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Abstract

A multi-channel seismic reflection survey in Tokyo Bay was carried out along 6 lines of 130 km
in total length by the Hydrographic Department on March 1982. For this survey, two 500 cubic inches
air guns as sonic sources and a 24 channel streamer cable of 1200 m length as receiver were used.
Acquired data was processed by the methods of CDP stacking, velocity analysis, time migration, depth
conversion, and others. Then a 12-fold stack section, a migrated time section and a migrated depth
section for each line were made after these processings. We can clearly find the geological structure
beneath Tokyo Bay to about 3 km depth on these sections.

The geological structure of Tokyo Bay is summarized as follows;

i ) Pre-Neogene basement rock in the Kanto area is found at 2-3 km depth at the center of the Bay,
and more them 3.4 km depth in the sounthern part of the Bay.

ii) Neogene and Quaternary layers of 2-3.4 km thick cover the Pre-Neogene basement. From the
lower to upper layer, the section of maximum thickness moves from the southern to the
northeastern part of the Bay.

iii) A fault with strike of N50-55"W found at the inner part of the Bay displaces Pre-Neogene
basement down to 420 m on the north. Some normal faults slightly displacing the Neogene

layer are also recognized in the southern part of the Bay.
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iv) Fold structure is recognized at Nakanose in the southern part of the Bay.

v ) Based on the correlation with deep boring data around Tokyo Bay, it is supposed that Neogene
and Quarternary layers are divided into 5 layers (TA-TE); TA and TB correspond to Recent
and Pleistocene, TC to Pliocene, and TD and TE to Miocene, respectively.
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Figure 1 Multi-channel seismic reflection survey lines.
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Figure 2 Shot point map.
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Figure 3 Sketch of the surveying method at sea.

HWOE N BRETAL GEEYALR—Y R E, 297.58>)

R B ZTIOELWwA BN REATSE. oMz, BERELERTE» S KHRE
1 X 28RO H - 7%,

B EB YA VFREMY AT & (0B S 445.9845MHz)

HfE LR FE, G, AERRUCEED4LR

# B % PS-10E BB S 2 Es

BHEEEE

HF O =7 A (BOLTH#:1500B), HHAERS003IAA 5 (820 X 2H

a3y 7v oy H— (BOLT # APS-2F-250) 2=

BRIEHW =AM —=—7 =T N (SECH), Z{E A%, ZEHDOR 21200m, Z{E s HR50m
B 7Y VBT DES- VA

FRFEEOHEFHTRIRDO LB TH D,
FEEEE WET6m, HEAME 50m
FESEE WET7m, ZEAHE 50m
v AVREE 23 )R, HERSESHE 5%
EBNBAR WET — 7 (1600BPD) 2 7 # VINEE

B BEHRENFE

WLMEETE S N FHER T — 2 14, IBM3033-U08 ® CPU %l & ¥ 5 EFFHEB KR LB Y 7 b
v =78y r—2 (SEISV8-SUPERS) 12 & DAL, FlRECHITAN & ERL 7o, MEFIEL, 4
BUIRT 7 0 —F v — MIfE > TITL, JHEREIC1R2EAWER, 51 471 70—y a3 CIHEN, §#EE
HARTER & (ER L 72, AU B 7c - TROE S N EABREIRO LBV TH 5,

B



MULTI-CHANNEL SEISMIC REFLECTION SURVEY IN TOKYO BAY

field
tape

record edit
gain removal

i

CDP sort

i

deconvolution test

first break muting
trace balancing
deconvolution

mute test

v

velocity analysis

NMO correction
muting
CDP stacking

deconvolution test

velocity filter test

band pass filter

le—2

filter test

T

velocity filter

time migration

depth conversion

¥ v A
trace balancing trace balancing trace balancing
scaling scaling scaling

datum correction

datum correction

datum correction

N

12-fold stack

migrated time

migrated depth

section section section
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Figure 5-2 12-fold stack section of Line A-2.



it N i T

i

o4 7

AR

-o\';"""—t 3

o \ A2y P ‘
- e s e -.xm‘”\
By e it A 4

-\,_-.; - .‘ QAR o : e 3 A titns 4 : -—-‘)‘.‘ ‘»‘—‘M\“*:‘- o
*---v«‘-r «' ! ”“‘--.\"“5,. S s R et T S N N g SR e T e . TR A IO S o~
A f A ARy 1 X - s
. T st o S b R poiig' \.‘«-\L\,y'{r_“h“"‘“’%-»./\ . oo gy 17
. L, 2 A oAy’ Py =, - = -
A ..qﬂ. o )y N : ' 1.4
1y g, e ot "‘ ; N e e el M '\ \"WM' Ty Sty \m

A - . e o
- A vy W =2 N .'“
e b m. : et :’"‘v; LAy T T N’-wd mm MG
%\‘&t‘ 7 % 'A; - \v" YR o ¥, '\,-,.-‘ ‘f\‘v"’- v n\'\\.’\f‘-";,
Z 3 oA AN
o "Mﬁ..‘."‘“ >, v.-\"":);‘,x ....v‘-\w-\,c <o AN
- A A gl
W‘P«M“ ‘Q_;" R ‘r" sl fﬂw'-

i & ROV
: ‘"v"- R\ 1 e
s

feasll .\,,Q*.-'n,'v RSTRIWG

WW*

\"A\'V’QJ"/N,‘ B\ .\,' N
N Ly
.’.’4-‘"‘»' . -b'el: .“*\?(‘0: "' k"h,\ NN
RIS,

/'? "'\1. vu & (l*“‘

R 4
. Ao wv\ NI .,',‘,-W
”e (B0 -‘-
“o 4"\\ ”}‘ﬁrA\' ‘9h ’ //5(" a"'t‘k’ K v“ X o
; : RNV O AN N A \1"
wl : 2 5 ] 2
o ] m4ﬂ23V~
1} ‘ : oA ﬁ"bw\ N A
N 5 o .y 2 Y : y v % b A
s "'\fl/ “N “c’ G s:¢ % ""A(«'\‘ "‘.'A? '\:/\‘ ) ’/u /s v‘",\:{\‘ " "‘ 4 ';"‘ . ':‘ i«t AN /‘
RPN A ATS PN AT '«Qmsw- ST AN r
X" &4 & . N BT ,.'. 3 " ." A .
7 1 D RO NAL e "/J N S D e pIAR, OISR vf‘)*@"m s rx’(/ "

W0 Ny o)
(TR ANAY AN NN SNy 0 O O S Lt SRy e XNy
NSNS VRN X -‘.,"w‘u»‘«"'\'-"\"‘ ANt s Wﬁ« -’P\ﬂm

; . s A o 2 L = o A 3 ? 0 A % .
A Y A S p'viv"-"; '\ k,‘ ,\:0 o i\ N A /A 0% '\\g,% A.., N , A \ e

e >tk )
b » 0 B w
5.0 ““‘_:- e )c.kuRvM .L..A(;. B 5’3\\\ Y S dere ""‘Mg\\ o .\ & f'\}“.wgm Xt NI fk’x \i\a e AN "'f‘/:.ﬁﬁ.s/ '\A“"C Au RN w‘%»_u\)?v Q)ﬁ.
O R s Tt T S Rs S Sl Shule Fons Sy s S v Sns St ey Sutet Enth Bunk Nus Sncts Seneh el Bs Soiens AEnl Rans auihek St inin e A S tuntls Add R ANt Heite il A o i M S Bty Enes i Bntas St R Eos St Bl Rty St S St sy B Bund i) S S B ‘m'“

Figure 5-1 12-fold stack section of Line A-1.

5SEC



Aoy .' 'ﬂ’.'y”"‘“"’ V’X%\

== e
SRR R

- )
R e o B

RS ,/"“'" ....Ah,/g g ,..u L o

n‘\wwﬂ& :

/:\ “ va,\' ".‘-

N & mm

"~ N o 8, Bt *"-

1y AL
AT N
L8 2 AL 0 Y
" ! X oK 40
" R A AN i 'Msm
L ? “u‘r PP VAAYS L iy ROV e
Ve A .,\ ‘N A 7 s, " A .
. % »9,” SR .\'\, X \,‘ ,,,,\\ AR <. S PN .,r\, r\\ \("\'.‘-.hm.. .
LT A
(%)
VR w1
RN \”A:,\Mx"/l\'{ﬂ‘.'. .
X b r ..
«,.')w,-,.'.'f%u R ,.'r-.\ N '/«"v S A, &4. el {v .»" ",_,
Dy DAY ) AT %) . g (B}
.3/ "f-," [ YITTILRS ' ;,/ K SO P \\ “’,:)\ AR ISP AN w'y,‘ 40 T AN

) A s

AN T s "" P T 4 S NI AT Ty 2 Rl e f(wc Y

!‘ ). 1
o ey BN A .@.,,*\,x NE v- R AN A AN IR e
v A AL L N ay g

B R AN O

Wl‘,

O A X & q ANV, ) « - A

R o B B R RS T Pt T Acuie Atei Aatd Rate it ke S Seok Shal Reans wint RRN Toone st Bt et Rt Rt Mot St selel S ot Sy

Figure 5-3 12-fold stack section of Line A-2-1

5SEC



MULTI-CHANNEL SEISMIC REFLECTION SURVEY IN TOKYO BAY 15

R
TNl

5SEC
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Figure 7-1 Migrated depth section of Line A-1.
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Figure 7-7 Migrated depth section of Line B-4
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Figure 8 Line drawing of the migrated depth section of Line A-1.
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Figure 9 Line drawing of the migrated depth section of Line A-2.
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Figure 14 Depth map of Horizon V. This map shows the isopack of TA Group at the same time.
Contour interval 100 meter. CB : Chiba, FM : Futtsu Misaki, FN ! Funabashi,
FT ! Futtsu, KN ! Kannon Zaki, KS ! Kisarazu, KW ! Kawasaki, TK : Tokyo, YH ! Yoko-

hama, YS | Yokosuka.
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Figure 15 Depth map of Horizon W.
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Figure 17 Depth map of Horizon Y.
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Figure 18 Depth map of Horizon Z.
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Figure 19 Isopack map of TB Group.
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Figure 20 Isopack map of TC Group.
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Figure 22 Isopack map of TE Group.
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Figure 24 Columnar sections of deep boring around Tokyo Bay. Location is indicated in Figure 23.
a . Yokohama R-4(Kikuchi, 1964), b : Kawasaki GS observation well (Fukuda et al., 1976),
¢ . Edogawa R-10(Fukuda, unpublished), d: Funabashi landsubsidence observation well

(Nirei et al., 1972), e : Chiba MITI 2000(Nirei et al., 1975), f: Osawa GS-1(Ishiwada et al.,
1965)

AL ! alluvium,NA ! Narita Group, SA | SA Group, KA : Kazusa Group, MU : Miura Group,
KM : Kamakura Group, MI : Miocene series, TO ! Toyooka Group, AS : Amatsu Formation
and Sakuma Formation, HO : Hota Group, BA | Basement rock (shist)
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? X
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Table 2 Stratigraphic correlation of Tokyo Bay and the sorrounding area.
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SUBMARINE TOPOGRAPHY AROUND IWO-ZIMA!

Shigeru Kato* and Tsutomu Ikeda*

Abstract

The submarine topographic survey around [wo-Zima situated 1200 km south of Tokyo was
carried out by the Hydrographic Department in 1981, By the result of this survey, a submarine
topographic chart was drawn on the scale of 1. 100, 000 (Fig. 2). The submarine topography around
Iwo6-Zima has some characteristics as follows;

i) Iwo-Zima is located at the summit of a concentric volcano of more than 40 km in basal diameter,
and more than 2000 m in elevation.

il ) Iwd-Zima volcano has two big lateral volcanoes, Kaise-Nisi-no-Ba located at 15 km WNW of the
island and Kaise-Minami-no-Ba located at 25 km south of the island. There are also many small
lateral volcanoes on the south and west slopes.

iii) Topographic chart of Iwb-Zima volcano exhibits a caldera of about 10 km in diameter, and
Motoyama which is the northeast part of the island is the central cone of this caldera.

iv) An abrasion platform fringing the island is formed by wave erosion faster than the uplift of which
rate is 50 cm/year in maximum.

v ) Front slope of the abrasion platform has become shallow about 20-40 m for 47 years because of
uplift and clastics mainly supplied by the erosion of abrasion platform.

vi) It is considered that the high rate uplift of Iwo-Zima occurs at shallow waters but such uplift does

not reach the caldera rim.
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0 2 4 km

Figure 1 Distribution of values of recent uplift obtained by geodetic means: Isobase and indivisual

values of uplift in meter during 16 years from 1952 to ’68 (Kaizuka et. al., 1983).
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Figure 2 Submarine topographic chart at the sea around Iwo-Zima. Contour interval 10 m.
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Figure 3 Geomorphological map of Iwo-Zima volcano.

A ! lateral volcano, B ! abrasion surface, C | caldera rim
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Figure 4 Magnification of Figure 2. A-F show the section lines of Figure 5-10.

INGOMEOS B, C (BTH) E»i)iEE OKEREMS I A TEET, AL S HIZ3.5km
HECEHDED B V7 2Nl L EZ OGN EE DV BWOONE, 22C, COMERICDWTINIEET
O EREEEREEL Tal, MEOME R bITIL SHFORE S TCOREEIX, 1952—1968E 016
T 2m 5 (B 1K), 1934~ 1BUEDBEEE S —ETH 5 LIRET 5 &, 1934—1981EDKH 1T
#927m, 1945— 1981 HEOBEREIIN 21 m 45, JOBREHKSESEEE CALTH 2 L LT, 19344,
194SEDQRIEHITE % 2 O & FELRFF D LW, 1981FEOHIFBEIE & 2T 2 L 2z FNELL, 128E Xk
%,



SUBMARINE TOPOGRAPHY AROUND IWO-ZIMA 67

KM
1 2 3
+10 0 T T
(¢] \\\ /’4;/
K 4
\\\\ ’/ l,/
; /1
\ ,
20 ;!
\
\\ //
/
\\/,
40 r
60 1981
—-—-— 1945
———=-- 1934
M
80

20

N

40} ——— 1981 W\
—-—-— 1945 \ Y
———--1934 \

M

60

Figure 6 Topographic change across line B, 1934, 1945 and 1981.

M B 2 BMARD SsN D, WEsSH]1 km FTRELL TR TOABRELERTH L 2 &
Bhhh, ZOErs, BEHECEET 2EEFACL>THIRANL EEZ 5N 5, FHEOE
OFHEE T, #HEBREEI KRS 2o TE Y, BRICMZ CERIFRA2E 200 hEZ o0, 351,
WEOFE DHETE, HERLCE L BERBIESR>TWIOTERRPEZLSL L L5, KESIm B
DIDEIREMED TRRICEBREINALLIFEZ XL, #-7T, FEELZBEENKETE, #ENCH

DEMBASNZ I Ens, BRIZIELALRPIEEZBHN L,

CWiiE % & tALBIR FREE I D THIRZLO SRR R fER L 72 (813, 14R). 2O, 1934, 1945,
I9BLEDFEHENC LD, 1934 —1981EEZ Z M ZNHE L2 b D TH S, HIEBECHE D 5 M0 Z Lk
B, FHCED SEEND IV REED LIRSS 543, B/ Sy — sk b D EEZ SN, WY
EHEUERERL, BEPLLUZERTEPLPESA E->TwEL00, 08 10m UN /NS WIER (F
BEBBICHIG), (2)4+20~+40m Lo TE < % o T 2 CEHESMIOMEB IR, OHE< -
T2 (WWEOBEEDOBCHET 2HREL) CEEL2EDEL I ICEROKEEEEZLTWSL Ik



68

S. KATO, T. IKEDA

3 KM

40
80 | 1981
—-— 1945
—~—-1934
M
120 F

Figure 7 Topographic change across line C, 1934, 1945 and 1981.

20

40

60

80

100

2 KM

Figure 8 Topographic change across line D, 1934, 1945 and 1981.




SUBMARINE TOPOGRAPHY AROUND IWO-ZIMA 69

0
o0 0
20 20 ¢
1
40+ —— 1981 \Q\ 40 |
—-—-—1945 \
-——=--1934 !
M
60 60 F
Figure 10 Topographic change across line F,
1934, 1945 and 1981.
80 |
100
M
N 120
:}Tfi\ Figure 9 Topographic change across line E, 1934,
(MM
T 1945 and 1981.
HEH RN
THRHHEHITIE N 5 KM
R HHHUHHETITN 3
N ;l;l;l;l 1;1 N ¥
Wy l: )
40
80
T— 1981
- ———-1934 N
—-=2- 1934+ 27 M AN
™M
120+ \\ /
N /
S

Figure 11 Comparison of fopographic section between 1981 and 1934 added to estimated uplift value
for 47 years.



70 S. KATO, T. IKEDA

Nbrd, ERCEEE ST, B~FOSHEOMBELIELUL Tnwb 2k, 2P ROWEMLETE
EERICIERIE RO OOATERMIZ M U EOBENEZ SND I Ehs, ROFICET LD LI EMNTEL

7.

KM

80

1981
—-— 1945 N
-------- 1945 +21M

120 ST

Figure 12 Comparison of topographic section between 1981 and 1945 added to estimated

uplift value for 36 years.

HEEE D & A L0m FiTtE O FHEmIEE T, BREEECISET 2 HAERTH S N0 T, 193448 IS KE
ELTRHFEVLAL Tokw, FHEESMIORMER TE, BECMAMENEL L, JOLDI934FEE
o TR > T3, ZOEBYOREIRS bR FEE TCoRRI I VB ah e Erons, B
HEOBMULVERE, BEUOEBIIRATHLZ OO, VT IH4RILLEEZSNEEL VIHEE TlE
LTwunnwefEasns, 48, H1MEA2 8%, BRREC VLAV T 748U EE 2 & 203,
TN AR Z OBR IS L, AAT IHCMET 5 E 2 SN BBEILIEEI/ NSV, I s DFERD
—ERix, FUFIEL (1983) P& - #0 (1982b) MHEEL THD, hEEMFI-b0EkR3,



SUBMARINE TOPOGRAPHY AROUND IWO-ZIMA

O
(

1

Figure 13 Depth change distribution from 1934 to 1981, Contour interval 10 m.

71



72 S. KATO, T. IKEDA

o

KM
1 2KMeN

Figure 14 Depth change distribution from 1945 to 1981, Contour interval 10 m.

6. ¥&®

1981 W ARBEI A ER L - RAEFHR 2 b L0, REBAZOBEMBIL DL TE LD LROLIITKD,
(1) Wi#EBE, ARE2000m DIED S 2 U2 2 DEZ40km DLEO K IHEDTE BB T 5,
(2) WEBKCE, BoOREILEHN5km & E1925km WEZEH10km O Z N ZFEBEDE, HHEOE
CEERBAKLSESH Y, Zoficy s afXlns b - ERIREICEET 5.
(3) WEEMEE» A5 L, TEdLETAEZEIkm QAL FIHEEEL, SCHEZOhRKOR EF

Zohb,



SUBMARINE TOPOGRAPHY AROUND IWO-ZIMA 3

@) FHEBIIEL km fIEBEOBEE THEN STV E 4, 2 OFHEIEERBEASIem 2 VEH#E T 2 i 2
ZAWHBARAEACLVBRSNCERGEELZOND,

(5) FHEHEO MBI, 47ERIZ20—40m b E < - TE D, BRINZEASE CERINHBEY O
BERICELbDEELSND,

6) MBEOZELVEERSRE, BIOBERI TELTVL D0, INVFIIMEETIIEL THRLE
HESNS,

AR A L2 198IF O RME S AOESOEMEHERLE, Lozl b0ThHs, 170,
E LG iRE SR IR AR OH S I WE O, L EEEEOMFERRES B D R
BEHAT IS K el i nicZni, Big, ARE2E L0 510h7: D, HEH R HF IS
B 8IE, KEinRRER R ARR I, FEELIHBYE, JHErsvlPunl, Ihsnhk
CHESB#T ARETH B,

B PEO K
WA MR OtHE @
HIE \EEN, FEEZ, # BB, R4, BWEE, REHEX, M bE—
B LFF BIBER /MUY
HEE  NIES

BE R
PIRIEME « HO#% 19822 | BT 2ERICBY S b v RO0EE, La mer, 20, 231-236~—Y
PISE - BOH 19820 @ AR OITHEL, BHERKERGEFEREN LS, 5, 55—-82—
—fiEE 1976 | KIWFISmHEOME L B8G, BRI o ¥ —PIREIR, 23, 5 16—
¥ LR TKBEES 1983 [ MRE B RUEEAE - ERE, KUEAXTAEE RS, 26, 64—67—
HIBI0E - REMEH - BENEM 1981 MEBOHIE 18, NEFHESARRERNATRESE(3), B
IS6HERE, HE#, 113—134~—¥
R - NS - REER 1983 MESOWREL - WEHE & 8%, NERDTE, 9, REHAT
WEFEIFREES, 13452
HESEA 1976 L KILFIER & SO MERIERE) (1974, 5 — 6, 1975.2), ENIBHFERBIERM >~ & — B 5eHdR,
23, 29—42~¢—Y
BTRT - NRT - FIBHEAR - HEREE - MEE - SEES - MEEL - FHIE— - HEB= - 8
A 1968 1 AINTHERES OB EK L B0 KINEHRIC DWW T, H¥HEE, 77, 255-283¢—Y
KT~ TR0 - NI - IR - B - SERIE - NRCT 1982 Hid B O
BRI ARSI L IR D SIS NS E O, AREETTSERE, 17, 289—3156<—Y
N FIED 1979 L NEREREBLEESRAMEE B, HEHRERS2EEL cRE
Swenson, F. A. 1948 : Geology and ground-water resources of Iwo Jima, Bull. Geol. Soc. Amer. 59,
pp. 995—1008
HHARER « BEILFE - BRISR 1969 NGRS HEEHSE, ELMMERR, $37HE, 1 -18~—v
BEAE 1936 D KIUFIBREECH N T, Kill, 3, 28 —52—Y






BRI 195 HEHAI9E 3 H
REPORT OF HYDROGRAPHIC RESEARCHES, No. 19 March 1984

RS AL BR OB T ER 1
THE SR S S NP

GEOMAGNETIC ANOMALIES AROUND NANSEI-SYOTO
(RYUKYU ISLANDS), JAPAN'

Yoshio Ueda? Takashi Tozakik *and Hisaho Nakagawa*

Abstract

Geomagnetic total intensity anomalies at the sea around Nansei-Syoto (Ryukyu Islands) and
Senkaku Islands were compiled into three sheets of geomagnetic anomaly maps based on the geo-
magnetic surveys made by the Hydrographic Department from 1975 to 1982. The survey area is
divided into several zones according to the feature of the geomagnetic anomalies considering the
geological/topographical characteristics of the region concerned, and geotectonic implication of the
geomagnetic anomalies for each zone is investigated.

A complicated anomaly zone exists along the Paleo-Ryukyu Volcanic Belt and the Ryukyu
Volcanic Belt (Konishi, 1965) and a magnetic smooth zone is recognized over the area of the Ryukyu
Geoanticline and the continental slope located in the east of the volcanic zones.

The southern end of the Quaternary volcanic front located along the Tokara volcanic chain has
been recognized near 16 Tori Sima up to the present (Matsumoto, 1977), and it is newly recognized
that the front extends along the east boundary of the Okinawa Trough and the south boundary of
the West Ryukyu knolls group from the results of geomagnetic and geological/topographical surveys
(Kato, et al,, 1982). The fact that the short wavelength magnetic anomalies dominate along the volcanic
front in contrast to a rather long wavelength feature of the topographic undulations may indicate that
the basic rocks intruding into the non-magnetic Pre-Miocene basement complex form the volcanic
islands and knolls of the Tokara volcanic chain. There are no magnetic anomalies over the uplift of

knolls and bank inside the Tokara volcanic chain.

The positive magnetic lineated anomaly zone is seen from Kume Sima to Igyo-Sone bank to the
west of Okinawa Sima. The fact that there was a green tuff volcanism in the Miocene at Aguni Sima
may indicate a volcanic activity in the Miocene in the area of positive magnetic anomaly.

The Tokara channel and Kerama Gap have been considered to be left-lateral faults which cut the
zonal structure of the geological and topographical features of this area, but this consideration is not

positively supported by the magnetic anomalies.

T Received 19 December 1983
* fikIHIEE  Geodesy and Geophysics Division %% 8th R. M. S. H. Hydrograph. Div.
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Unit in nT.
3rd degree polynomial field model were obtained from the airbone magnetic survey for
the epoch 1980.0 (Ueda et al., 1983, submitted at present).
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Figure 3 Geomagnetic total intensity anomalies of south offing of Yaku Sima and around Amami
Osima
Contour interval is 50 nT.

Solid line means positive value and dotted line negative one.
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Figure 4 Submarine topography of south offing of Yaku Sima
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Figure 6 Geomagnetic total intensity anomalies around Okinawa Sima

Contour interval is 50 nT. Solid line means positive value and dotted line negative one.
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Figure 9 Geomagnetic total intensity anomalies in the vicinity of Miyako-Yaeyama Retto and
Senkaku Syoto

Contour interval is 50 nT. Solid line means positive value and dotted line negative one.
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Figure 1 Magnetic anomaly profiles in N-S direction.
The numbers illustrated in the figure correspond to identification numbers in table 1.

The horizontal arrow mean the width of prism model (5km in length).
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Figure 2 Magnetic anomaly caused by prism shaped body, unit in nT.
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Table 1.
Amplitude of magnetic anomaly dy prism shaped body and its
dependence on the depth of body.

No. | H/A 4 Amplitude
KM
1 0.04 0.2 5313. (nT)
2 0.08 0.4 4006.
3 0.12 0.6 3234,
4 0.16 0.8 2696.
5 0.20 1.0 2295.
6 0.30 1.5 1612,
7 0.40 2.0 1186.
8 0.60 3.0 702.
9 0.80 4.0 453,
10 1.00 5.0 312.
11 1.50 7.5 148.
12 2.00 10.0 83.
13 2.50 12.5 51.
14 3.00 15.0 32.
15 4.00 20.0 14.

| J1 =0.005emu/cc
Field direction Dip=38, Dip=0
Magnetized direction Dip=38, Dec=0
% H ; Distance to the top of prism body
A ; Width of prism in N-S direction is 5km.
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ALGORITHM FOR DETERMINATION OF A SATELLITE ORBIT AND
GEODETIC PARAMETERS BY USING LASER RANGING DATA AND
PRELIMINARY RESULTS OF ITS APPLICATION'

Minoru Sasaki*

Abstract

A satellite laser ranging system was installed at the Simosato Hydrographic Observatory
and the satellite observation has been continued since March, 1982, To process the range data
and to obtain satellite orbits and geodetic parameters, an orbital processor using numerical integra-
tion has been developed. The processor includes the terms of the non-spherical force due to the
geopotential, lunisolar and planetary forces, radiation pressure, atmospheric drag and tidal effects
of the solid earth and ocean. The algorithm and formation of the processor are described here.

The processor is applied to the range data obtained at the observatory and other laser
sites in the world to determine the position of Simosato site in the global geocentric coordinate
system. The coordinate of the intersecting point of azimuth and elevation axes of the laser ranging
system at Simosato site is obtained on the basis of the LPM 81.12 coordinate system. The prelim-
inary result is 33°34’39". 697N (latitude), 135° 56’ 13"". 156E (longitude) and 100.66 meters
(height from the reference ellipsoid: A=6378 137.0m, 1/f=298.257). The comparison of the result
with the geodetic coordinate surveyed in the Tokyo Datum derives the datum shift correction
from the Tokyo Datum to the LPM 81.12 system as AU=—142.5m, AV=+510.4m and AW=
+681.2m. If the position of the origin of the Tokyo Datum is expressed in the LPM 81.12 system
by using the datum shift correction, the values of the position is shifted by +11"".71 in latitude and
—117.83 in longitude on the basis of the values expressed in the Tokyo Datum and the shift
amounts to 468 meters to the direction of 321 degrees in azimuth.

According to the results of the lunar laser ranging, an eastward rotation of the LPM 81.12
system of 07.197 makes the same longitude for the reference point of the 2.7 meter telescope at
the McDonald Observatory. If it is applied to the longitude of Simosato site, the datum shift
correction changes to AU=~146.0m, AV=+506.7m and AW=+681.2m, The new expression for the
position of the origin of the Tokyo Datum obtained by using this datum shift correction on the
basis of the lunar longitude system is given as 35° 39/ 29", 217N (latitude), 139° 44’ 28", 878E
(longitude).

Key words: Orbital determination, Minimum Variance estimate, Satellite laser ranging, Tokyo
Datum

1. - Introduction
More than twenty fixed stations and two transportable stations for satellite laser ranging
(SLR) are operating in the world at present (Smith 1983) and the range accuracies of these SLR

T Received 27 Qctober 1983
* Simosato Hydrographic Observatory
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systems are from a few centimeters to one meter (Pearlman 1983). The orbit of Lageos and other
laser reflective satellites have been determined well. The root mean square (RMS) of the residuals
to observed range minus calculated range for the Lageos orbit determined to estimate the earth
rotation parameters reaches twenty centimeters level (Schutz 1983b). The Lageos orbits played
the major part for determination of the pole motion of the earth by BIH in the MERIT Short
Campaign (Tapley 1983) and will play an important role in the Main Campaign of the Project
MERIT from September 1, 1983 to October 31, 1984,

On the other hand, the National Aeronautics and Space Administration (NASA) of the
United States has been performed the Crustal Dynamics Project to measure crustal movements in
the large area and to detect the continental plate motions by using the SLR and VLBI. As for the
SLR in the project two transportable systems were developed (Silverberg 1980, Smith 1983) and
the third transportable system will be deployed in 1984 (Dunn 1983). In Europe a joint team of
West Germany and the Netherlands also has been making transportable systems (Wilson 1982).

In Japan the Tokyo Astronomical Observatory originated the SLR and gave much
achievements (e.g. Kozai et al. 1973). The Hydrographic Department of Japan (JHD) installed a
SLR system at the Simosato Hydrographic Observatory (SHO) (Sasaki et al. 1983). The operation
started in March 1982 and the system has been running since then (Sasaki 1982b, Sasaki et al.
1984). The range accuracy of the system reached a few centimeters (Pearlman 1983). The launch
of the Geodetic Satellite in early 1986 has also been prepared by the National Space Development
Agency of Japan. The satellite has globular form with 2.15 meters of diameter. It is made of the
synthetic resin and weighs 700 kilograms. The surface reflects the sunlight and the corner-cube-
reflectors on the parts of the surface also reflect the laser beam to the ground. The launch orbit is
circular with 1500 kilometers of altitude and 50 degrees of inclination (Funo 1983). A
transportable SLR system will be made for the satellite project by JHD.

As for the orbital processing in such a background there are several processors, e.g. named
UTOPIA (McMillan 1973), GEODYN (Martin et al. 1976) or KOSMOS (Murata 1978). However
these processors are not convenient to treat the SLR data obtained at SHO for the author and
staffs of JHD. And these processors did not have new astro-geodetic constants and systems. So the
author made an orbital processor based on a linear estimation theory (Tapley 1973) to treat SLR
data obtained at SHO and other sites and to analyze orbits, station coordinates and some geodetic
parameters. An outline of the processor and the results of a set of the baseline determination were
reported in a previous paper (Sasaki 1982a). The algorithm and formation of the processor and
preliminary results for the coordinate of Simosato site by processing the SLR data obtained at
SHO and other sites are presented in this paper.

2. Algorithm for estimation of the satellite orbit and geodetic parameters
(1) Basic relation
The equations of motion of a satellite around the earth in a non-rotating coordinate
system are expressed by the first order differential equations as

F=v ,  p=-— 7r3~+R<r,v,a,t) )

where r: position vector of the satellite, v. velocity vector, u: geocentric constant of gravitation
(=GM), R: perturbation acceleration which is a function of r,p, a set of model parameters @ and
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time ¢. In the strict sense R is unknown. However if the unmodeled error can be ignored R can be
expressed explicitly. If some geodetic constant parameters whose values should be estimated in the
estimation procedure are denoted by a vector 8, the equation of motion is
B=0. )
Equations (1) and (2) can be rewritten using an n-dimensional state vector X, which denotes the
position and velocity of the satellite and the geodetic parameters to be estimated, as following
equation: . o
d X=F(X,1), initially X (to)=Xo. 3
Usually the state vector is related to observed values non-linearly. The observations are also
influenced by random observation errors. An m-dimensional i-th observation vector, Y7, observed
at t; is expressed with an error vector & as

Yi=G( X5 )+ en i=1,2,+0, 4

where G(X,, t;) is m-vector of a non-linear function relating the state and observation.

(2) Linearization
To estimate the state of a non-linear dynamical system the linearization is one of the
most convenient method. In such a linearization method it is important to find a good
approximation at first and to consider errors due to linearization assumption.
If the difference between X(¢) and a reference trajectory X*(¢) is sufficiently small in the
duration £,<t<t, ., equations (3) and (4) can be expanded around the reference trajectory as
\

X=X+ [0/ aX X — X*) 4

’ 5
Vi=G(X%, t)+[0G/aX[H(Xi— X5 )+ +é&5. )
If the terms of (X—X*)? are neglected and the definitions
#()=X()—-X*(1), A(t)=[oF/oX T, (6)
yi=Yi—G(X1, 1), Hi(t)=[0G/oX ]z,
are used, equations (3) and (4) can be rewritten as
& =Alt)x, initially x(to)=x0, to<t<lmax (7)
and
)’z':ﬁi(ti)xz'+€i, i=1,2, N (8)

If a state transition matrix ®(#, tk) is introduced into the linear estimation theory the
equation

xi= @ity to)xo )
is the solution of equation (7), and equation (8) becomes
vi= Hi(t) Oty to)xo+e:. (10)
The state transition matrix satisfies the following relations (e.g. Liebelt 1967):

i) Ot tk):%g—% W) @, t)=0 (e 1:),

i) Oty 1)=I=0(L 1), V) Ot )=ADO(L, 1), (11)
iii) O(t:, ta)=0(t, fj)@(tj, i),
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If definitions
W Hi®(t, to) &
y= )?2 , H= Hz@(:l‘z, to) , e= 622 ,
Y Ho, t) €1

are used, all the observation equations can be expressed as
y=Hxo+e. ‘ (12)

(3) Minimum variance estimate
To solve n-unknowns, xo, and (I x m)-unknowns, e, from (/ x m) -observations, y, in
equation (12) is the proposition of this problem. As the number of unknowns is greater than the
number of observations, some constraint condition is necessary. In this estimation, to minimize
the diagonal elements of the covariance matrix,

P=E[(z—E[Z](z—E[£])7], (13)

is adopted as the constraint condition, where E means to take expécting value and X denotes the
solution of this statistic process. It is assumed that the observation error &: satisfies the a priori
statistics as

Ele]=0, Elei€ll=R:S, (14)

where §;; is the Kronecker delta and R; is an element of a positive definite matrix, R.
As the solution of equation (12), the best linear unbiased minimum variance estimate, &g,
of state x, is obtained by satisfying conditions described above, namely:

i) linearity expressed as  x =My,
ii) unbias E[x]=x,
iii) minimum variance Piifox =0,
The expression is given (e.g. Liebelt 1967) as

fo—_—(HTR“IH)_lHTvay.

The best estimate %, of x at t = r, obtained from the observations ¥, y,, ... y, at t =ty, t5, ....

tiis also expressed as -
xo:E[xolyu Yoy 0 yz]. (15)

If xz denotes a future prediction of x at ¢ = tx (>1;), X; should be also obtained from the same
observations ¥y, ¥, .... Vi as written by

= El ey, g ol
The relation of equation (9) follows that
Elxalyr,yz, vl = O(te,to)E [xoly1,v2,7 v

and prediction X, of x at ¢ = #, is given by the equation,

Te=O(tr to) To. (16)
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The expression of the covariance matrix of x, is rewritten using equations (13), (12) and (14) as

Po:E[( fo—ﬂfo)( fo“,’Co)T]
=E{((H'RH)'"HTR (Hxo+¢&)—x)((H'RTH )" H'R ' (Hxo+&)—x0)7]
=((H'R'H)Y'H'"R " )E[ee"(HTRT'H) "H'R™)"
=(HRH)™, a7

namely
Fo=PH™R 'y, (18)
If a future prediction of the covariance matrix at ¢ = £ is defined by
Pe=E[(xx— Te)(xx— ) Iy, vz, 3], (19)
this equation can be rewritten as followings

:E[@(fk,fo)(xo—' Xolxo— fo)T@T(fk,fo)]th/Z, """ )’l]

=@ty t)P@ (tsy o). (20)

It is considered to add a set of additional observation y; at t = t; (>1;) to observations
Y1,Y2,...y; already obtained or to add additional observation to a priori estimate X, and associated
covariance matrix Py at ¢ = t,. The additional observation is expressed as

ye=Hixe+€n. (21)

In the case of addition of new observation to several sets of old observations, the new observation
can be added into the matrix expression similarly as

[ i I ﬁl@({l, to)xo &
_3_;! =| Hi@, tdxo | + el
Y f{k X Ek
o [ [ HO(to, 1)
20 I B 4 AV oy lw) | £
» yk] =| el ] m[ ] 22)

If equation (22) is expressed as z;, = Hpx; + e, the solution of this equation can be obtained
similarly to equation (18):

Ta=(HIR '"H) "HIR 'z,

={eortn, womman({Tt (FO e L o, (il )(2)

=(HIR: Hut P ) N HIR: yi+ Pi' %o). (23)
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In the case of addition of new observation to a priori estimate ¥, and covariance matrix
Py, the relation X, = x; + m is applied into equation (22) instead of old observations and
equation (12), where 7, is error of estimation for x, and E[ng] =0, E[ngni] = Py as

and

The result of this case becomes the same expression as equation (23). The equation (23) gives the
best estimate of x in the case to add new observation.

3. Dynamical models and their formulation

In this processor several dynamical models are used. The principal dynamical models are

given in Table 1. Precise expressions will be given in the following sections.
(1) Time system

There are some time systems to express dynamical models conveniently. As the basic time
system, invariable-, continuous- and observable time system- should be adopted. So, TAI
(International Atomic Time) is used for the basic time system of the processor. To express the
independent variable of motion of the moon, the sun and planets, ET (Ephemeris Time) is used.
UT! is used for the parameter of time to denote the earth rotation and UTC (Universal
Coordinated Time) is for observation time. The relation,

ET — TAI = 32.1845,

(e.g. McMillan 1973) is used. For UTIR — TAI and UTC — TAI at each observation time the
values are provided by e.g. BIH or USNO.

Table 1 Adopted system of dynamical models

Astronomical constants IAU1976 System (1976)
Precession Lieske, J.H. et al. (1977)

Nutation

Pole position

Definition of UT

Geopotential

Earth model

Solid earth tide and its site
displacement

Ocean tide and its loading

Site displacement

Tidal variation in UT1

Air drag

Radiation pressure

Satellite constants

Luni-, Solar- and Planetary position

Wahr, J.M. (1979)

CIO

Aoki, S et al (1982)

GEM L2 (1983)

1066A(Gilbert.F. and A.M. Dziewonski, 1975)
Shen, P.Y. and L. Mansinha (1976), Sasao, T.
etal. (1977) and Wahr, J.M. (1979)
Schwiderski, E.W. (1978)

Goad, C.C. (1980), Sasao, T. and I. Kikuchi (1982)
Yoder, C.F. et al (1981)

exponential atmosphere

MERIT Standards (1983)

ibid.

Japanese Ephemeris (1980)
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(2) Coordinate system

A non-rotating coordinate system to the inertial space should be used to express the
equation of motion of the satellite simply. As the basic non-rotating system for the purpose, the
geocentric rectangular coordinate on the basis of J2000.0 mean equator is adopted. The direction
of the X-axis is taken to the equinox of J2000.0 from the center of mass of the earth and the
Z-axis is to the axis of the mean equator. The Y-axis is to be taken to make a right hand system by
the X, Y and Z axes. This coordinate and other associated coordinates to express a position on the
earth or in the space are as followings:

X20(Xa0, Y20, Z20) or simply X(X, Y, Z): coordinate rectangular coordinate of the
J2000.0 Mean equator,

X1as(X7a, Youe, Zomr): Geocentric rectangular coordinate of the Mean equator of
Date,
Xpr(Xpr, Yrp, Zpp):  Geocentric rectangular Coordinate of the True equator of Date,
Up(Up, Vp, Wp): Pseudo Earth-Fixed geocentric rectangular coordinate which does not
account for the pole motion.
Up(Ug, Vi, Wg): Earth-Fixed geocentric coordinate whose reference plane is perpen-
dicular to a line passing from the center of mass of the earth to the Conventional
International Origin (CIO) and with U-axis passing through the Greenwich meri-
dian.
Dy, N h):  Conventional geodetic coordinate referred an ellipsoid, namely, latitude,
longitude and height from the ellipsoid. .
®; (R, Az, EI):  Topocentric spherical coordinate where R is distance from origin, 4z is
eastward azimuth from north and EV is elevation from the horizontal plane.
The transformation matrixes from one coordinate to another for position and velocity on the
coordinates described above are as followings:
i) Geocentric rectangular coordinate of the J2000.0 Mean equator < Geocentric
rectangular coordinate of the Mean equator of Date

Xraw= PXoo Xy = PTXTM
X.TM = szzo Xzo - PTXTM

where it is assumed that P can be neglected practically and the expression of Pis

Pll PIZ Pl3
P: le PZZ P23

P31 PSZ P33
Pu=—sinf.sinz +cosf, cosz cosd
Pro= —cos.sinz —sing., cosz cosd
Pi= — cosz sind
Pan=sin{.cosz+cos{. sinz cosd
Py= cos{.cosz—sin{, sinz cosd
Pp= — sinz sind
Py= +cos¢, sind
P= —sing, sind

Pi= + cosé
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£,=230672181 T +0730188 72+ 07017998 T
z=2306.2181 T+ 1.09468 T%+0.018203 T°*
6=2004.31097 —0.426657%—0.0418337*  (Lieske et al. 1977)

and T is measured in Julian Centuries of 36525 days from JD 2451545.0 (2000 January 1.5).
ii) Geocentric rectangular coordinate of the Mean equator of Date < Geocentric
rectangular coordinate of the True equator of Date

Xer=NXru Xrm=N"Xrr
Xrr=NXru Xew=N"Xrr

where it is assumed that N can be neglected practically and / is a matrix of the elments as

Nu= + cosd¢
Niz= —COoSesr sind¢
Nyg= —sines sind¢
Ney = + cosesind¢

Noz= sinessine: +coseycose:cosdy
Naz= —coseysing; +siney cose:cosdy
Nay= + sine; sind¢
Ngz= —sineycose: +coseysine: cosdy
Niz= C€Osencose; +siney sine; cosdy
and
ec=en+de
e =23"26'21"448 4678150 7 — 0700059 T*+-07001813 T°°
49= 2 (a0t @ T)sin(buil + bacl +bsiF + buiD+ bi@)
106

de= 2 (cos+ 1 Teos(fril + forl + faiF + fa:D+ fo:2)

i=1
[=134°57'46"733+ (13257 + 198°52'02'.’633 )T+ 317310 T2+07064 T*
{'=357"31'39"804 + (90" +359°03°017224) T — 07557 T*— 07012 T
F=9316"187877+(13427+82°01°037137) T — 137257 T* 407011 T°
D=297°51017307+(1236"+307°06'417328) T —6"891 T*+07019 T
0=125°02'407280— (5"4-134°08'107539) T 477455 T*+07008 T"*

T: Julian Centuries from JD 2451545.0
As for the ag;, @y, bjj, Cos €1, [, consult Wahr (1979) or MERIT STANDARDS (Melbourne et al.
1983).

ili) Geodetic rectangular coordinate of the True equator of Date ¢ Pseudo Earth-Fixed
geocentric rectangular coordinate

Up:SX"/"r“i"SXTT XTT:ST[}P+STUP

cos@ singd 0 R —sing cosf 0
S=| —sinfd cosfd 0 and S=| —cosf —sinf 0| -w
0 0 1 0 0 0

{ Up:SXTr . { XTT:STUP
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8=12"+ UT1+ an+ dfcose.

@n=24110°54841 +86401845812866 Ty +0%093104 Tu>—652x107°7*  (Aokier al. 1981)
Tv=dul 36525

dv © the number of days of universal time elapsed since JD 2451545.0 (UT1)
dv=dra+(UT1— TAI )/ 86400

drar - fraction of days of TAI elapsed since JD 2451545.0 (TAI)

w .  angular velocity of rotation of the earth
UT1=UTIR+4UT1

41
AUT1= aaiSin(gxi[+g2i[,+g3iF+g4iD+g5i.Q)

and Ay, e, I, I, F, D and £ are the same as the previous section. For g;, &ji Yoder (1981) or BIH
Circular D (1982) should be referred.
iv) Pseudo Earth-Fixed geocentric rectangular coordinate < Earth-Fixed geocentric

rectangular coordinate

{M:Bm {MZBQ&
Us= BU» U»= B'U)

where it is assumed that B can be neglected and the following expression of B is obtained from the

strict formula in good approximation:

1 0 x
B={ 0 I =
—Xp Yp 1
If Q-matrix is defined by Q= BSNP, Ur = X4, and X, = QTUE are the direct expression of the

relation between X, and Ug.
v) Earth-Fixed geocentric rectangular coordinate <« Conventional geodetic coordinate

Ur=(Ne+ he)cosecosi
Vie=(Ne+ he)cospsind
We=(N(1—€*)+ he)sing
Ne=Ad (1-¢gsinp )7

where
A.: semi-major axis of the reference ellipsoid
e : eccentricity of the reference ellipsoid
he . height from the reference ellipsoid.

(3) Acceleration due to the perturbation force
The acceleration due to the perturbation force, R, in equation (1) is devided into a

modeled term, R,,,, and an unmodeled term, 5, as
R(r, v, t)=Rulr.v, )+75lr, v ),

If the unmodeled term is small enough to be ignored or it can be assumed to be random and
unbiased, the algorithm described above can be applied. The modeled terms in this processor are as
followings:

Rn = anstavg+ arp+ Qap+ @
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where

ays: non-spherical acceleration due to the earth gravity field

ayg: difference of two-body accelerations to the satellite and to the center of mass of

the earth due to the moon, the sun and planets
arp: acceleration due to the radiation pressure
a4p: acceleration due to the atmospheric drag
arp: acceleration due to the solid earth tide and the ocean tide.
The expressions of these perturbations are as followings:

i)  Non-spherical acceleration due to the earth gravity field
ans = QTa NS,E (expressed in the non-rotating coordinate)
ans,g=—grad U  (expressed in the earth-fixed coordinate)

where U is the non-spherical gravity potential as

U= ~ﬂi (A=) JuPutsing)+ ZN:

n=2m=1

n

These relations can be rewritten by using complex as followings (Cunningham 1970):

N n
aNS,E:Real[z 2 Ag(crz,m_isrz.m)g7'ﬂd Un.m:l

where e
dUn,m . Un+r,mey (n~m+2)’
ax = — D) -+ 2(72"772)./ Un+im—1
_ Un+1,1 _ U’;H»l.l
- 2 2
Unm _ , iUnsimer , i{n—m+2)!
Y =+ 9 2Wn—m)! Uniim-1
— iU:z+l,I . iU’;l+l.l
2 2
aUn,m __(7Z—m+1)./U
0z~ (n—m)] “rrem
Un,n:(zn—l)'('x_;i:gli)'(]n—x,n—l
Unm=(20=1)"5 Un-som
— (anl)_Z‘U _(7’2‘1“7%“1) Un—z,m
" m—m) 20NN (n—m) 7’

x =7 cos¢ cosA =Ug
y =7 cos¢ sind = V; } earth-fixed coordinate of the satellite

zZ =7 sing = Wg

y =(UR+ VE+ WE)t

A E@u+1)n—m)! T~ _(E@r+1)n—m)! 7
"'"'_< (n+m)! > Crmr S"""_( (n+m)! >S"""

z (A;—)HP,’Z’(Sin¢ WCnmcos mA-+ Sy msinmA )> )

(m>0)

(m=0)

(m>0)

(m=0)

(m=0)

(n=m—1)

(n#Fm—1)

1:m=0
k:
2. m+0
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The normalized harmonic coefficients C_’n,m and S n,m> are given by Lerch .eral. (1983) for
GEM-L2 gravity.model.

i) Perturbed acceleration due to the moon, the sun and planets

6
RPN TE o 155 48
o= “;M Xi XX

where
X:  position vector of the satellite
Xy position vector of the moon (k=1), the sun (k=2), Venus (k=3), Mars (k=4), Jupiter
(k=5) and Saturn (k=6)

m mass ratio of these to the earth.

iii) Acceleration due to the radiation pressure

. 2 7/15 E"Xz)
arp=VvPsA% m [X_XZ!3

where
X, X,: position vector of the satellite and the sun
{ 1: at out of the shadow by the earth
0: in the shadow by the earth ‘
Pg= 4.5605 x 10° Newtons/m?: solar radiation pressure at 1X — X,| = A4
(Melbourne et al. 1983)
Ay = 1.49597870 x 10''m: astronomical unit (IAU 1976)

y=

v reflectivity coefficient
Ag: cross section area of the satellite to (X — X3)
m: mass of the satellite

iv) Acceleration due to the atmospheric drag
Qap—= ‘“Bpl)rvr

where

vr=v—wxX and vr=]v:|
B :% : ballistic coefficient given by Melbourne er al. (1983) for each satellite
o =poe —R(r—Ame—ho) : atmospheric density
X, V: position and velocity vector of the satellite in the non-rotating coordinate
w . rotation vector of the earth in the non-rotating coordinate
r 1 geocentric distance to the satellite
Ane . mean radius of the earth (6371 km)
po . atmospheric density at height o. Refer to e.g. Allen (1973).

& scale constant of the atmospheric density
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v) Acceleration due to the solid earth tide and the ocean tide
am=—grad AU

The acceleration by the effects of solid earth tide and ocean tide associated with AUqy is calcu-
lated through the variation of geopotential coefficients, C,,,,,and §n m, as followings (Melbourne et

al. 1983):

For the first step, the corrections to add to the coefficients by the solid earth tide are:

PZD( Sin¢k )

2
~ _ 1, AN GM,
ACz,o——T/g‘kz 1 }Z} 7';‘3

2
3
=~ s LV GM. ‘
ACz,x"ZZ’Sz,xZ :13 \/gkzill ;—%{P;(smm)e A

2
e 1 T2, ARNY GMu s s i
AC22—idSs :E\/’?‘kz”?‘kzl )3 £ pi(sing.)e

where
k»: nominal second degree Love number
(ks @, M) o earth-fixed geocentric spherical coordinate of the moon (k=1) and the sun

(k=2).
Other notations are the same as described above.
For the second step,

Aén,m_l‘rASn'm:Fm Z 6ksHs( l>n_”‘ euenel'os

—1

n—m odd
S(n,m)
where
B (—1)m S0 = I m=0
" A/ 47 (2 bom) 0 om0

8k, . difference between Wahr model for k at frequency s and the nominal value k, in
the sense ky—k,

H,: amplitude of term at frequency s from a harmonic expansion of the tide generating
potential,

gs: IZ' B—: é 771’61’
n  six multipliers of the Doodson variables

g the Doodson variables
6S20 =0.
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The Doodson variables are related to the fundamental arguments of the nutation described above
by

s=F+Q=5
]Z:S—D:ﬂa
p=s—1=5
N'=—L0=8s
P1:S—D——//:B(s
r=0c+n—5=5
8, : mean siderial time of the conventional zero meridian

For F,, kH and it, see Melbourne et al. (1983).

As for the effect by ocean tide, the correction to the coefficients of geopotential are

calculated as followings:

~ e - + T s ot Tig,
Z]Cu,m— ZASn,m: Bnm (2 )2+( c.;nm**‘ ngn m)e !
s(n,m

where
B  AnGPw ( (n+m)! >%1+k,’,
=T\ (= m) 120+ 12— 8om)/ 2n+1
g=GM/A%

pw density of seawater
ky load deformation coefficients
G the universal gravitational constant

Céim S&m . ocean tide coefficients in m for the tide constituent s .

L -
For 04, the notation is the same as before. As for the values of C,,,,, Sgun and &’,,. see the table
in Melbourne er al. (1983).

(4) Expression of A-matrix

The unknowns of this estimation process are denoted by X as already described. For the
unknowns, satellite position, X, satellite velocity, V,and any astrogeodetic parameters which are
not weakly associated with satellite orbit can be taken, e.g., geocentric constant of gravitation
u(= GM),dynamical form factor for the earth J,(= —C; (>0), ballistic coefficient f(= Cady/2m),
reflectivity coefficient y, pole position (x,, y,) and all observation site coordinates except a
longitude of an observation site in the case of the range and range rate observation of satellite. In
this estimation procedure the following variables are taken as the unknowns:

X:[X7 Va Hy ]27 33 []1’ 1]2! """ ’ UN]T
X:F:[V, o O’ 0’ 0’ 07 0’ """ 3 0]’
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The expression of the A-matrix in equation (6) is:

03’ [3) 07 O, 0, 039 03; Tty 03
Ga B« a da da "
aF * aXy aV, 8#9 3]2’ aﬂ’ 3y 3y ’ 3
b e K A A L
03, O3g 0 0, 0, 03, 03, ttty 03
where
a=assz+(ans+ar)+avs+ are+ cap
(2753 :‘#‘7,—3
0, 0, 0 1, 0, 0
0s=| 0, 0, 0 and L=| 0, 1, 0
0, 0, 0 0, 0, 1
i) Expression of dazs/0X
025 0t25, 0285 3X° . 3IXY 3IXZ
X oY 0z rt 7 7'22 r*
aa!za: Ja 28y 0tz Otz _ M 3XY 3Y 1 3YZ
X T | dX Y ay | — r* r’ r? ’ rzz
Odzp,  O0C2p, 0z, 3XZ 3YZ 3Z 1
oX oY oz r’ r* r?

or in the expression of elements,

a(ZzB ‘ adzrj, {3X X 8}
I=T0X, R

i) Expression of o{ayg + app)/oX
The effects of the solid earth tide and the ocean tide are included in the corrected
harmonic coefficients of geopotential as described before. It is assumed that the coefficients in this
paragraph include the tidal effects.

T . '
By taking gradient of ayg = Q" ans, E, the relation of transformation from the earth-fixed
geocentric rectangular coordinate to the non-rotating coordinate as followings are obtained:

awvs T aaNSE
=QTEQ.

Using the similar notation to the paragraph of the acceleration due to the earth gravity field
described before, the following relations are given by Cunningham (1970):

a(XNs,E__ 0 U
U — 90U oU

or using (x, y, z) instead of (U, ¥, W) for earth-fixed geocentric rectangular coordinate and
notation of matrix element,
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where

n

N
Oans.k . 3* U _ n o 3* Un.m
ox lij*‘ a.\'uzl/i = ReaanmZOAg( Cn,m ZSn.m) a.\'{a]/i
azUn,m__ Un+2.m+2 (117m+2) (12—7}1‘1'4).,
axz = 4 2( }I—ﬂl)/ Un+2 m+ 4(72—771).’ U71+2,m—2
. Un+2,3 (77“1‘1)! . (ﬂ""l)/
= 2D YTy U
_ Unize  (n+2)! Uprze
= 4 - Y Unizot+—" 4
azUn,m - iUn+2.m+2 ( 7)l+4)
axay = — 4 + 4( I”‘?ﬂ)/ Un+2m 2

Z.Un+2,3 _ 7(7Z+1)/
T 4{n—1)! Unsas

Z‘Un+2,2 im+2.2

=TTy T
*Unm __ Unsamea (n—m+2)/U (n—m+4).’U
F 4 Wn—m)! ZPET 4(p—m)! TR
_ Unizs  (n+1)! (n+1)!
— 4 2(”_ ) Un+21+ 4( 1)! U;+21
_ Upiz2 _ (n+2)! U . Ukize
- 4 2n! R0 4
O Unm _(n—m+1) m(n—m+3)!U
axaz - 2 n+2,m+1, 2(72*7)2)! n+2,m-1
:’(n——;llUmtz,r’r (7?+1) U’;:+21
azUn,m__z'(n—nH—l)U _z(7z~m+3)/U
a_)’az - 2 n+2,m+1 2( 7’1—772)./ n+2,m—1
:—Z(n;l Unsai+ (”+1)U§+21
2 _ /
a Unm ( n ”Z+2) Un+2,m.

527 (n—m)!

ili) Expression of d@yp/0X, 0@z p/0X and 8@, ,/0X

where

where

aam; I B Mk 1 3<X Xk,)(X X}z})
oX '"UTHLMRE R}

é\ij

Re= (X — X ) + (X0 X2 ) +(Xs — Xos )22 -

e T e ]
2

(Ur,X ‘+‘ vr,(a)er) —UerJ}

aam . kl)r
X lij _B{

3

=(X24+ X2+ X2)2

121

m>1

m=1

m=0

m>1

m=1

m=0

m>1

m=1

m=0

m>0

m=0

m>0

m=0

m=0
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0 Wz — Wy
.Q = — Wz O Wx
Wy - Wx 0

vn=(V—0xX): and  o,=(vi+v3+0d)7
iv) Expression of aa/dV

_Qgﬂ! _ c’?am | =
oV isT v 'Y

v) Expression of de/du, da/dJ, and da/0p

Ab’p%(vr,-vmt—&jvzr).

r

1
%‘52 “T‘Xa”fﬁzaNs .
da 1
. Ja Qs

where a7, can be obtained from the J; term of ayg,

a'a'LaAD
B BT

4. Observations of dynamical system
(1) Observation-state relationships
The range to a satellite from a j-th observation site, R, is

Ri=((U=Up*+(V = Vi) (W — W)= (X = X; P+ (Y — ¥; P+(Z~ Z,)?)3

where (U, ¥, W)is the coordinate of satellite position and (U]-, V;, W;)is the j-th site position in the
earth-fixed geocentric rectangular coordinate. (X, Y, Z)and (X;, Y}, Z;) are also the satellite
position and site position expressed in the non-rotating coordinate, respectiveis. To say in the
strict sense in this estimation procedure, (U, ¥, W)or (X, Y, Z)should be the position of the
center of mass of the satellite and (Uj, v W;) or (X]-, Y}, Z;) should be the position of the
reference point of the satellite laser ranging system at the j-the observation site.

The station position expressed in the earth-fixed coordinate has been treated as constant
in this procedure. Though the real station position on the earth is periodically moved slightly by
the solid earth tide and ocean tide loading, the constant coordinate of the j-th site, (U, V};, W)),
can be regarded as mean position. The site displacement by the tides is added to the mean
position. The raw range to the satellite observed by a laser ranging system contains the effects of
atmospheric refraction, difference between positions of reference point of reflectors and satellite
center of mass and individual range offset for each ranging system. If ¥ denotes the raw range, the
G-function relating the state and observation is expressed from equation (4) as followings:

Y =R+ dRpp+ ARrr+ ARcr + ARro+ €
G=R+dRpp+ ARrr+ ARcu + dRro

or
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where
R . distance from a mean reference point of a laser ranging system at the site to the
center of mass of the satellite
ARpp: component of tidal displacements along the direction from site to satellite
ARpr: change of range by atmospheric refraction
ARy - satellite center of mass correction
ARp 5 © range offset for laser ranging system obtained by system calibration.

(2) Site displacements by the solid earth tide and the ocean tide loading
The site displacement caused by the solid earth tide is estimated in two-step procedure.
The vector displacement of the j-th site due to tidal deformation for step 1 can be computed by
the formula

AUﬁZ GM“ [{3zz(uk uJ)}uk+{ (——lz)(uk wi)— ’“}m]

where
7, Uy o magnitude of the vector from the geocenter to the moon(k=1) or to the
sun(k=2) and unit vector of the vector
rj, u;:  magnitude of the vector from the geocenter to the j-th site and unit vector of the

vector
fz;:  nominal second degree Love number
/4 nominal Shida number,

For the step 2, only the displacement of one term K; {165.555 in Doodson number)

frequency needs to be corrected as a periodic change in site height given by

ShiV=S8hxk, HK,<—,/ 5 ) 3 sing; cos¢; sin(fx,+A;)
) 24
where

Shx,=hk, (Wahr) — h, (Nominal)
Hp, = amplitude of K; term in the harmonic expansion of the tide generating potential
¢ = geocentric latitude of j-th site
A = east longitude of j-th site

Ok = K; tide argument=7+5s=6, + .

For the values of Ay, Iy, 8hy | H, consult e.g. Melbourne et al. (1983).

There is also a zero frequency site displacement. The correction could be removed
analogously to the discussion above. If nominal Love and Shida numbers of 0.6090 and 0.0852,
respectively, are used, the permanent deformation introduced in the height direction is given by

ahm—vT (0.6090)(—0. 31455)<~sm¢ ;) (meter)

and in the north direction in the horizontal plane
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6n§-”:\/4_—57r-(0.0852)(~0.31455) 3 cos¢; sing; (meter),

The site displacements caused by the ocean tide loading have been computed for the M2,
S2, K2, N2, 0l, K1, P1, QI and Mf ocean tides by Goad (1980) using models generated by
Schwiderski (1978). The tables of tidal loading height displacement amplitude and phase values of
25 laser site locations for the nine constituents are listed in Melbourne er gl (1983). The height
displacement at j-th site can be obtained by summing nine constituents as follows:

31439):{2; amp;(#) cos(arg,(7,#)—phase(7) )

where arg; (i, t) can be also generated by the subroutine in the same paper.

As for the Simosato site Sasao and Kikuchi (1982) calculated the three components of
the ocean tide loading site displacement of height, from south to north and from west to east for
the nine constituents by using 1° x 1° lattice of Schwiderski model, 232 points on the coast line
and tidal data at six tidal stations around the Simosato site. The results are shown in Table 2. The
sense of amplitude sign is that up in height, to north and to east are all +. The phase and argument
are the same meaning as the equation described above.

Table 2 Ocean tide loading site displacement for Simosato site by Sasao and Kikuchi(1982)

vertical from south to north from west to east
constituent amp phase amp phase amp phase
(cm) (deg) (cm) (deg) (cm) (deg)
M2 1.817 86.6 0.366 108.7 0.276 —164.2
S 2 0.803 106.5 0.147 129.3 0.143 —131.1
K 2 0.237 109.5 0.043 130.3 0.037 —126.9
01 1.073 —146.4 0.160 —113.7 0.155 —8.4
K I 1.388 —196.1 0.215 —93.9 0.191 14,6
P 0.445 —192.0 0.067  —93.7 0.062 15.4
N 2 0.360 91.6 0.070 101.0 0.039  —161.8
01 0.228 —155.2 0.032 —129.0 0.033 —13.2
Mf 0.021 —926.9 0.002 —109.4 0.005 115.4

Latitude of Simosato site =33°578, longitude==135°937, height=62m .

Finally the range correction AR, forj-th site are

where ARop=[AU5+ (8BS + ShP+ ShS s+ (80 + an§°’;zj+ae§°’ej]'%i—2‘)|
7
u;: unit vector from geocenter to j-th site
u: unit vector from geocenter to satellite
h;:  unit vector from j-th site to the zenith
n unit vector from j-th site to the north in the horizontal plane

.

unit vector from j-th site to the east in the horizontal plane.

D
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(3) Correction of the atmospheric refraction
The following formula of the atmospheric correction to the laser range data given by
Marini and Murray (1973) is used in this processor:

ARwr— 8 A+B
T e, H) SinE+B/(A+B)
sink +0.01

where

2(1)=0.9650+ 0.(;1264 40000228
flo, H)=1-0.0026 cos2¢— 0.00031 H
A=0.002357P+0.000141e

B=(L084 x 107)PTK +(4.734 X 10™) e 5=y

K =1.163—0.00968 cos2¢—0.00104 7°+0.00001435P
— BR s -arsasiesrarr—arsasy
e=6.11 100 10

Here
AR kg Range correction (meters)
True elevation of satellite
Atmospheric pressure at the laser site (millibars)
Atmospheric temperature at the laser site (degrees Kelvin)
Relative humidity at the laser site (%)
Wavelength of the laser (microns)
Latitude of the laser site
Altitude of the laser site (kilometers).

e TINYD

(4) Other corrections and expression of 3G/3X
The center of mass correction should be applied for each satellite. The values are:

ARy = —0.24m for Lageos and —0.075m for Starlette.

As for the range offset for each laser ranging system, it is usually obtained by ground target
ranging or internal calibration techniques. The values for the satellite laser ranging system at
Simosato site, for instance, are distributed from 10 to 25 centimeters which depend on the energy
of output and input and environmental conditions.

The expression for G-function was given in the previous section. In the relation between
observed range and nominal range, Y or ¥; and R or R;, all the correction described above should
be considered. However the dependence of these correction to the selected unknown, X, is nothing
or so small. Therefore these cbrrections are ignored for 9G/3.X in this estimation.
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The expression for 3G/3X is as followings:

oG XT-XT
X~ K

090G v

av 0

9G _0G_ 3G
o~ df. A

aG B UT_O;T(;
an‘-_ Rj ij

where the definitions of these variables are the same as described in this chapter.

5. Processing of the laser range data and preliminary results
(1) Range data processing and constants used

The station coordinate of Simosato site is estimated using the estimation procedure
described above by the processor developed. For the estimation, 756 ranges of satellite laser data
in 24 passes of Lageos transit are used as listed in Table 3. These data are obtained at Simosato site
and other six sites which are distributed in Australia, north America, Central Pacific Ocean and
Europe. As the amount of data used are not so much in this time, the number of unknowns is
limited to nine variables, namely, satellite position and velocity at an initial time and the
coordinate of Simosato site. So, the positions of the six sites except Simosato are given a priori.
For the coordinate system of the six sites the LPM 81.12 (Schutz 1983a) is adopted. This
coordinate system has been used at the Center for Space Research of the University of Texas to
estimate the earth rotation parameters, and the every five days values of x and y component of
pole position and the Duration of Day are announced in the CSR reports and in the BIH Circular
D. The adopted coordinates of the six sites on the basis of the LPM 81.12 system are given in
Table 4.

For the coefficients of the gravity field model, GEM-L2 (Lexch ef al. 1983) is used. In the
gravity model the terms of 6—12’ ; and S5 ;, which are caused by the discrepancy of the polar axis of
the terrestrial system and the principal axis of moment of inertia by using CIO, have values as

Car=1.057x10"° and = S,1=-—3.068 % 107°,

To save computation time the coefficients less than 11 degrees and 11 orders which include major
effective terms are used in this estimation.

For the UT1R and x, y components of the earth rotation BIH evaluation in the Circular
D (BIH 1982) are used.

The mass ratios of the moon, the sun, Venus, Mars, Jupiter and Saturn to the earth of
TAU 1976 system are used. For the positions of these astronomical bodies a magnetic tape file of
the Japanese Ephemeris (JHD 1980) is used. In the transformation from the 1950.0 frame used in
the ephemeris to J2000.0, the correction from FKS5 equinox (J2000.0) to FK4 equinox as
following by Fricke (1980) is applied:

E(T)=0%035+07085 Ts
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Table 3 Lageos date set used for the coordinate
determination ofSimosato site

No. u T C Site No. of
pass d h m s h m s iD ranges
April 1982
1 8 3 333 31213 1 24
2 8 75115 815 39 4 39
3 8 11 24 40 11 54 41 4 40
4 9 955 6 10 36 36 4 40
5 9 17 56 33 18 10 33 1 25
6 10 16 29 34 16 37 40 1 17
7 11 18 45 15 18 53 22 1 14
8 13 8 127 8 38 18 4 40
9 13 12 33 56 12 36 32 5 16
10 13 16 29 26 16 35 1 2 40
11 14 2 37 44 3 044 6 28
12 14 14 59 43 15 36 35 2 40
13 14 18 28 54 19 10 0 2 40
14 15 115 24 1 39 28 6 28
15 15. 132 28 136 28 7 37
16 15 4 54 52 5 920 6 11
17 15 5 224 512 36 7 36
18 15 512 43 5 46 44 3 40
19 15 825 5 8 26 36 7 10
20 15 8 56 11 8 59 40 3 40
21 15 9 957 9 33 22 4 40
22 1513 3 34 13 26 10 5 40
23 15 16 45 54 16 58 11 1 31
24 1517 1 2 17 48 56 2 40

where Tsq is measured it Julian centuries from 1950.0.

The following constants are used in this estimation:

Light velocity; ¢ = 2.99792458 x 108m/s
Geocentric constant of gravitation; GM = 398600.44 km? /s

Lageos mass; m = 407.8 kg

Lageos cross section areas; Ag = 0.283 m?

Lageos reflectivity coefficient; y= 1.17

Lageos atmospheric drag coefficient; C; = 3.8

Lageos center of mass correction; Reoy = —0.24m

Lageos empirical acceleration; a,, = —2.9 x 107'?m/s?

Atmospheric density at & = 5000km; po = 3.98 x 10 kg/km®

Scale constant of the atmospheric density; & = 1.61 x 107 /km.

127
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Table 4 Station coordinates by LPM81.12

1D name/state Lat. Lon. Ht

1 Simosato/Japan (unknown)

2 Yaragadee/Australia 29° 274774692 S

115 20 48.0579E
244.960 m

3 Greenbelt/Maryland 39 1 14.1748N
283 10 20.1161 E
21.985 m

4 Platteville/Colorado 40 10 58.0085N
255 16 26,2849 FE
1504.807 m

5 Mt. Haleakala/Hawaii 20 42 25.9795N
203 44 38.5366 F
3068.264 m

6 Kootwijk/Netherlands 52 10 42,2302N
548 35.0936E
93.025 m

7 Wettzell/West Germany 49 8 41.7703N
12 52 40.9405E
660.988 m

Reference ellipsoid ; A=6378137.0m
f=1/298.255

(2) Coordinate of Simosato site and relation between the LPM 81.12 system and the Tokyo
Datum
The values of unknowns are obtained by integrating X* and ® and by evaluating / and y.
The results for nine unknowns are:

il

(8436.59040K™, 8281.561875™M, 3440.96763KmM)T

(0.329606460K1/S 2 482641673KM/3 5 0989403 10km/s)T
at £ =1982Y 04M 08P 031 00™ 205000000 (TAI) and

U, = (~3822.38450KM 3699 36641XM, 3507.57257KmMT,

Xo
Vo

1§

The residuals of range data based on the initial values and site coordinate are shown in Figure 1.
The root mean square (RMS) of the residuals is 55 cm. The position of the intersecting point of
‘the elevation and azimuth axes of the satellite laser ranging system, U;, based on the LPM 81.12
system can be rewritten in the conventional geodetic coordinate as:

33° 34397 697N  (latitude)
135 56 13.156E (longitude)
100 .66 m  (height from the reference ellipsoid)
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where semi-major axis and flattening of the reference ellipsoid are 4, = 6378137.0 m, and 1/f =
298.257.
The surveyed coordinate of the same point in the Tokyo Datum (Takemura 1982) is:

33°34'27" 496N (latitude)
135 56 23.537E (longitude)
62 .44 m (height above mean sea level).

The direct comparison of both heights derives geoidal height based on the reference ellipsoid as
38.2 m at Simosato site. If the geoidal height of the Tokyo Datum at Simosato site is estimated as
0.0 m by a geoid map of Ganeko (1976), the comparison of two coordinate values of the LPM
81.12 and the Tokyo Datum for the same point at Simosato site derives the datum shift correction
for geocentric rectangular coordinate from the Tokyo Datum to the LPM 81.12 system as

following: y
AU =—1425m
AV =+5104 m
AW =+681.2 m

where the U-, V- and W-axes in both the LPM 81.12 system and the Tokyo Datum are assumed to
be parallel for each axes. The datum shift correction derives the expression of the position of the
origin of the Tokyo Datum in the LPM 81.12 system as followings:

35°397297 223N (latitude)

139 44 28 .676E (longitude)
62.95m (height from the reference ellipsoid).

! : : RMS=55cm |

Figure 1 Residuals to the orbit of Lageos determined by the processor.
Solid lines show centers of dispersed ranges of each passes
with site ID.
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As the height above mean sea level of the origin is known as 26.80 m, the geoidal height at the
origin is estimated as 36.1 m on the basis of the reference ellipsoid of 4, = 6378137.0 m and 1/f=
298.257. The discrepancy in both coordinate systems for the position of the origin amounts to
468 m to the direction of 321° in azimuth on the basis of the Tokyo Datum. The similar
discrepancies can be obtained using the datum shift correction to the place at Simosato, Sapporo,
Kagoshima, for instance, as 462 m to 325° of azimuth, 411 m to 311° and 448 m to 330°,
respectively.

Within the procedure of orbital determination by satellite laser ranging data or Doppler
data, the longitude of a satellite-derived coordinate system and the position of the ascending node
of the satellite orbit can not be separated. So, it is necessary to define the longitude of one satellite
ranging site a priori. According to Schutz (1983c) 283° 10’ 19"/7510 is the definition of the
longitude of the LPM 81.12 system for the longitude of the reference point of the satellite laser
ranging system named STALAS at the Goddard Space Flight Center. So, the longitude of Simosato
site shown above is based on the definition. It is expected to be combined with such a satellite
derived longitude system and the precise astronomical longitude like the lunar laser ranging (LLR)
which has been operated at the McDonald Observatory, the University of Texas. As for the
relation between the LLR results and the LPM 81.12 system in longitude, Schutz (1983c)
informed to the author that an eastward rotation of the LPM 81.12 system of 0197 makes the
same longitude for the reference point of the 2.7 meter telescope at the McDonald Observatory as
obtained by LLR.

If the rotation applied, the datum shift correction from the Tokyo Datum to the global
geocentric coordinate system which is referred to the astronomical longitude system by LLR
becomes

AU =~146.0 m
AV =+4506.7 m
AW =+681.2 m .

If this correction is applied to the point of the origin of the Tokyo Datum, the new expression of
the origin is as followings:

35239297 217N (latitude)
139 44 28 .878E (longitude)
where A, = 6378137.0 m, and 1/f= 298.257.

The precise comparison of these values with other coordinate systems, estimation of
accuracies and more discussion will be made after processing much more data in the future.
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CHART MANAGEMENT SYSTEM'

Hajime Saito"
Abstract

The management of nautical charts are indispensable and essential work to hydrographic
services.

In order to carry out such work efficiently, a management system using an electronic
computer has been developed by preparing data base of such information as the numbers and
coverages of the charts listed in the Catalogue of Charts as well as their quantities in stock.

It can be expected that this system will be effectual in managing, collecting, and retrieving data and
information on charts and other hydrographic informations, and this will be used as a fundamental chart

data base system including such charted informations as soundings, coastlines, etc.
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