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The periodicity of about 27.3 days has been known for deep moonquakes observed by
Apollo Seismic Network on the moon. There still remain the fluctuation of the periodicity
about 2 days and the modulation due to Earth-Moon orbital configuration. In order to
identify the category of deep moonquakes, detailed analysis of the periodicity of deep
moonquakes is made by the Hilbert transform. Thirty groups of identified deep moonqua-
kes with large event numbers are parameterized by their phases of occurrence timing in the
Earth libration looking from the moon. Clearly shown is the periodicity of about 206 days
resulting from the perturbation of perigee by the sun and 6 years from the beating of
anomalistic and nodical periodicities. The former has been suggested from the amplitude
variation of deep moonquake signals and is shown quantitatively here. There are many
groups of deep moonquakes of which temporal variation of occurrence phases is so regular
that the empirical formulae could be determined to predict the time of phases of deep
moonquake occurrences. Standard deviation of observed and predicted phases of event
occurrences at best is about 0.03 radian, which is about 3 hours. Most of standard deviations
are twice or thrice larger than this. Some groups do not show clear regularity in occurrence
phases. The present empirical analysis would not help for the identification of those groups
of events. Generally speaking the average time interval of Apollo deep moonquakes is about
23 hours. The empirical formulae give the prediction of deep moonquake occurrences much
precise than this, so that the present analysis would help the identification of category of deep
moonquakes observing arrival times of signals measured in the future mission.



326 AL ES
I. 1 L &

TR ABBRMITI969F T A6 19774 9 A £ THEFEFHOMITHI, REAR-ZHRAR-
FBAaHEEAER-BOE EOA N BOBAEL ¥ oERSD Al CEM S T 5 (Lammlein
etal,1974). THRu 11 52567 R o 16 5F TOMBEA T3S T4 SOEKREBIE25.44
SERICh 2 BB DH 5120 T, BRI N2 P LHIRENKRENZS LR DEP ) THo 72,
BHMHAR TABEHEE N2 ME#H 12,000, 2OWFEL (FANLNLZY Mgl
Hz L v, REA B RS CHEE N, BE 1000 km MHEIcFEL T 5 Z & h%
LT3, EEARPEICHDORBEECETAEREL 25T oictN, BEABRBANR
TS m2 E b ERALBHRECTH S, 510, BEARIIH22TIAOELITHRIRLIEEL
TWwaize, A—EREOME itk 2302 51T 3% (Lammlein et al,, 1974). % OFE
#2 LC, Nakamura (1978) ® Koyama and Nakamura (1980) (2 HWERIzE) < Blw h o
MZEGERBABNDRERA A= X LPHBAL TWwb I EE2HLPIIL TS, Fi2, BREABRD
REXEEWNLT 7 b=y 7500 & TOWGES T, WK INTHIC ) r—s LTokEl %
B7z2LTw3ICBELWwWEn#Ez (Cheng and Toksbz, 1978) R#lWw A X EMLEHRARE L
BRI V= LT 2REABOW KA H 5 L n# 2 (Araki, 2001) bH 5, Lo
L, Ao BRARSENF -1 B
3 FKAKDWNERIGED 2 MER O HUE IR B O FHE
THEZTEADIEDH) I,

7R FHELE, A OBGERNT D 3 HiLL
togERHE» L S (Dickey et al,
AT I [ e Y
BEEDY, BRI S —BAARIED & b *° A14 Time Difference 0
ZRLIZAOBIHETEL L T h 72 20

{Chapront and Chapront, 1983), ZZ T
BWFEITHBD S REABNORES W
SICT B2, B LICFEHBIE RN
FrEIL Tvs 3 FH#& 2 v 5 > LUNAR

10

Frequency

Frequency

-A (Mizutani, 1995 ; /)l-fB, 1998) & 0 J.Ll ,l 11

0 1000
BHARICIER T2 E2 LN2RRAE AWTmeD%mme
DHEEEFHICT bieodic, TROFHET Fig. 1. Frequency of events in terms of the time
BN ERBEREOELME: B difference in hours of successive events: Top
. . e . . is for Al4 deep moonquake group. The distri-
BN EERNICFL (NS, 2L bution centers at about 27.3 days (655.2
<, BHAEO BTN EOF R oW hours). Bottom is for Al8, where successive

events occurred within a few days and over
TEZ 5, other month.
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FHEo AMBENS SBREAE BN b1~ P 000 EIZEBHINTWS, L LE
DT E A EHIEF IS iRIE, RIDDHBRENEERE, Tho0oH, FLIALNTWE T
XY MIZOWK 1000 ERRED 5. REABLFEE I NS DD 5 LITITBREE» B TH 5
IRy 27T 3 HOFMTREL T 270D, BENEFEE,» LRV IBLEBEL TWE EER
LENTW3, BIEFTIRINE ) AFENBEREB 2 HOBREABN 7 N—75 109 i s h
TWwa, 209 bAEMBRERE2 A v x> 7552 L TSN kEm L&Y, P¥ - SEOEE
B0 L BESTD LN TV E0IE, 52 70V—7% 5% (Nakamura et al,, 1982). F7>, R
ABRFEEOWRIIA —HIROGERIC L 5 6 FORIERICLHEEN TS (Lammlein et
al, 1974 ; Nakamura, 1978). Al & XT3 7 N—70BFEABEOIRIEIZIZ 206 B 7 ERARZE
Ly RE3N T35 (Lammleinet al, 1974). 4 (1976) X2 & ) LRIBOFAHEILIZ G
HABHH - HBR - KGOV ELEIW I L 2EFBRBICL 2720 TR 2P LEZ TS,
Fig. LICA 4 EMHENB T NV—T DB EMERBEL oY F ORERINOELERY. D
TN—T7R3FREDHIESRAIEL Vv E&E
ZoNTCERIN—TD—2TH 5, 655

t A ) 1 L 1

R 2 PLIcHT0BEROEFE)Z24-T §
B RTOAB I A—7TRINEN)  F 0 £t
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% OB b R SRR 0 & & ‘ ’
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M A33 % EDBRRBICREST BT
N—T7TLHBETH S, 2FVEEAED , ‘ '
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EW Lib.
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Ke}
BHBZEPbY» S, A-HEEOT—5 ;
EROH#D 5, LUNAR-A SHEI T3 %S (z% 01 i
REFIERORERIELNTL S, 20 T | ]
LinroBbnrT—sroREARE O
FET 51, ZORBEO®L XiZKE 500 1000 de;’;n 5‘2‘;, ( ;53%) %000 8500
TES, L) LREOEMEE L H S
LEEBICHEANTAL S, Fig.2. Phases of the earth libration in latitude,

longitude and distance at the timing of A33
events. Julian day in abscissa starts from
January 1, 1969.
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BIIRERDE D 2B Ty 77 —E8 L T3, /2, BoBHERIZ 1.53 %, AKX
349 5.13 BEETEICH L TEWTw3, Lad >, AELIcHEISNS A L EROE S hL%
FANE (subearth point ; A% & B2 ERNALE) 2 AoBE-REF LT L, ¥ 77—
HOECH - HIRE OB L ET 5. ZOXEE AL 5 RICHIROBE - RERS &V, &E
HmngAuid Z A AR (27.212221 H), BEFEOZILE S AR (27.554550 H), 2L T
BERE IR ERILICEFAL T3, Bl 6 £ BRI Z 08 A - BE AR bhwiz
HEELTWS

FZ TREABEVHIREEIN CONMETREL TV 2002 EEMICTNS Z LICT 2, HBR
HEORHELT (1) £ T2 &, EHRRRY| F() 25

F(O=f(t)+iZ(f(1))

TEREIND, )R FOE~)L R IZREENTH S, R L~UL P BT R
FlD ARG % 28T 2 DI AV 5 1T & 7255 (Vidale, 1996), F(2) »* & Bz %2 OfAEAR
HHND !

P(t)=tan™(Z(F(1))/1(t))

Thob, MM —2hb x 2T, BRI A() SRR L 5 A0E THAESG Y TH S,

HERFFE)Z Chapront and Chapront (1982) 12 & 3 ELP-2000/82 itz ft- 72, H#EDJE
FEfEIZTRA (1995) icx &H 6N TH S J2000 (24515450 =) 7 2 H) THEE BV, FHFRE
FERERTOMELZEEL, 2t ARERICBT 2 REREICE L 2. (ARG R
B/ RE/EHEDZENZIDOWT R LIZFFE L 2RERS b ABNFR AR L TK
S, CNIZBDLEMN2T.3HTHEH L, MEREIW 38T 5701 H 100 BT — 9%
ERVTWREEZ T L., 20 L) LA 2, AL 7V— 7 REE N2 F 710
Ll LH bERFEABD I N—TI12 DN TR, £ T BMOBERABN I N — 7"75“'%1‘)?0)?3‘%2
i2% »7z(Table 1), 7277L, 1 RREBEMNTY FHFEL THB 7 N—T7I12 00 Tidlhd
DI T ONSE & L7z, Table 1 T Total number & DL 722~y F A4
IN—TREDL ) LRFERABNOIN—T"TH 5.

. RRABRREROAMER

TREAEA 33 DRERH CRE - BE - BB OMAEMA £ Fig. 2ICAESZ T TRT. &
BT A 3B NRERANELLY 7 ZAH ¢t (196941 A 1B LH272) TELL, ZHOA3ZRRE
REZIDHcHAEL {, EHE Tl AIC 1 ERET 52 L% 5 T 5 (Lammlein, 1977 ; 3¢
K, 1995), Z 1t Fig. 2 THEMONAAINIZLOMETC—ETH LI 05 b EBNIC R TI



Table 1. Deep moonquake, number of events and total, libration dependence.

TR e A BRREO BT

Group Latitude® Longitude® Depth® Number®/Total Libration®
deg N deg E km

Aol —16.6 —39.8 920 186 / 186 ?

A05 20.4 —41.0 703 23/ 27 ?

A06 42.8 55.0 853 37/ 4 ?

A7 24.6 53.8 875 42/ 51 ? EW-rn
A08 —36.0 —36.4 933 33/ 68 ?EW /2
A09 —=7.7 —16.5 995 25/ 57 EW NS—-2
Al —24.7 —36.6 933 32/ 32 NSEW-2.5
Al6 8.6 4.3 1153 29/ 29 NS EW+1
A17 25.5 —22.0 814 14/ 15 EW NS+1
A18 22.9 32.1 915 45/ 53 NS+EW
Al9 14.3 —34.6 807 13/ 13 NS EW —2.5
A20 24.2 —34.6 969 2/ 4 NS+EW
A21 —13.0 —38.6 969 21/ 25 NS+EW
A2 —35.3 —40.3 987 32/ 52 ?

A25 35.9 65.9 961 16 / 16 NS EW+0.5
A27 22.2 19.8 1047 13/ 13 ?

A 30 11.9 —34.9 918 34/ 34 EW NS—1.8
A3 4.6 116.5 398 47/ 49 NS EW 1.7
A 34 7.7 —7.7 993 16/ 16 EW NS—1.7
A39 —18.8 —9.2 939 16/ 26 NS EW+1
A40 —1.4 —11.8 898 29/ 30 NS
A4 17.9 —33.0 801 15/ 15 ?

A42 24.4 —54.8 925 30/ 30 EW NS-2.5
A4 61.6 52.7 930 18/ 18 NS+EW
A 50 9.7 —53.2 832 1/ 11 ?

A52 - - - 10/ 12 EW NS—2.5
A6l 23.7 44.5 805 14/ 14 EW NS+0.5
AT9 - - - 11/ 1 ?

A82 24.8 30.4 871 1/ 11 ?

A97 0.8 17.0 960 18/ 18 ?

": Nakamura et al. (1982); ?: the first event at every month; °: dependence on NS or EW

libration (constant value of libration), numbers are in rad.
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N3, 200, XX ERREZETECD, 0.2 5T VRETHL. H2T.3BTLABTH » 5,
ZORERYOW L X3 20 BRIRE L RIED S5, REOTE 2 RiUL, ¥ 6 4 CAAEMA D H#E
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ATHRET L L0 LREFEHL %
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© .o L
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745 5. Fig. 412A 21, A 30, Julian Day (A14+A18+A33)
AL OPERLI DR 6F L Fig.3. Latitudal libration phases for Al4, A18 and A33
206 HOBEMEF BB I NG, = events. Circles indicate the phases of actual timing,
" . whereas triagles the phases calculated from the empir-
DALz, BEREmMGICMEEAE ical formula from the data. Periodicities of about 6
EH EHAED S —T, wBND years and modulation of 206 days are noticed.
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EHPR I W I A—Tb5h ~

5. FNb %k FEHT Table 11z ;

R 72, BEIORSEN TR Wy,
G
©
©
[ang

WCRZ 58D onTIFNEL
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—FEE(RELTCNBALT . : ; . T
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Fig. 4. Longitudinal libration phases for A21, A30 and
FRAIMEER N W, F72, A A42 events. Others are the same as in Fig. 3.

264 DE G ITHERDEID LN
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WAHGNHETREEL TWB 05D ), RLVRML 722~ Mz 72 REE O BEMERAAH
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V. MiEAOFAR

REABDOFEERBIEICKBIREID 206 B 6 ENRAMEIHALPIC L - 72DT, £hEND
TN—T7IRET ZRBHMOERRNEHET s etk s, CZ OBz EN TN T
N—T TRERR DB



TR w RS A BREO B 331

ph(t)=at®+ Bt + v+ ecos(wt + $)

EIREL, 27, o B, vy ERABERETHED, BYOBREPDL e & ¢ 28D, 127201, ol
JEHA 205.8922237 BOABWEHTH . a= 0 DFEALFIEL 245, — I e 3B ICNEL 2D
HE 3%\, Fig. 3 Fig. 4 DRIPICZATHIL TH LAY, 2ok 5ic L T EE T
WK 5 Z N FNOBRFEABRERFOABTFRETH 5.

Fig. 51l A 14, A 18, A 3B NBRFEABNREL 2ROBERBOIAEA & LORBRRL 5
RS N B NAEADEERL 72, A 33 DRTF 2000 HLIAT Tl 2 0BEIZIEE IS v, A 14,
A8 TV D DRICKRELRENRLNS, ZOMEMIX Fig. 6128 L 2RERBOMEA
TLHELTH S, Table 2ICENENDRERAED 7 N—7"CHAE L FHIS N LE L DIELER
EBEIUTVORLE, BCRERBENINY F 20 2T, HERIFEET Table 2 0fEL ) 2
Hlz/NB <73, A20, A30, A42 7% tBBREN—FBDRLIN—-7TE, FURENITHE
EIRM0.05 7T VRETHSL, BEDIHS A LFHICTUTH0.03 7P T BED
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Fig. 5. Deviation of observed and predicted
phases in latitudal libration for the events of
A33, Al8 and Al4. Some events show very
large deviations but most of them distribute
around zero.

Fig.6. Deviation of observed and predicted
phases in longitudinal libration for the events
of A42, A30 and A21.
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THEEE L BTAH . Z0fEIZFEIZA 33 TK Table 2. Standard deviation of predicted
It b irical f 1

DIED 7450 1BET, ¥IKEEREDL L phases by empirical formulae

- = . . X Group NS (rad) EW (rad)
N5, ZNUBRVFETHY, HOZCOR A 09 0.1744 0.1789
HABRTRFAUENCDL EZZn 2505 345 Ald4 0.1469 0.0760
) Al6 0.1789 0.1672
(HThHB. A7 0.0969 0.0731
A18 0.1551 0.1391
VI % & & A19 0.0681 0.0971
A 20 0.0470 0.0630
THRoBESEABRO 21 Bic 1 ERET A2l 0.0807 0.0939
_ . . A25 0.0932 0.1151
ZH2T3HOREEZRTLIONED S, L L A 30 0.0563 0.0748
ZDOREBEICIZAOBESKEOEER L Eic k A 33 0.1010 0.0678
e N i A34 0.1091 0.1276
LOLEGSIENTWB2d, B+ 2H A39 0.0951 0.0943
BENTFHEINH 5. ABREDEA % HER A 40 0.1161 0.1170
FROMAR TN S &, TR UL 0 - ae ool
’ A A42 0.0526 0.0771
LW s 3N 20 BHEETHSL. 22 Ad4 0.0584 0.0913
o E  rm e g A 50 0.1060 0.1483
T A —HERK, A—KBOFEE2%£2, At A s 0. 031 0 1148
FNBZQLENERNZO(DN, BEAEBNE Al 0.1442 0.1788
ERADFHERAL, BEORAERHR am 0075 o088
% NS See * A 82 0.1253 0.1268
BTFH»RD BYSES, ¥ 3RMEENTH A97 0.0803 0.0689
EEHAML oz, EL DB/ 2ELH
ETHB, T/, BHaFRERPLKEL or .
TN CREBEABIRET2HELH 5. A0 kg

— I E - T, TReBREAEIZTF
49 23 iz 1B TREL Twiz,
L7z T, BERAZEEMTFRT
& iE, LUNAR-A FHETOIFRD A #b
BERAT— s kE{BRT S Z
ki s, LaL, Fig 7TiamLizk
2, BB L %1500 HA 5 1800 H & . ‘ . ' : .

\ k2 i A 500 1000 1500 2000 2500 8000 3500
TIHA 20 & A 30 DFREMASSEEICE Julian Day (A20+A30+A42)
ToTLE)., F0k) LB - BHEHA

N R Fig.7. Longitudial libration phases for A20, A30
BOIN—73YFET S, iz, A1D and A42 events. From days about 1500 to 1800
FS5ieh b0 aETcRET A RENE the phases of A20 and A30 are overlapped.
DIN—=T3HHY, SEDOEBHFEZTH LTI, X2 FOREEZEEICITL 5 bIT Tkl
ZEDhrodz,

Radian (EW Lib.)
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