%) -1.47 —1.47 -1.47
Qr (1072 rad s7%) —6.95 -7.52 —6.87

dE/dt (10" erg s7Y) -3.94+0.30 —426+0.45 —3.90+0.70
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Ficure 6. Long-period variations observed in mq since 1820 as determined by
Brouwer ( ) and by Morrison (=-).
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FIGURE 1. Solar eclipse shadow geometry



lllustration courtesy of Sky and Telescope magazine/
Fred Espenak, NASA

The total solar eclipse on July 11 will
sweep over a narrow strip of the trop-
ics, but the partial eclipse will be visible
from a wide swath of the Western
Hemisphere, including most of the
United States and southern Canada.
The event can not be viewed in the New
England skies.
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Eclipse of Hipparchus 129 B.C.

80 ° displacement implies that the
length of the day has increased by

Computed path of totality 26 milliseconds /century
assuming a constant rate 2 ;
of rotation for the Earth

FI1GURE 3. Illustration of how the long-term deceleration in the rotation of
the Earth is deduced from the observed occurrence of a total solar eclipse

éq’é?w

A %
12°5 Bias

.\ N\

® - Eclipse ob'servations
A - Actual path.

B - Path implied by Least Squares
Fit to observations.

FIGURE 4. Population bias effects for the annular solar eclipse of
22 August A.D. 1039
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Tidal friction (see Chapter 11). From Neugebauer (1957), Plate 6: Warka fragments.




498 P. M. Muller and F. R. Stephenson

arises, theoretically, from the tidal couple between the Moon and rotating Earth.
Figure 5 indicates this effect schematically. The Earth rotates faster (on its axis)
than the Moon does (in its orbit) around the Earth. The Earth therefore drags
_ the gravitationally induced oceanic tidal bulges ahead of the Moon (on the
nearer Farth hemisphere), and behind the Moon (on the farther Earth hemi-
sphere). This ‘phase lag’ is small, around 3°. The nearer leading bulge to the
Moon tends to accelerate the Moon in its orbit, while the further trailing bulge
tends to retard the Moon. The former is larger, and the net effect is to accelerate
the Moon in its orbit. If energy is thereby added to the Moon in its orbit, it will
move farther from the Earth, slow down, and thereby fall behind its unperturbed
position as time progresses. The net tidal torque on the Moon gives rise to a
negative acceleration in lunar longitude.
From conservation of momentum, we can see that the Earth must be retarded
in its rotation by this torque. The length of day gradually increases, and the value

of ET-UT therefore must change as time passes, because the ‘Earth clock” is™™

running ever slower. The rotation of the Earth is deaccelerated by this torque,
and the effect is termed the ‘lunar tidal part’ of the (negative) secular acceleration
of the Earth’s rotation. There are two tides raised by the Sun, an oceanic tide

L 170%> &=-9156 s/cy?» 2:50 ms/cy

i 136 B.C.
Path for Totality
Constant Observed
Earth

Rotation

FiGuURE 6. Earth’s rotational displacement
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TABLE 1. A Comparison of Jeffreys’ and Heiskanen’s Estimates of Frictional Dissipation
with Miller’s Estimate of the Flux of Energy
(Units are 10'7 ergs/sec.)

Location Jeffreys Heiskanen Miller

-
©

Andaman Sea to 21°N

Antarctica

Australia to Lesser Sunda Islands 1
Barrier Reef
Bay of Biscay
Bay of Fundy
Bering Sea 75.
“Bristol Channel

Chile

Davis Strait and North

East Africa

Eastern Greenland

England, Scotland, Ireland (other)
English Channel

Florida to Trinidad

Formosa to Luzon

Gulf of California

Gulf of Panama to Gulf of California
Gulf of St. Lawrence

Hudson Strait

Irish Sea

Japan Islands

Java to Sumatra

Malacca Strait

Mediterranean

Mindanao to N. Guinea

N. E. Coast of S. America

North Sea

Northern Bay of Bengal

Norway to Svaldbard

Okhotsk Sea

Oman-Persian Gulf

Philippines

Red Sea

Ryukyu Islands

S. E. Coast of S. America

Southern Alaska

Southern India

Torres Strait

U. 8. East Coast

Vancouver, Juan de Fuca

West Africa

West S. America, equator to 42°S
Western Australia

Western Norway 0.0
Western Spain

Western U. S. to Baja California 0.0

Total 1.1 X 101 1.9 X 100 1.7 X 101
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Fig. 3. Estimates of N; according to Pannella (o), Berry and Barker (x) and the
coral data (@) . The 2xr lines represent Np(t) based on (g) solution (4) of coral
data, (2) an unweighted best fit to Berry and Barker's observed data, (¢) an un-
weighted best fit to Pannella's observed Ny data, and (4) solution (5) from all
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