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LaMMLEIN Er AL.: LUNAR SEIsMICITY

CATEGORY C METEOROID IMPACT CATEGORY Ay MOONQUAKE
JULY 31,1972 JULY 24,1972
18 19 20 13 14
(N S oW & v A A T
e — Formsiniay g 7
t e ' . Ao s & I £

} 400 DU

Fig. 4. Compressed time-scale records of LP components for two natural seismic events recorded at four seismic
stations; X and Y refer to the horizontal component seismometers; 7 refers to the vertical componpnt seismormeters.
Each successive trace deflection ¢ a LP compressed time scale rumrd represents the sum of ihe absclute values of
the differences between 40 successive data samples during consecutive, nonoverlapping 6-s time intervals. ucces-
sive deflections are plotted on opposite sides of the zero base line. The relative amplitudes of the signals are indicated
by the brackets following each record. Tick marks are 10 min apart, and hours are labeled. The category A,z moon-
quake zone is located at the eastern border of Mare Serenitatis (s e Table 3). For category A moonguakes, the
direct shear wave S is prominent on seismograms from the horizontal seismorasters. The direct compressional wave
P is observed on seismograms of the largest category A moonguakes. The category C meteoroid impacted roughly
500 km north of station 15. The omsets of the direct compressional and shear waves can rarely be identified ou LP
seismograms of category C events.
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STATION 12

NOV 24,1969 TO OTC 31,0970

MOOHGUAKES
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STATION 12 T = /g AT e
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STATION 15 B ST

AUG.3,1971 TO JuLY 27,1972
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i YV BN

STATION 16

APR.£2,1872 TO LY 72,1972

MOONOUAKES

Fig. 10.  Category A and B seismic activity detected by the Apolla seismic network diring the period November
24, 1969, to July 27, 1972. The number of cat-egory v and B events detect ui per day at each station is platted as a/
function of time. The time interval covered by each of the stations is given in the figire. The solid triangles indicate
tires of perigee, and the open triangles indicate times of apogee. The vertical lines below each figure indicate the
times of the maximum Jatitudinal librations. The m,nmmm longitudinal librations occur at times intermediate to
apogee and perigee. Ini general, two peaks in seismic activity are observed at all staticns each nodical month at
times mtm‘media“’ fo the maximum latitudinal librations, The peaks appear to show no fixed time relationship
to apogee and perigee. The dashed curves in eack gure represent the number of events detected per nodical
month. Points are plotted at times of suceessive maximum latitudinal librations and each point represents
number of events detected in the preceding and following hulf-nodical month inrervals. A long-period varist!
(about 206 days) in the number of events detected pey mouth is observed at stations 12, 14, and 15 during 14371
and 1972, but not at station 12 during 1969 and 1970,
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Ficure 2. Honolulu tide spectra at 1 ¢/y resolution for the low-frequency spherical harmonic PJ.
Some “Darwin’ symbols and ‘Doodson’ constituent numbers are included in the upper panel.
Legend is otherwise as in figure 1. '
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Frcure 1. Honolulu tide spectra at 1 ¢/m resolution for spherical harmonics of degres 2. F3, PL, P2,
refer to tidal species 0, 1, 2 respectively. The upper panel shows the energy of the gravitational
equilibrium tide at Honolulu relative to 10-* cm?®; some ‘Doodson group numbers’ are written
below the columns. In the next two panels, the observed sea spectrum is designated by the
total height of the columns. In the upper of the two, the height of the Jfilled portion designates
the energy coherent with the equilibrium tide; in the lower, the height of the unfilled portion
designates the noncoherent energy. The left scale refers to energy per column, the right scale to
energy per ¢/d. In panel 4, the filled circles refer to the real part, the open circles to the
imaginary part of the admittance. In panel 5, they refer to |admittance| and phase lead in

- radians, respectively. The vertical lines show the 959, confidence limits of the circles. The
curves represent the admittance functions derived from the convolution process. '
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Ficure 3. Honolulu tide spectra at 1 c/y resolution for the diurnal spherical harmonic P
M.
2 52
N,
B Ky
Ny gy ) Ly T,
i i ig i . ’ -
5
l I - E l - i ! llﬁli a ii!l l- L l
! o o o o ~ o 0~ . o =~ o o o o o o ©°
' e o e % il o E e s - &

18 1.85 1.9 1935

cycles/day

Ficure 4. Honolulu tide spectra at 1 cfy resolution for the semidiurnal spherical harmonic P}.
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TaBLE 2.4.4. Tidal constituents with C > 0.05 (from [Bartels, 1957])
Coefficient Speed (deg hr 1) Period Symbol
C o 360°/0 (and description)
Long-period tides
- 02341 0 S, (constant solar)
0.5046 0 M, (constant lunar)
0.0655 w, = 0.00221 18.613 years — (nocdal to M)
0.0729 2w, = 0.08214 182.621 days Ssa (declinational to So)
0.0825 w, — wy = 0.54437 27.555 Mm (elliptical to M)
0.1564 2w, = 1.09803 13.661 My (declinational to M)
0.0648 2w, + w, = 1.10024 13.633 — (nodal to Mf)
Diurnal tides
0.0722 (wg = 0) — (wy = w5) = 13.39866 26.868 hours 0, (elliptical to Oy)
0.0710 (wg — Wy) — Wy = 13.94083 25.823 — (nodal to 0,)
0.3769 (wg — wy) = 13.94304 25.819 0, (principal lunar)
0.1755 (e — wy) = 14.95893 24.066 P, (principal solar)
0.1682 (we — ;) + 2wy(= Q) = 15.04107 23.934 K3 (declinational to Py)
0.3623 (g — w) + 2wy (= Q) = 15.04107 23.934 K™ (declinational to 0)
0.0718 (wg + @y) + w4 = 15.04328 23.931 — (nodal to K1)
Semidiurnal tides
0.1739 2w — (0, — w3) = 28.43973 12.658 hours N, (elliptical to M)
0.9081 2w = 28.98410 12.421 M, (principal lunar)
0.4229 2we = 30 12 S, (principal solar)
0.0365 2we + 2w, (= 2Q) = 30.08214 11.967 K3 (declinational to S5)
0.0786 2w + 2w, (=20) = 30.08214 11.967 - KM (declinational to M)
Combination tides
0.5305 Q = 15.04107 23.934 hours K, (lunisolar declinational)
11.967 K, (lunisolar declinational)

0.1151 2Q = 30.08214
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Ficure 1. Honolulu tide spectra at 1 ¢/m resolution for spherical harmonics of degree 2. P3, P}, P7,
refer to tidal species 0, 1, 2 respectively. The upper panel shows the energy of the gravitational
equilibrium tide at Honolulu relative to 10~ cm?; some ‘Doodson group numbers’ are written
below the columns. In the next two pancls, the observed sea spectrum is designated by the
total height of the columns. In the upper of the iwo, the height of the filled portion designates
the energy coherent with the equilibrium tide; in the lower, the height of the unfilled portion
designates the noncoherent energy. The left scale vefers to energy per column, the right scale to
energy per c¢/d. In panel 4, the filled circles refer to the real part, the open circles to the
imaginary part of the admittance. In panel 5, they refer to |admittance| and phase lead in
radians, respectively. The vertical lines show the 85 9%, confidence limits of the circles. The
curves represent the admittance functions derived from the convolution process.

66 . ' o s " Vor. 259. A.



TIDAL SPECTROSCOPY AND PREDICTION 551

gl [T
4 oA

complex admittance
V

amplitude and vhase
1
—_ ]
1

cycles/day

Frours 2. Honolulu tide spectra at 1 cfy resolution for the low-frequency spherical harmonic P2,
Some ‘Darwin’ symbols and ‘Doodson’ constituent numbers are included in the upper panel.
Legend is otherwise as in figure 1.
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(¢) The spectrum at c[y resolution

Figures 2 to 4 show the same spectra and admittances at greater resolution. Here we see
the tidal ‘constituents’ named by Darwin and other constituents of lesser importance,
usually unnamed or allocated to nonlinear ‘over-tides’. In figure 2, the constituent labelled
MSfis the linear lunarinputat (0 2 —2), not the S, — M, nonlinear interaction at the same
frequency. The coherent energies at 1 and 2¢/y (Se and Ssa) were not plotted because they
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Frcure 3. Honolulu tide spectra at 1 c/y resolution for the diurnal spherical harmonic Pj.
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include radiational energy and give anomolous admittances. Separation of gravitational
and radiational energy is possible by the method of multiple components. A better
procedure is the lumped analysis on which the plotted curves are based. These curves
approach a gravitational admittance of Z = 0-92 at zero frequency. The reliability of
this lirait is about the same as that of the estimate at 1¢/m, namely +0-24 at the 959,
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Freues 4. Honolulu tide spectra at 1 cfy resolution for the semidiurnal spherical harmonic P
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Tide predicting machine used

from 1885 through 1914.

Figure 7.

Figure 8.

Tide predicting machine used

from 1912 through 1965.
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6.4 INTERNAL DENSITY AND COMPOSITION 171

precision of observations, the lower mantle and the outer core were each
homogeneous and obeyed the Adams-Williamson equation (see also
Davies and Dziewonski, 1975). The density profile of one model is shown
in Figure 6.17.

Inferences concerning the compositions of the interior zones of the
Earth require extrapolation of the model densities to zero pressure.
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Figure 6.17. Density profile of Earth model by Dziewonski et al. (1975) (solid line)
with corresponding extrapolated zero pressure (and room temperature) density
(broken linej.
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172 SEISMIC WAVES AND THE INTERNAL STRUCTURE OF THE EARTH

Conventional elasticity theory, which assumes infinitesimal strain, is
completely inadequate for this purpose because the elastic constants
change dramatically under pressures comparable in magnitude to the
elastic moduli. There are first-order changes in density, which can be
described only by a finite strain theory. Figure 6.18 is a plot of the elastic
moduli within the Earth as functions of pressure. This shows that the
variations with pressure are sufficiently regular for simple linear
relationships to represent reasonably well the behavior over moderate
pressure ranges:

K=K+ KiP (6.39)
K= o+ pniP (6.40)

where subscripts 0 represent zero pressure values. In particular, for the
upper part of the lower mantle (from 670 km to about 1500 km according
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Figure 6.18. Variations of elastic constants with pressure in the interior of the
Earth (model data by Dziewonski et al. 1¢75—Appendix G).

1o the mo

Equation ¢
discussion
as Murnag

Equat

which inte

The densit
this relatic
“and yields
the adiabai
ical model
decompres
extrapolati
lieved tha
iron-magne
major disc
lower part:
Dziewonsk
Linear

satisfactors
Ko, K3, whi
relationshij
range. Stac
by appealin
ory iron at
coefficient

irapolated -
0.956 X 10" ]

“to obtain g,
eslimale ma
there is no




J‘M—ﬁcm/.s;,& /(,;\ Tarns g 3
ﬁM/hWES , Love amnibes | A

St as € wlashc vesporase f D
1+ haed ( /Q:: 2) f;VCXS_

w;” bhe o‘ofxflauaL,

71\1 wyﬁﬁ AN = A

(r)) = aechy plfsflaawh‘t

g ]!’t‘, P yv-):ﬁcx_

t=a @
Avsplnced p.Q dc’f/ i cammanal”

r=a

du’ly(aaok . P ﬁiuii;ot_ f/v\l:fv»cx

N
l.et - (r) = M}, (,_I:‘) = ’P’ﬁ(‘;%—Q all*)‘}IA(m:\'t-

wuly) = —-Jv[-@]

L I
L—J\/
fove .

Tawice  as A‘J ~ fox —» hoice  as  maacde dispR.



Nl @  bulges whae the bided bt

ol ,Ix,mlys Il‘
/& > 0 ﬁv a Heahpable .
ACKAK/Q N _ o(x—p)hol.r I~
/mo(bvq f()f) , %K G) P /u(-ky

l:" A mv‘l/‘ttckto\ mc‘} 3
. 3 0¢

A~ 0.3 (36D 10eEA B)

/‘71/ Vel @
QY 4’;9/!‘(*— @ - /l\ = o o Ao o(l/byw\m lm‘
“r /‘l(. "
fo /vnomlyy fAmu& @ - K= 0o /u:c.rnft.
f: cons U
Mo f
K= 00 molb o bad tff»nx fn/
@ fo this  apphicaho
Lant e ﬂ\o'mg/t\ Acuncslb d‘hb’
‘\Lrut' 4o TW‘QtS /A..
T;hgpw"'\‘&g &Sﬂaamt ‘tas fkro
m’;mw:ts . Let o, ¢ he }a(ouy—
wonds o = a Nz
~b.
© = colotadnde
5 3

e /eo\'\ ‘tap\&/
¢ 9 s



) -77\1l\, ol er' g -I"“"é . o“l—jl/Q- AYe

i . dvie,$)

o : -—/Q[-g' s j

. A ovie,#)
3. -xls o Foro |

[ZM ranves ber—

R—QA}L @ - /M:: i A= o0
Keorl @ - 2 ~ o0.08 (o.05 4066/4,35

We  shall ot nake _anse (47{ / Jhiy L ore
men-hey Jv-\—»#\—by ) ol o~Podnced La_

A"\O’ft\‘/k' im‘f’l‘g g A‘/V\""P'-lft_ '{S 'H\JL
/Vewl'hz;sé C/{‘ﬂhjx .l:;\ S e pres o 7Mv.
}Sot . aT Y= & 1ot L f—ot, 5y

gD = ¢ G + (1+ IP V(D i
Love mann~bey —
or e [ﬂ\* app sk ,

@(ajuﬂefb*ii—?'?

onN = ﬂkj




,‘ /LA S add ;‘{'w‘w\ oR l>ot, Ara_
7.; e Ads fv‘;b m-’—\«(hﬂ’ (._j S ASS g @

2(9,:(&. @ - ‘ k = O mo /}/coll'l-fP.'Bu—I:aw:,

Reek @ - ko~ bﬁ.jé (o.cos focc A,B)
Tncompr, fluid @& : k= 3

kR anl A c~hoduces @ A EH. Love ~ 1900
Jogethar k, R, K choractioge 5020,
fch]Lrnu 9 JPM;LNQ & To av
app b f=2 #f*:j’& : Tl"a?t e
Ao~ ens o less Maanbey g I ni “’y\

/

g Wmmai’(‘i:'v‘:sg_ .Jaff\'( ’Vfr!i/“"‘u g,

6l’

: : ‘ -
%lk ,mf/aytﬂ\nUL [ Atn R A Jankse Wmt

ap—

g T Aol /Ve;//mn o~ @& Funifocs
can  be expressed A~ TGamns j K, R k.

Tidaf T N | (f;;it /le»'Mﬁ (e ,
snppov i€ 3 A 9/%0, f:ﬁf*’tv“"‘lzk
con L& eGSR 7%\/, fotvuh' L :
( m(x/_v‘nv(é PO Y . %vaum\t }»leh
bal i pvv'“f(‘st case o WHMX,

7




‘71\* I;\S‘f”\’w‘t ’IS oy & thtfkck
/v\l’ﬂl"»t\ e US|
_’ahyh_’_;a_g ((,/wwm

measene  fofeR

\ - ];\S*I'leh«\;\;t/:

Y=o

T;fove fof.vv\—tt'a«q aT X + U AS (7:9&)/ RP(:!JB
Frem) = FO) + u.-vg (D> + -

+ (1+k) V¥ + -

avthere oo is O (M:')
Nov- “wn - V)éo = 9y (v)
= — AV
7 Lo
Mumber—

Thias

Flrrm) = ¢+ [1+ k- JV()

s pot . o A= .
. absence 4 JSLJ(IY ncfeao



Cﬂma,z I~ Pote,vst\;vQ an~  Ai> }(/(’N,g O
Wﬁ(ﬁ— thas

vy, t)

Grav. ﬁofmwm avonld.  Fhaas allor>

T+k—h

Al OM N ATAS R —— o~ & i/v\kj‘nc&/
can he expressed A~ Garms aéF

ofther  cormbs . (‘4 Love mos. as  wrell

ER. A B sl i Fyst , e

ol o ndtreshing  axpleibalos o
ALM ﬁvn\ﬂvo‘s



Kl'\’l\:\ McQ bam‘w\)j al&tym;nmrlov\‘ g {"\-'L
L-iad:_ré_\g 5’ e @ -

The /tle'g/f‘t 5{ A ﬂMLﬂ.‘L Brpn s RO W
The o~ @ acls  ay a suwl 4
7/”?\1, fv.tﬂ.w':t\m_tay :

AR s o @ sk 0 defrnn
solh k. @ an-§ affract Hx  ocrans
g OCRAINS M¢s}/o'm¢9 "~ &_14/‘,;?;64»:»\5
wonld m\ﬁym T daspleced
""‘*"f"’f"“t‘:‘g orkial <t

§ s

The  equlibyivnm Hde o an.  adashc
&P As ‘,L{s/y?awm\t j }j“;bot-
SMPJCACR— velalive Ts ecean bothinmn .

E Ag t f/l\rw" 'f’/"'t <



o Aﬂ)ﬁjlo'b:\ g <, o0 dl}//laULS Jyj/m"rkot: )
extra ?ot Are fo svedistyr. &
NAASS
A
‘y(b,¢,t) =~ 2 [1+k- A7) V(ﬂ,{»,t\
g k/‘/\/
L LA‘_L- OS2 i—
bbb Aisplncermenls bottonn
= WYY - redutive meves /“f

‘ﬁ’ C.o.n~_ &P

' — b
k=R =10 and f- Fid

7[::')' Akoa Axd To ﬁz;sf ( /‘4/-1 «‘.u:e;S/n«o 10%3
ek @ Sa Egsnataa T Ef s /Va'j,;obdé g,

@ a5 a whole ég Kelvivi. o
i) T

Genoral  idea @ Y @  complalely
on a ”J"*‘"“”‘é & duﬁwj _
1? ﬁvﬁv g 1+ k— b . Kelvin
J;»;st prrso T appre crole 4ot
fdes  _wonld O sotad bt
bnshc & ﬂag,ef&ol conld be

B L S %9 e -

Bﬂck Zq&ruv\oL/ : a colptck VTR g 4%
at” 4—k P o t’m 2 Mo l Ter

7



E=2

Chias

ﬂ“ws p
i Tewnp A as 9o Aotn nrine s
Senfle exlrepoloTion o (AT /d2 ), "
nggstzok o Hes belone- -~ Joo
ko N k"‘m +-t gxofl\%‘avq

AﬂWMPCS H'l‘\ Aepth_
2. wvolcaroes

3. uv’»sﬁwtmt = classicol ﬁlgsl-u;’ﬁ
‘ ot ke  felves wAe _dad  mead

R

Principan , ode . l‘am
wnplias @ fhean i’ - L.;UL
t%{camﬂS

e /th &‘(ijiﬂ B bt I((lvu:\ y
f”ﬁ“-":" Zﬁf/e*u B e asorre ol
P j,,yf,y\,‘?/l‘tla ( Mf) Cde sl d_

model  ( A(];v\pv(g e Al el




| o
3/= 5/>
k:1+527ﬂ- ’"ﬁ’:’rriz/i
L. PI™ 2 LA
No e J}Y oy Ju\:stm-v\’yt/, f’cﬂ‘-& = 0O

Afeut.o(- @ ’l‘f'lt—/&: 1""3"“‘%
= o/
M“I'JS Ler~ g ;¢ Mo 0CR Loﬂ'nvsf-o ht .

g dide abone oscwan b Tfirm 32 4o

1
+ 2 /"
S
0« 1 +k-h £ 1

7;1;"1 P, /| be pedwnced % PN &;410&2‘,‘&
& If 43’5!‘ carle. Ve g @
covrect Mf + Ae wonll be /v-%(y pvnall -




G.H. Deviwoirn ol Took pyson Fpre .g,

avadable Aecords % 14  TirAxar~ —#—
Brtish 15«073 , cC meavs fotal
(o chon e $ ool 1+4k+ 4 = o.%7 + o1

A e Mcfw;\ g ang 30 "70

Nol™  an cary nzasan rgraenl Mf hiotes
are mb 1—2  em N “—V\I/QI:‘ZMA—Q)

5 It o.1564 ondd shafe oK ?2 Ceos ©)
é? wohich 15 gmesmr sodal L Anck -

) Matifrdes
‘” - 0.3 + 0.1
A=
3
KhO'wuaé J’J:: 5.5 r‘/c,w\ § 3:— 90 cm/sece.
a = (C.371 los PROVN g,cm.s

A fr\m:ﬂns desnlt " e @ _hay She
Mijjphﬁ ef speel ® . V-"g S/vu’/u/h;wé

als +he toe iy AT mb g,
Aistricol  imforest



JQI.SM% _Aas f«yu\r;rknxp AnS w:‘Fe\
~ /MARAA va- ATV ac Wa:tk f tcfire.

g (v S avaves PIVSSN P | pevy o
f/vvraaa.—bb ;’vs A «FLA;& .

/u(r-)::; 0 o~ :F«(M;rk cove
lunt Mu“ aver oa R Jj"/

/’7‘“”‘.}-(& V- VaaS L V% k&(. i o
st ccesy ﬁv Jechvive  To gaﬂs{;:; his
¥ By P Ay P 5{ the @5 age.

Rlcw't stirdans g Mf +HAde  aC sland
‘ tAel stokeons i~ Pacs P\.—L showr~

AL 1 ke eas bt ot x—xacfb/
“agulibriann© T ki defn. o setil
@ 1wl accomnal .

L& 3

sngasared  amplidnda

‘Mxtc’a.n lm«si—-f#ﬁl Ah}l.
on ‘g»\;ld;;«‘a &

fem Lt ARy ieS fpro~ O F s 1.2

absit 26— 30 % and e flase
Asries  wa b =g A & 207 .
Thesis é’ D. Lother  putT

'ﬂusx amvialions Aune To ﬁ&o}ﬁ&a:rtd\’\ g,



92

*p231BOTPUT °SaB SIBq 10318 ¥C§
*(3x93 9os) paijold 30U °2IB PEIISQIT BT PUR BINIUSABUSNG 3IBYI 9IB SUOTIdIIXY -EBIEp JO IBIA 3UO
ueyj 210w yITM pue I03enbs °y3 jJo s99138p QT UTYITA OFFIORJ Y3 UT SUOTILIS [e 203 9pniy3uoy
*sA paajoTd 2p13 (JH) AT3ydTusroy a2y3 o (q) sseyd pue °(e) epnijrdue 2ouelI3ITUPY - Y°¢ oand1ig

JANLIONOT
<
o 9 7 8
gy g ¥ g 5 wBof g g, &
ko 32 ) g s s 2 gz o=
g5 g Bz g 5 BEEE 5 EE F b
M oGL 0S8 iz 0009l oOm._ 009l 3 0!
T 1 71 7/ 1T _ T T 111 T | — 7T
90 — - T— 90
- |
go— Ti | g W 1 . W — 80
: d : _ ] 4
®
&
&
o'l — — Ol
@
AR — 2
L , B _
7,omﬁ. G 8 o0 9D} el 009l N erd|

NSk AR N S D DU U R, sk oo

JONVLILIWGY

JANLIdRWY

Figure 3.4a



RS RN T

— 40°
— 20°

00
000

75° W
75° W

————y — rOqQTEYg ) '
i P=mmpey =] vieyer. . !

85°
|
l

857

§ ! &— :] so8edeyen

/

{
-
o

RIS R RSN st
\

—e— — {
o STWIsIIy ‘ : ?

- , . O Sujuueg
- @

160°
14
i
l

R O L A o

req ~ uojue)

180°

I80°
LONGITUDE

oy ) — arioay

i s p— |

o — oanfey K
. i ueadQ #
LS = ursyeleny

T
®
4

!

o
o) o
O —1L
- ] adeuog
- . o 1neqey
) -1 ®nay,
b —] *aqy a9891q E b
le) i
o O |
- ~ s | 1
= oy ~ 7 aex ' ki
f l l [ ' 15
(o] o o) o i ‘
o O O O . | |
& w N :
|
ISVHd  FIONVLLIWAY ;;}
o .
‘ Figure 3.4b :
a4
ak
Ll
1




so— called Ross be’ ASAUL S P A speedls
TS 4 s.lo—w-vn/ A e~ C = (5 H')ﬂh~

};Y 744‘\1‘ Asaves restovr i~ 9 ﬁyur_,
}irv “Ross lg AvaresS 1S Covrols /:ya "

A anrions  beast O Aned P g ?,yzat
oolamo«yvr»f hicol dawesT.

zeanm S~ 5/‘30‘4'0 i5 ot  hebhavin—
g s ot I'V\"Q/k l—o-«wfs é and) O
/16\3 fime scalas 75 mot  lashc |

e
W On  shat v scals ( «

fLW Aa,uur)' )% LKSS 3
lu_’aavu;)/ 75 dashc av-:-& [ ?/Xrua La‘
F/A = Z/u & 2 lash ¢ "“(ﬁh’”\‘i to

O /‘rnyu/ v scales  everc Jo sana (I

Koo s 2o cle carn~  cveeh Adne To snclor
(9/&& 3 wkonails ¥ g s o calions 1n )L"“iklf P
4’5____{_5— g veep 2 asiny e bg V[Sc,ong

3 PR TV N as  ave harre (W TN 1S
~ 4021 7o 10>’ p\/ rmrantle

A(]Xaazfé . }a!’ .LX,/WIM;A:‘—i oSy o=
reu/uvvvsv. shosro s resp At /AAJ/L,

fémfr . aafa,,v% Wnu«D é ;:\ ]%4"“"‘1»0 -
Llrso Md&‘hﬁ«;l\?ﬁ mol ;u;hj.(a vnsws:% ,E o< T

7



/-ia‘nl/ rxavsws,c,{g o A O CR AN /oa:fa_(iw‘&

BesT Mo A Pk G Sanpeniner ] S g tetss
g s & L frovn thoa~l
Wyfwfws , MAR RENSE clacma,mj
fn e a coeloyatran e
A(f}/(Ao&O{, ot er p«»yﬁw

15 clz\am?,( 4:,\
Arav acceley  Tiove
s ik

P Wﬁfz«(&?

Derivalon S/C\a/atg move /(‘yww;"‘”‘-‘& |
o fir chamgs i fotentiol by

Wesnlt,

[

C/‘w,/ i dioiaiiel A«écf \’Q‘}Mc‘j ‘;\ ‘#W—,aw; 5L

‘644‘/"1;4{“(""’“/ i»ﬂ"ﬁ( ul;\ (g_ (rawmazk ’t:AuQ
whae @ o 0 arateD 9“#5&3 ,9-?,«»\

Vv t\> 45 negadiire
' T o—doe

j SIS



/I+ I\- S ’23‘ Ct\l‘l»rlr ‘ﬂ\p WV“;‘&{‘I«L

ﬁ‘(,-r(’\/' N I’L’ ;S +L‘-5k (ms—\él;\n.’l’ll-y\
Ld\l‘( /VMMIJ—W_S' /\«l'/ln‘c/‘\ C O~

l‘"lﬁ/ (28 /MODLUVV\, P /W\DM/

L1+A- 2k = 1.159 ~’_4q

7fi5 f/}/v?/yp\wx, /Wg,cé thmc(.tj)‘f;\i .
ﬁlfm% /A(\S j,",w(w AnS a ook

hefter  pichmre g f(r), «(y\,/u(.,\ P
come  comfile  Leve menecbivs | o
e Rish i (v /4 mrode s _m~tye
ACWP&TGJ Fhan %‘&7 care  he

N A L Al .

+han 1% bot eogan Yoernanly



contaminaled a O ET AN e /ec'o\(l»v& eﬁ-r_c_ﬁ i

(an f/eot e pe clad ?/Va\n Glae g

ul?mo( TR AN S Ve o Masm—-

plet |

bhehin ke el fide (@

«é“_, _’;, oY (S ﬁay;ﬁd\r\v
am\‘j e ro
"32"0 Pt for a simgy e Al
o -
M 5 jﬂ\_# M2 a:t' 12,‘/21 /“’._S

-~ \01 & 25,519 his

/am/:/(’.ﬁqh 1.1 fﬁ«m /%
N

Tj[i«cw% e asared 1+ h - -% Je.

yarges ﬁtﬂw 1. 70 T 1.295
an }s,ﬂapz F* 16*% - 26° : (e -

As on s fwm -ﬂumg 5; ndar 10 s

EXMK}_(% : WWWMJV; ?/]xﬁ\}(\rvs&—&/l/
ﬂt La :,://& 3 C“’ei:f, dm@
Piron i<t , oty 6@4/&:3\&
<t LD

f/‘. 7/‘“61 v:t Lh U;” O e

wvayions  fr Akl }L-zaks A drcatadl



*g[jof ©T 38 SAep Q0 10j jeuSis IojounATiS Jo winaoads omod 1 ‘O

(AVQ/S3T0A2) AONINDIYS

J LA N

_x _&\

LOi

(80) TVYNOIS YILIWIAVHO



/Uoll Mw\, M(Q - MCF / LR 5
Nole «lso M3 elc. rea, 3 Cf A_
andd M'/- elc . N2 <f cp A

L el

71\"‘;—& Aaas To NLg L&cﬁ A EVW\_Y TN

i derelog S XEe Vir , +).
5. oy Vadins q @ p
e DA MMstance Tt

We. ,Lx}b.c,t Mj Aownn [W\,,\ Ml % Y o ]
M’f Aot ("/CO) 3
/IM/L&’tMu sceAn 05 db . ¢ db

s frn- =2 so f-onv cOo
3¢ 4% (2¢= c4) This  checks.

AN

99,3 shows fhasa /LfoTs fr— /"fl ar-A

01 AT [a Jollon A F o™ P " b v
anp /4’5{441-( near  _enk arvow~ Aata

o, 4 Jc. o~ AR fFrernn " 4uns” ( meed
fs J):ll Dewsar~ To  mrambtann L\‘j,u—uk e

Tengs  severd Ho-es Miy a “run)
M

E P A |
£t ot Aoth st=Tions . Und3 1 /43#,@/

2 40‘63& ~ ’10—'93 \

2 /eog < MM LY IO w»cQ O A2 Ls



71\9. A“SWQfWg AdArv b Tt L R O R

Moo diing
/ Tawg sttt

C?j A Ae cornaes P

T AP S

714’&4 &ﬁ‘ J .Y o ~ 9/1(\\//‘1‘4-’\‘7‘;/

1. Adrre cC Ama(:f'u;v\ g /HZ,O
Le[rw‘ r‘ut;‘w\x:ﬁa«— -/f;;e Tag
- hoegss
2z . d-ﬂ'fxv,tijam g O CR G f‘rnz Lot
- ANAR
MS. 7Mvc e Cen- Sy\‘gw .

- /foc»ot r/{kﬁwmj Pa—‘(/;ut -

7? CJVY-&ct ﬁ;/ flese .&#‘cr:r_\' Aneedl _[(-;,
fnonr  scean T An «WWJ(A)M P /l"wq,ﬁst

-ff}:fcot ﬁz\"'w /Mwl/g oCex NS ) NE
?ﬁ%i i ’Kl‘f Co SR / :
wdl Ascanss thes=
Hg- 2 so—callel co-tAdsl chads
F’V MZ. o 01 ﬁn/ ‘f’/\l-f 4’<,,onr\. S
IR best b~ A ool , m«avy_

Au,f;f""' cepsmla  danps (47 ;,pru}

<t 3Slo

The aifbos cGgaGY £
: S e > foxie
ocan Thides (NEP ) : kd‘fﬂ f«tc‘rww




716

R. J. Warburton, C. Beaumont and J. M. Goodkind

3a | o | pHasE
MEASURED EARTH b | LEAD
TIDE LCAD |
i TIDE iocaL epocH
| ]

THEORETICAL lO
° EARTH TIDE I
ey —— e
wo
0 ... O
~ ] wolk 1
3b 3c
ver| LA JOLLA PINCN FLAT
NEP
0 0
| ———
1 pgal
NEP
NEP =
_F
Mo Mo
/'1 HC
V0
o
K

F1G. 3. Polar plots of ocean loading part of measured and theoretical O, and M,
earth tide at La Jolla and Pifion Flat. The origin (O) is the end point of a vector
representing the local theoretical tide of the solid earth with gravimetric factor
1160 and zero phase lag. The load tide amplitude is represented by the distance
from the origin to the observations (€, A, +, e) or to the tips of the theoretical
load vectors. The phase lag is measured clockwise. At La Jolla @ is run 1, Ais
run 2, and e are two-54-day sections of run 2. At Pifion Flat + isrun 3 and ® are
six 54-day sections of run 3. The theoretical load vectors are calculated for the
north-east Pacific Ocean (NEP) and for the ‘rest of the world oceans’ (WO)
which is identical at the two locations. A correction for the height above the local
ocean (HC) is made only at La Jolla.
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2...MODIFICATION OF THE TIDAL POTENTIAL DUE TO TIDAL SELF-ATTRACTION AND
TO TIDAL LOADING ’

Let 2 denote the gravitational potential, defined so that the force F per unit mass is given by

- F=—grad Q. - , ’ ' - g

With £ denoting the astronomical tidal potential, and { denoting, in the standard notation
(Lamb 1932, p. 832), the equilibrium tide, we have

Q=-gL | ()
For the M, tide we have - €= 24.255in? ﬁei<"t+2")crh, ' (3)

where 6 and A denote colatitude and east longitude, and o is the frequency of M,. Let ¢ denote the
tidal elevation relative to the bottom. If¢sis the tidal elevation of the surface relative to the centre
of the Earth, and {, the tidal elevation of the bottom relative to the centre of the Earth, then

&= Los—En. ) (4)

From this definition of £ it follows that the equation of continuity retains the Lapl acian form
| % 1 qo,. . d .

T ‘";g;]—b— 16_0 (/Zul Sin (9) +'a‘/i (}L‘U)—l, % v (5)

where # and v denote the components of velocity (assumed uniform throughout the oceanic
column), and 4(6, A) is the variable depth of the ocean. In the presence of a bottom frictional
force with components Fy, and Fg,, Laplace’s tidal equations take the form ’

- Ou gog 1 ' ‘
5—20)1)0030 =55 +;/;F30; (6)
v o g o 1
3 + 2wucos 0 = — preoe Py +;)~}1Fm, _ (7)

where w is the speed of rotation of the Earth. In the original Laplace formulation (Lamb 1932,
p- 332), ¢’ stood for ({— &), but this must now be modified to include (1) the effect of the elastic
yielding of the Earth to the direct action of the astronomical tidal potential, (2) the effect of the
clastic yielding of the Earth to the tidal loading, and (38) the self-attraction of the tides. 1f —~g€
denotes the change in the gravitational potential due to effects (2) and (3), we have, by conven-
tional theory,

oml—(M+h-B) g, - - (8)
where k and / are Love numbers,
{ 67'1 n — o 4% ’ T s ’ ’ 0’ ’ ’ ’
2(0,2) = a%m = ZEfo da fo sin 6" d0'g(0’, X') %en P, (cos @), (9)
&) = L4k, (10)
@ =3p/p = 0.56, (11)

and the axis of the coordinate system (¢', 1') passes through the point (6, A).
Here £, and k;, denote loading Love numbers, p the mean density of the Earth (= 5.67 g cm®),
and §, denotcs the zth spherical harmonic component of the tide ¢:

)
In (12) we have omitted the term §,, because it comes out to be only of the order of a milli-
metre for the two types of boundary conditions which we have used. ’

€= élgn' . i i (12
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