
EARTH'S RATE OF ROTATION BETWEEN 700 BC AND 1000 ADDERIVED FROM ANCIENT SOLAR ECLIPSESM. SÔMA1, K. TANIKAWA1, K.-A. KAWABATA21 National Astronomical Observatory of JapanMitaka, Tokyo 181-8588, Japane-mail: somamt@cc.nao.ac.jp, tanikawa.ky@nao.ac.jp2 Emeritus Professor of Nagoya UniversityHanakoganei 4{39{15, Kodaira, Tokyo 187-0002, Japane-mail: kawabata-nagoya@jcom.home.ne.jpABSTRACT.We analyzed 34 ancient solar eclipses between 700 BC and 1000 AD recorded inChina and Japan. From the analysis we have found that the tidal acceleration of the Moon hasbeen constant from 700 BC to the present, and that the TT � UT values had a semi-periodicvariation with a period of several hundred years since 700 BC. The nontidal components ofTT�UT should be due to the variation of the moment of inertia of the Earth.1. INTRODUCTIONStephenson (1997) obtained the values of �T = TT�UT from about 720 BC using mainlythe ancient solar and lunar eclipses. According to the �T curve of his Fig. 14.4, the value of �Tin the 7th century is between about 4000 and 4500 sec. In Journ�ees 2002 we showed from thesolar eclipse records in China and Japan that the �T value should have been about 3000 sec inthe 7th century. In Sect. 2 we review the discussion about the values in the 7th century basedon the solar eclipse records and we also give additional data supporting our �T value in the7th century. In Sect. 3 we show that the tidal acceleration of the Moon obtained from the solareclipse records from 700 BC to 1000 AD coincides with that derived from the recent lunar laserranging data. In Sect. 4 we derive the �T values between 700 BC to 1000 AD from the samesolar eclipse records and show that the �T values had a semi-periodic variation with a periodof several hundred years since 700 BC.2. �T VALUE IN THE SEVENTH CENTURYThe solar eclipse of 628 April 10 was recorded as \The sun was completely eclipsed" inthe Nihongi (Japanese old history book). Nine years later, on 637 April 1, there was anothersolar eclipse observed in Japan. It was also recorded in the Nihongi, but only recorded as \Thesun was eclipsed". If we assume that the �T value was 4500 sec at that time as given byStephenson (1997), the magnitudes of the solar eclipses of the years 628 and 637 become 0.89and 0.93, respectively, which contradicts the records. In China, solar eclipses of AD 616 andAD 702 were recorded. From these records we concluded that the �T value in the 7th centurywas about 3000 sec. 122



A lunar occultation of Mars on 681 November 3 was also recorded in the Nihongi as \Marswas occulted". Our calculations showed that actually Mars was not occulted at Asuka, theancient capital of Japan, but the apparent distance of Mars' center from the lunar limb at theclosest approach depends on the adopted �T value as follows:�T Distance3000 sec 34004000 sec 7100The Moon's age was 17.3 days and the Moon's phase (fraction of the area of the apparent diskthat is illuminated by the Sun) was 95%, but Mars' altitude was 70� above the horizon andMars' magnitude was �1:4 so that we thought that Mars was bright enough to be seen if itwas separated from the bright lunar limb by more than the angular resolution of the naked eye(4000 or so), and thus we thought that the observation also showed �T should have been about3000 sec instead of about 4000 sec at that time, but we lacked its de�nitive evidence.This year on 2003 July 17 there was a grazing occultation of Mars in Florida, U.S.A., thecondition of which was similar to that of the 681 occultation (Moon's age 17.6, Moon's phase85%, Mars' altitude 50�, Mars' magnitude �1:9). Two people observed it with naked eye. Marsapproached from the bright side of the Moon and they lost Mars a couple of minutes after Marspassed by the Moon's cusp. Their observation data were as follows:Observer UT Long. Lat. Height dlimb dtermh m s � 0 00 � 0 00 m 00 00Christopher Stephan 08:22:00 81 03 11 W 27 17 55 N 10 28 35Richard Coolick 08:20:07 81 49 08 W 26 43 43 N 3 30 38UT is the time when the observer lost Mars, geodetic coordinates are on 1927 North AmericanDatum and dlimb and dterm are the apparent distances of Mars' center from the lunar limb andthe bright terminator, respectively. Mars' apparent semidiameter was 900:8 and Moon's apparentsemidiameter was 93500:3.The two observers were able to follow Mars until its apparent distance from the brightterminator became less than 4000, which is almost equal to the angular resolution of naked eye.Thus, the observations con�rmed our supposition and they strengthen our result that �T wasabout 3000 sec in the 7th century.3. TIDAL ACCELERATION OF THE MOONIn order to investigate further the Earth's rate of rotation and the tidal acceleration of theMoon's longitude from the ancient times we have found 34 records of ancient solar eclipsesbetween 700 BC and 1000 AD with descriptions of one of the words of \total", \complete", or\stars were seen" in Chinese and Japanese books. Among these 34 records 4 were found to bethe predicted eclipses that cannot be used for our analysis. Remaining 30 records were used inour analysis.On the tidal acceleration of the Moon versus �T plane, we plot an area of the parameterswhich gives the recorded total/annular eclipses in the capital of the dynasty. Since the tidalacceleration and the �T value do not change signi�cantly within a short period of time, we canexpect substantially the same values of these parameters for two successive eclipses occurringwithin a period of, say, 60 years. Fig. 1 shows one of such examples.The three solar eclipses were recorded in China and it is assumed that these eclipses wereobserved in Ch'ang-an. The BC 198 Aug 7 eclipse (shown by the bold lines in the �gure) was123
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BC198/8/7 (A) 4{Total
D90BCh’ang-an

............. ............. ............. ............. ............. ............. ............. ...

............. ............. ............. ............. ............. ............. ............. ...

BC188/7/17 4vb8Almost complete
D90BCh’ang-an

. . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . BC181/3/4 4{Total
D90BCh’ang-anFigure 1: Solar eclipses of 198 BC, 188 BC, and 181 BC The solid lines show the area of theannular phase of the 198 BC eclipse, the broken lines the total phase of the 188 BC eclipse, andthe dotted lines the total phase of the 181 BC eclipse.recorded as \chin". \Chin" usually means total but it was also used for annular eclipses, and inthis case the observed eclipse was annular. The BC 188 July 17 eclipse (the broken lines) wasrecorded as \almost complete". The BC 181 Mar 4 eclipse (the dotted lines) was recorded as\total". Therefore the values of the parameters should be in the common area surrounded bythe bold lines and dotted lines and should also be outside the area shown by the broken lines.Hence the tidal acceleration of the Moon can be determined from these eclipse records to be�(26� 1)00=cy2.The pair of the solar eclipses of AD 516 and 522 and the pair of those of 616, 628 and 702also give the result that the tidal acceleration has been �2600=cy2. The pair of the solar eclipsesof 709 BC, 601 BC and 549 BC gives a wider range for the tidal acceleration (see Fig. 2), but itis also consistent with the value of �2600=cy2 for the tidal acceleration of the Moon. The placesand the recorded discriptions for the solar eclipses appearing in the present analysis for the tidalacceleration are given in Table 1.Since the tidal acceleration �2600=cy2 of the Moon we obtained agrees with the value obtainedfrom the recent LLR (lunar laser ranging) measurements (Chapront et al. 2002; the value theyobtained is �25:858�0:003 (00=cy2)). It is also consistent with the value �26�2 (00=cy2) derivedfrom the comparison of the observations of transits of Mercury and lunar occultations of starscovering the period from 1677 to 1973. These facts indicate that the tidal acceleration of theMoon has been constant since 700 BC. 124
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BC709/7/14 4{Total
6JIlCh’u-fu

...............

............... BC601/9/20 4{Total
6JIlCh’u-fu

..............................................................................................

.............................................................................................. BC549/6/19 4{Total
6JIlCh’u-fuFigure 2: Solar eclipses of 709 BC, 601 BC, and 549 BC. The solid lines show the area of thetotal phase of the 709 BC eclipse, the dotted lines the total phase of the 601 BC eclipse, andthe broken lines the total phase of the 549 BC eclipse.Table 1. Eclipses used for the tidal acceleration determination.Date Place DescriptionBC 709 July 14 Ch'u-fu, China TotalBC 601 Sept 20 Ch'u-fu, China TotalBC 549 June 19 Ch'u-fu, China TotalBC 198 Aug 7 Ch'ang-an, China Total (actually annular)BC 188 July 17 Ch'ang-an, China Almost completeBC 181 Mar 4 Ch'ang-an, China TotalAD 516 Apr 18 Chien-k'ang, China Total (actually annular)522 June 10 Chien-k'ang, China Total616 May 21 Lo-yang, China Total (actually annular)628 Apr 10 Asuka, Japan Total702 Sept 26 Ch'ang-an, China Almost total4. PERIODIC VARIATION OF THE EARTH'S ROTAION RATENow that we know that the tidal acceleration of the Moon has been �2600=cy2, we candetermine the �T values at the times of the recorded solar eclipses using this value for the lunartidal acceleration. Table 2 shows the solar eclipses we used and the resulting �T values.The obtained �T values are shown in Fig. 3. The thick lines indicate that the range wasobtained from multiple eclipses and the thin line from single eclipses.125
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Solid line: tidal effect. Dashed line: parabolic fitting (Stephenson 1997).

•: timed data.Figure 3: Obtained �T values.The �gure clearly shows that the �T value had a semi-periodic variation with a periodof several hundred years since 700 BC. The nontidal components of �T should be due to thevariation of the moment of inertia of the Earth.Suppose that glaciers in polar regions melt and the sea level on the Earth's surface rises by1 m over 1000 years in a constant rate. Then due to the increase of the Earth's moment ofinertia �T increases by about 30 minutes. The variation of the sea level due to the variation ofatmospheric temperature in the polar regions is a probable cause of the variation of the Earth'srate of rotation in hundreds of years or in a millennium.5. CONCLUSIONWe showed from the ancient solar eclipse records that the tidal acceleration of the Moonhas been constant from 700 BC and the �T values had a semi-periodic variation with a periodof several hundred years since 700 BC. The variation of the sea level due to the variation ofatmospheric temperature in the polar regions is a probable cause of the non-tidal componentsof the variation of the �T value.
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Table 2. Used Eclipses and Derived �T Values.Date Description �T/secSingle eventsBC 709 July 17 Total 20201 { 21143BC 444 Oct 24 Stars seen 18375 { 20119BC 28 June 19 Not complete; Like a hook 9512 <AD 2 Nov 23 Total 8510 { 854265 Dec 16 Total 8362 { 8810120 Jan 18 Almost complete < 8117454 Aug 10 Total 6027 { 7858873 July 28 Dark; Total 3237 { 4106975 Aug 10 Total; Inky darkness 1167 { 4452Multiple eventsBC 601 Sept 20 Total 21093 { 21466BC 549 June 19 TotalBC 198 Aug 07 TotalBC 188 July 17 Almost complete 11816 { 12471BC 181 Mar 04 TotalBC 89 Sept 29 Almost complete; Like a hook 9880 { 12820BC 80 Sept 20 Almost completeAD 306 July 27 Total 6529 { 7120360 Aug 28 Not complete; Like a hook516 Apr 18 Total522 July 10 Total 3567 { 5085523 Nov 23 Venus seen616 May 21 Total 2278 { 2959628 Apr 10 Complete702 Sept 26 Almost total; Like a hook729 Oct 27 Not complete; Like a hook 2728 { 3254761 Aug 05 Total; Stars seen6. REFERENCESChapront J., Chapront-Touz�e M., Francou G., 2002, Astron. Astrophys., 387, 700{709.Morrison L. V., Ward C. G., 1975, Mon. Not. R. Astr.Soc., 173, 183{206.Stephenson F. R., 1997, Historical Eclipses and Earth's Rotation, Cambridge University Press.
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