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Abstract

The basis of geodesy is to measure physical quantities accurately, and to monitor
solid-earth activities, such as earthquakes and volcanic eruptions. Fluctuations from
outside the solid earth (earth tide, atmospheric disturbance and so on) are considered
as noises, and have been eliminated effectively. The groundwater-derived noise,
however, have not been corrected adequately, since only little has been known on
the mechanism of the noise for a long time. Consequently, geodesists have corrected
groundwater noises with empirical methods, such as tank models and regression
curves. These methods, however, are not based on hydrological background, and
are very likely to eliminate solid-earth signals excessively. The correction method of
groundwater noise has to be developed with hydrological and quantitative approach.

We thus investigate how to correct groundwater-derived noise from gravity data
effectively. Groundwater noise is corrected in the following procedure: (1) Ground-
water distributions are simulated on a hydrological model, utilizing groundwater
flow equations. (2) Groundwater-derived gravity value is estimated for each instant
of time, by integrating groundwater distributions spatially. (3) The groundwater-
derived gravity, as the correction value, is subtracted from observed gravity data. In
this study, we simulated groundwater flow and groundwater-derived gravity value
on the east part of the Asama volcano, central Japan, with a simple hydrological
model, consisting of homogeneous soil, lying on a flat impermeable basement. We
also observed time variations of watertable height, soil moisture and gravity during
the summer of 2006 at Asama volcano, and compared the observations with the
theoretical values.

Both simulated groundwater distributions and gravity changes agree fairly well
with observed values. On variations of water level and moisture content, rapid
increase at the time of rainfalls and exponential decrease after rainfalls were illus-
trated. Theoretical gravity changes explained 90% of observed gravity increase at
the heavy rainfall of mid-July 2006. These facts showed that even a simple hydrolog-
ical model can reproduce characteristic variations of groundwater and gravity at the
same time. We believe that hydrological simulation with more sophisticated model
(such as 3D inhomogeneous soil lying on a curved basement) provides an effective
and physically appropriate scheme for eliminating ground noise from geodetic data.
Improved groundwater correction will reveal detailed solid-earth activities such as

volcanic eruptions.
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6.2 0U0OOO

gbobboooobbodd

O L) R AU ) P
0000000000000 0000000000000OO0O00OD (o 23)00
000000000000 DO0O0 AVOOOD iomOOOOD0OOO0ODODOODDOO
gobbboogob2b0bbdoooboboboooobbbuoooobbboo
O00000000000D0O0OO0O0000(nH)AvoOoOoOoooooooooooooo
O0000000000000000(2)Yamamoto (1995000000000 AVO
gogodoooobbbobbtboooooooououbobobobbboobboooooo
gogodoooobbbooooooogoogooo

00000000000 h(e,y) DOOODODOOOOOODOOOOOODODOOOO
gogooooboobbbbbbooooooooououobobobbbboboooooa
guooooooobobbbboboooooooon

0000000000000 000000000000000o0o00gd h(z,y) O
00000000000000000000000000((@ W)00000000
gobobobooobbboooobobboooobbobuoooobbboooobobo
goooobobbbbbboooooooooooobbbbooooobbobobn
gooooooobbbbbboooooooououobobobbbbbboooooa
0000000000000 000000000 [D0000000,2004; 000
O00000000000000,20060000000000000000CO0O0OOO
gooo

gugoooboobobbbbbtooooooooooobobbbbbboooooo
gogogooobooobbobbboooooooouoooobobobbobbooooa
000000000000 00000 A(z,y)DOODODODODOODODODOODOODOODOO
googobbboobobooooboooo 20ombbbbbodoooooooon
000000000 [Yamamoto, 1995; Suzuki, 2003|000 0000000000
O0000o0O0ooO0oOo0oOo0o0ooD (D 23)Doo0DboooooooOon
000000000000 00 (03%)0oo0o0o00000oooooooon
gogooobbobobbbooooououoobbbbbooooooon

0000000000000 (030000 /RO0O00000O0O0000O00n
000020000 h(e,y) 0000000000000 h(z,y) = ¢(z,y) +he(z, y)
000000000000 00000Suwzuki 2003]000000000000O0OO
02030000000000000 [Aramaki, 1963]00 0000000000000

67



(@) Mt. Asama (b) Kazan-Kan

AVO

Shiraito

Shiraito Falls

Falls Mt. Kurofu:
Impermeable Layer

Basement: Impermeable Layer

W E W E

030 00000000000000000(G)D0DODOO0O0O0O0O0O0O0OOOOO
0000000000 0000000O000ooooooo(M)oooooooo
2000mbbogobobooobbuoodobbuooobobbuooobbooon
gobbobooooboboooobboboooobobbuoooobobbooon

gbobbuoooobbbooobbbuooobbbuooobbboooobobog
(03))00000000000000000000000000B0O000000O0
000000000 200000000000000000O0O00OO0O (00O, 1993]0
0000000000000 0000O000 [D0000oOO0o0oooooO, 2006
Aokiet al., 2007|0000 0000000000000 OOOOOOOODOOOO
0000000000000000000000 [eg,00000,200300000
gobbbuooobobboooobobobbooodobbbboo 200000000
goboobogo

Oob0o0obo0ooboOo0o kpOoobOooboboboobboobbooboooobooo
000000000000 00000000 A(z,y)DOOOODODDOOOODODODOO
gobogboobobooobobol1boboboooooboboboobobobo
gbboogbobboobuoobbodboobobuobbooboboobooon

6.3 UOO0O

O00O000000O0 k00000000 OoOpOoobobOoOooo
k(@) = koexp [a(%—l)] (74)
D(0) = Dgexp [b(g—l)} (75)

gogbobobbuooooobbbbboooooobbobbbouooooboooon
O000ooo1ooooo0gd (ky,a,Dy,by,n) 0000 (0 400) 000000000

68



(a) Time [hour]

0 20 40 60 80 100
_ - kg =2.0%107°
S Dy=1.0%¥10"7
()
040« = b =400
0 change —— Obs. n =0.4
50 1 0.02 -—— Syn [
60 77 T T e a
(b) Time [hour]
0 20 40 60 80 100
_ kg =2.0%107
g a =18.42
% Dy =1.0*%107
(@) 40 - » b =4.00
®@change ~ ——— Obs. N =04
>0 7 0.02 -——- Syn. ]
S i ———|

040: 000000000 DODOOCOO0O00000OO0ODDOOCOOOCOOOO0(a)
O00000000000000000M) 000000 km/sj0 1000000
O00(x0 0000000000000 0O0OD0O0000000OOOODOOO0OOO

69



High-ko

log[ k(6) ] High-a
Low-ko
ko)=r | — — — Low-a
|
|
|
> 0
0o

041: 0000000 k) 0000 kD eDO00000000 (A, k(b)) 000
00000000000000 k0000000000 «000000000 kO
0000000000000

gobbboooobbbooogbbboooobbbuoooooooboboboo
O00000o0o0o000oooo(ooo)oooooo40b000oooonon
O000Db0o0o0O0bO0b0bOo0oO0bD0b0o0oO0obUobLbOODODO kO
gobbboooobboooooboboooobbobooboooobobooboo
O0b0obooboobobobodbokmbe«0bO0bObOObO0ob0obObOOobOOob0onDO
goboood

s.l2ilgdbnuogobboobuoobbogbuogbbogboobbogboo
0060, 0000000000000 00 k() DODOOODODDOO r000oQg
gooobodg

10x) = kesp [o (% < 1) | = (76)

n
goooooboboobooooobDobobo e, ODbobooboOg

em—nb_lm%] (77)
a T

oooobooooooooooooe.0booooo2bbobobO0owooood
0000000000000 000000000004d (ke,a,Dy,b,n) 000000
gobbooogobbuoooobboooobbbooobboboooobon
O0b0odbé.x005000000000000000O00O0O00OODO0LALnO
Oo0oo0ooboOoooOoDOOo0obOoobOooDOoOoDbDOoOoO0OObOOnD 6,00
oobooodoodgbooobooobooboobooboobboobooon
0000000000000 041000000000000000000 k(0)0
0 (0, k(05) 00000000k 0 «000000000O0O000O0ODOOOO0O

70



Case | ko[m/s] a

1) |20x1077 6.14
) 16.0%x1077  9.07
) 12.0x107% 12.28
4) | 6.0x107°% 15.21
) 1 20x107° 18.42

0300000 (k,a)0DODO

kOOOOODODOOOO076000000000000000000000000
0000000000000000000000000000002000000
0 (k,e)0000000000000000000

000000000000000000000000 (048000000000
00000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000 (0 74)0000200 k,e000300005
000000000000000000000000000 Case(3)000000
0000000000076, 7700000000

0000004200000000 k050000000000000 A(z,y)0
000000 kDO000000000000000000000 (Cased, 5000
000000 (0900000000000 VAOOO0000000000kOO
00000VAOOOOOOOOOOO00O0O0O0O0 A(z,y) 00000000000
000k ~107[m/s) 0000000000000000 AVOO OO 1406m0 0 ¢
00’00000000 (Case1,2)000000000AVO0000000O00O0
0000000000000 k<107m/s)00000000000000000
0D000000000000000 A(z,y) 00000000%k > 1075m/s] (Case
350000000

0000000 043000000 FRMOOOOOO 2060 7-8000000
000000000000 kKOOODOO00 (Case4, 5000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000 kO
00000 (Case1,2)000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000

71



Distance from AVO [km]

4 2 0 2 4 4 2 0 2 4
Il L Il L Il L Il L Il L Il L Il L Il L
4] (1)k0=2E-7 h C ] (2)k0=6E-7 ~ I
24 | ] -
N > || 5 |
AVO 2082m | ] AVO 1638m |
& Asama 2439m ¥ Asama 1832m
-2 ‘ ‘ T ‘ T ‘ ‘ ‘ T ‘ T ‘

+| (3)k;=2E-6 (4)k,=6E-6

AVO 1396m |
Asama 1487m

AVO 1301m |
Asama 1341m

Distance from AVO [km]
N

-2 " " " T " " " " T
+{ (5)k,=2E-5 f
1600 2000 2400
0 B Water Level [m]
AVO 1262m |
Asama 1277m
2 ‘ ‘ ‘ ‘ ‘

042 000000000 km/s] 000000000000000 A(z,y) 00
00 (a)—(e)000 kK OOOOOOOO0O0O0O0O0O0O0O0O0O0OO0O0OOO AVO(DODO
1406m) 000000 (00 2568m) 000000000000

72



100

501 ol

Water Level [cm]

30 - I | 1 1
n
(b) +
1 + L+t
%# ++ + ( 3 )
%‘ 20 # 3 +:C;+ ok
"
2 TN s
z o (4) oo ]
" %g:f’ ‘HF .,h» o+ T3 :;,
= ; i
O 10 1 I
[ B ST ] t Ev
Affﬁﬁ +ﬁ ?fii“‘j ###ﬁﬁ
. n + T+
.
0 T T ; : . ‘ ' ‘ ' ‘ '
0 10 20 30 20 50 €0

Time from 2006/07/01 [day]
Obs. (3)k,=2E-6
(ky=2E-7  (4)k,=6F-6
(5)k y=2E-5

0 43: 20060 7-8000000000000000000000000000O0
00000000 kfm/s) 0000000000000000()0000 FRMO
000000000 [em]0(M) 00000 AVOODOOOOOOO0 [pgalld (a)(b) O
0000000000000000000000000000

73



044: 0000000000 (0)ODOOODOODOOODOOODOODOOOOO(O)O
0000000000 (00)000000000000DO0O0O0O0000 kKOO0
gobbboooobbbuoooobbbuoooobbodao

N000000000000000000000000000000000000
ko~10"%m/s) 000000000 (Case 3,4)0000000000000000
000000

00000 O043b0000000 AVOO000000 20060 7-80000000
D00 Case 1,200 AVOD “007000000000000000000000
Case 30000000000000000000000000000000000
0D0000000000000000000000Case4, 50000000000
0000000000000000000000000000000000000
0000000000080 000000000000000000000000
0000000000000000000000000000000000000
00000000000005230000000000000000000000
0000000000000000000000000000000000000
0000000000000000000 kKO00000000000000000
000000000000 Case 30 Case 400000000000000000
D00k ~10%m/s|00000000000000000000000000O0
000000000000000

D000000000MO0000AVOODDOO00000MOO0000000
0D00000MO00000000000000000000030000000
0000000000 k~10%m/s00000000000000000000
000000 k =2.0x10"%m/s] (Case 3)00000000000000000
0000000000000000000000000000000000000
kODODOOODODOOODOODODD0D0000 (044) 0000000000000

74



Time [hour] Time [hour]
0 20 40 60 80 100 0 20 40 60 80 100
! ! ! ! ! . . !

(a) ’

High-Do
High-b

log[ D(e) ]

20 +

~a

Depth [cm]

o
o

D(0s) - — — =

0.02 -——- Syn. ] 0.02 -==- Syn

ko =2.0%107® ko =2.0*107®
a =12.28 a =12.28
Dy=1.0%¥10"7 Dy =1.0*¥10"
b =4.00 b =10.14

n =0.4 n =0.4

045 000000 D(@)DO00O000(x) 000000000000 000 0,0
obobobooooobobooooobobwibh byguobooboobuobon
000000000 D(U,) 0000000000 (M) DO000D0O0000000O
O000000OO00OOO0O0OO0OO0O0OO0O0()0 DyO 10000O0ODODODODODODODODOO
(h)OOOOOOOoOOoOoooooooooooooooo

0000000000000000000000000000000000000
0000000000000000000000000000000000000
0D000000000000000003000000000000000010
0000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000
D000000000000000k(OO000000000000000000
D()(0 75)0000000000000000000000000000 (0 452)0
0000000000

D(6,) = D(0.25) ~ 2 x 10~ %[m?/s] (78)

0000000000000 000000000000000 (0 45b0) 00000
o0 D, 000b0boboooob01bob0ooboobobobooboboon
D,00000000000 [e.g., Bruce and Klute, 19560 00 000000000
0000000000 kK@ OOO0DO000DODOooO0O pDO)ODODOoOOOoOoo
van Genuchten [1980|0 0000000000 [eg., 0000,20040000000
gobbboooobbbuoooobbboooobooo

75



6.4 U0OOO

OD0D000D0 peadl 00O00ODOODO0ODODOODOODODODOODODOODOODODOODO
00000 [0D000, 1996; Bower and Courtier, 1998; Imanishi et al., 2004]0 O O
000000000000 0000000000000O00000D00000O000
O000000000000000000000D00000 [e.g., Bower and Courtier,
1998|000 0000000000000 0DU0OOO00D0DOODOOODUOOOOO
000000000 0DO00O0DO0DbOO0bOO00ODO0DOoDOOoDOO

Imanishi et al. [2006)]00000000000000000O000O0OOOOO0O
000000000000 000000000000DO0000D00DOD0DO000
0000000000000 00000oOOO0OODOOoOoooooOg OO, 1979; O
0,190 00000000000000O000O00DOO00OODOOOOODODODOO
000000000000 0bO0bO00OO00oOO0oD0obO0bObDOoDOoDOoDObDO
00000000000 DOO000DO0DbO0ODOO0ODOO0DOO0ODOOoDOoDOoDOoDOD 1
0000000000000 00000DO0bOO00000O0DoD0DO0DOO00O0oon

Imanishi et al. [2006)|000000000000000O00O000O00O0OOOO0O
000000 100000000000 o0ooodoooooooooooood
O000bO00O000O0o0O0oO0b0ooOoooOOoDOobOobObOOoDOOoDOOoDOoOD
Oo00o0ooooo0o0o00o0oooO0 O0s3soooooooooooooooooooo
000000000000 0000000000D00DO00D00D00DOD0DO00O0
0000000000000 0000000000D0DO0000DoO0oDOoDOoon
0000000000000 oDOdooooooooooooooooooooon
O00000bO00O00O000O0O0OO0bOO0bOobOOo0oOOobDOoDOoDOOoDODO
O00000000000000000OImanishiet al. 200600 000000000
000000000000 0000O000D0000DO0DbO00D00DO0DO0DO0O0O0
0000000000000 O0ooooDOooooon

0000000000000 00DbO0000o0ooooDooDooooooogn
00o000oO0o0oo0ooooooo0o (034y)ooooooooooooooo
000000O0b0000D000O00O0bO0bO0bOO0ODOO0ODO0oDODOoDOODOO0OO
O00000DO00O0O00O0oDoon

000000000000 0000O000000000DO0bO0000D0O0o0gn
0000000000000 DO00000o0ooDO0oOoooooooDOooOoon
O0000D0D0000oo00oooooooDooooooooDoooooooon
000000000000 000DbO0000DO0DOO0bOO0O0ODO0oDOODOODO0OD
O00000000000000 [Farrell, 1972; Heki, 2001]| 0 00000000 [0 O

76



00, 19730 Munekane et al., 2004; Jahr et al., 20050 0000000000000
gobbbdog20dbbbooodgbbbbooobbboooobbbogo
gobbooggbboboooobo

6.5 200400 00000000000

goobboooobbiligob204b0obbooobbooobbuoooboo
0000000000000 [000,200500000000000000000
0000000000000 000oooooooo(C22)o00ooooood
020060 000000000000 (0340000000 ko = 2.0 x 10-5[m/s] O
goodoooobbbbbboooooooouoooobobbbbboooooo
goooobobbbbbbooooobbbooooooooooooobobon
gogoooooobobobbbbooooooooooobobobbobbuouoooa
guoououoboobbbooooooouoooo

gddoooobbbobbbbbbb20400000000000gogoogo
gobboooobbooobboobooooobooobbbooouboboo
gobboobboboodg2o40bbooobbboobobobuooobbboooo
godooooooobbbbbbboooooooouooooboobobbbbood
2003-200400 0000000000063 0000O00OOODOOODOOODLDOOO
000000 kO 107%m/s|000000000000 30 Case 3,40 20000
godoooobbobobooooood

0460020040 9-110000000000000000O00O0000OO0O0O0O0O
ko =2.0 x 107%m/s] (Case 3) 00000000k =6.0x 10%m/s] (Case 4) 0 O
000000000000 Case 30 000000O0O0O0ODOO0ODO 45pgal OO0
0000 20pgal 0 200 00000000000 bL230 00000000000
ggodoooobbbbboooooooguooobobbobobooooooo
0000000000000 000D0O0DO00D000DO00D0 Case4D 00000
O00Db00ooboo0 20ugl D0 0000 0OO00OD0DO0O0ODODOODODODOODbOODO
gooooboboobobobbbboooooooououobobobbbbbboooooa
002040000000000002060000000000 kg~ 107%m/s]0O
O00000000000000 (0 22)00000000000000000ODOO
goboboooobobood

630 0db0obOoboobooboooobobooboboboboboobooboooo
00000 kO0O0O0D000O00000000D0O0DO000O0000bD0ObDOkKO
gogouoobobboboooo20bbboobobbbbooooooooonbobon

77



50

+ Obs.

N
o
|
T

Syn. (k,=2E-6)

w
o
|

Syn. (k,=6E-6) ! . -

Gravity [micro-gal]
S

_
o
|

0 10 20 30 40 50 60 70 80
Time from 2004/09/01 [day]
0 46: 20040 0000000000000 O0OO0O00OO0O FGHhOODOODOOOO

0000000000000000000000000000000000000
00 kO 2.0x10%m/s] (0)0006.0x10"°m/s| (0)00000000

000000000 00000000 (0 43b,46)0000000C0O0O0O0OODODOO
ggboboobbdabbbuooogobobbobboooooobbbboooooon
O000000000000000 (04)0000000000 kOOOOOOO
gbgboboboobooboobooboobobooboobooboobo
gbooboobobobgoobobbo2000bo0oboobooboobon
gobbooogbbbuooobboboooobbbuooonobbooogbon
gboobobbogbz20400b00b0o0obobbooboobooboon

78



v ogog

gboboboooobbboooobbbuoooobbboooobbobuooobon
gobbooogbobbuoooobbbooobbobuooonobbooogbobo
gbbodbobooboogoboobobuooboobobboobbooboboooon
gobbooodgbbbodo

e JJUJUDDDDDODDDODO ¢Y(z,y,2) 000000 H(z,y,2) 000000
gbodgbbobbobboobuodgbuooboobboobboboboon
gobobooogbbobogd

0000000000000 A)DODO00D00O00O0 A ODOO0DODODO0O0OO
gboogobogboobboobuoobuooboobbobboboboon
gbooooooboboboboboboboboobooobobooood
gbobboooobbbuoobbobod

20060 7O O00D00O0O0ODOO0OODOOO0ODOO0ODOO0O0ODDO+16pgald0O0O
O000000000000000 (+18ugal) DD OOOOOODODODOOODO
gbobggbogobogbb20b0dgbbobooooobooooboon
gbobobobboobooboobgooboobobbobooboobo
gbobobobmboobooobobbobooboobooboooud
gbogbobodgbogbbbooboobbooboobbouoboon
gbobboboooobobbooogbobooooboboooobobod
gbogobuodbogobuodgboobobuoobbboobuobooboo
00 kfm/s|] 00000000000k OOOOO0OODOOOODOOOOOO
gbobbdbbbuoooobbboobuoobbboooobbbuooan

gbobboooobbbdoodobbbuoodobbboooobbboooobon
gbobgob2o0400b000000000O0Db0ODOOOODODOODbODO
gobbooogbbbuoooboboboooobbbuooobbooogbon
gobbooooobbobuoooobobuooon

e JODOUOD kyODOODDOODDOODOODOODOUOODOODOODOO
g 3bbboooaoon

e UL bOOOODLDODOOOODLOOODLDDLDOOOOLDbLDbOOOObO

e 10IDDDODDODDUDOIDODOODDOOOODN hy(e,y)DOODOO h(z,y)
200000000

e OO UODLOODLDODLDDOODLUOODLUODLOODLDDOODLOODLDO
goobod

79



HEN

gbobbboooobobobbboooobbobooogbobobooognbon
gbbodbogobbooobooboobbooboooboobobuoobboo
gobbbooogobboooobobboooobobbuoooboobobooooboo
gobbbooodgbbbuoooobbboooobbbuooobobbboooobobo
goobobobbbbobbbbbbbbbbbbbbbobboboobobbooooo
gobbooogbbbuooobbboooobbbuoooobbooogbon
ggobobboobbbobougooooobbobbbtbooooooooobon
gobboboogobbuoooobbbooobbbuoooobbooooobooon
gbgobobboboobooboobobooboobooboobobbo
gobbooodgbbbuoobbboooobbbuooobobboooobobo
gobbboooboobobbbooobbbooodgbobbooogbbboo
gobobooggo

0000000000000 GMT [Wassel and Smith, 1995|000 000000
3D[00,2002]0 0000000000000

80



Ooon

1]

[11]

[12]

000000000,0000000000000000,00000000
000, 46B, 929-935, 2003.

Aki, K., and P. Richards, Quantitative Seismology: theory and methods, W.
H. Freeman, pp. 932, 1980.

Aoki, Y., P. Segall, T. Kato, P. Cervelli and S. Shimada, Imaging Magma
Transport During the 1997 Seismic Swarm off the Izu Peninsula, Japan, Sci-

ence, 286, 927-930, 1999.

000000000000 00000000000, 2004200000000
000000000, 00,50, 575-584, 2005.

Aoki, Y., M. Takeo, H. Aoyama, J. Fujimatsu, S. Matsumoto, H. Miyamachi,
H. Nakamichi, T. Ohkura, T. Ohminato, J. Oikawa, R. Tanada, T. Tsuji,
K. Yamamoto, M. Yamamoto, H. Yamasato and T. Yamawaki, Active source

seismic experiment in Asama Volcano, Japan, Seis. Res. Let., submitted, 2007.

Aramaki, S., Geology of Asama volcano, Jour. Fac. Sci., Univ. Tokyo, Sec. 2,

14, 229-443, 1963.
0000,0000000,00000,00000 6, 1993.

00000000o0O0o0oo0O,000000o0oo0o (AMT)ODOOO, O
Dboobooooboog2e060 00000, V101-P018, 2006.

Bower, D. R. and N. Courtier, Precipiation effects on gravity measurements at
the Canadian Absolute Gravity Site, Phys. Earth Planet. Int., 106, 353-369,
1998.

Bruce, R. R. and A. Klute, The Measure of Soil Moisture Diffusivity, Soil Sci.
Soc. Amer. Proc., 20, 458-462, 1956.

Darcy, H., Les fontaines publiques de la ville de Dijon. Dalmont, Paris, 1856.

Fabian, M. and H. J. Kiimpel, Poroelasticity: observations of anomalous near
surface tilt induced by ground water pumping, Journal of Hydrology, 281,
187-205, 2003.

81



[13]

[14]

[15]

[16]

[17]

[21]

22]

23]

[24]

[25]

Farrell, W. E., Deformation of the Earth by Surface Loads, Rev. Geophys.
Space Phys., 10, 761-797, 1972.

Fujimori, K., H. Ishii, A. Mukai, S. Nakao, S. Matsumoto and Y. Hirata, Strain
and tilt changes measured during a water injection experiment at the Nojima

Fault zone, Japan, The Island Arc, 10, 228-234, 2001.

000000000000 O00O0T. Hunt, 00000000000 O00O0
0000000,00000,42(2), 85-97, 1996.

000000000000000000000000000000000, 0
00000000000000020000000000000000000,
0000, 110(2), 217-225, 2001.

Gardner, W. R. and M. S. Mayhugh, Solutions and Tests of the Diffusion
Equation for the Movement of Water in Soil, Soil Sci. Soc. Amer. Proc., 22,
197-201, 1958.

0000,00000,0000, pp. 242, 1978.

Haitjema, H. M., Analytic Element Modeling of Groundwater Flow, Academic
Press, pp.394, 1995.

Heki, K., S. Miyazaki and H. Tsuji, Silent fault slip following an interplate
thrust earthquake at the Japan Trench, Nature, Vol. 386 (6625), 595-598,
1997.

Heki, K., Seasonal Modulation of Interseismic Strain Buildup in Northeastern

Japan Driven by Snow Loads, Science, 293, 89-92, 2001.
0000,000000,0000, pp. 310, 1973.

Imanishi, Y., T. Sato, T. Higashi, W. Sun and S. Okubo, A Network of Su-
perconducting Gravimeters Detects Submicrogal Coseismic Gravity Changes,

Science, 306, 476-478, 2004.

Imanishi, Y., K. Kokubo and H. Tatehata, Effect of underground water on
gravity observation at Matsushiro, Japan, J. Geodyn., 41, 221-226, 2006.

0000000000000, 00000000000D00000000O (2)
—[000000000oooo000— 00000, 19(3), 135-144, 1973.

82



[26]

[27]

28]

[29]

[30]
[31]

32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Jahr, T., G. Jentzsch, H. Letz and M. Sauter, Fluid injection and surface
deformation at the KTB location: modelling of expected tilt effects, Geofluids,
5, 20-27, 2005.

000, 00 180 7000 (O0O), http://www.kishou.go.jp/know /saigai_
link.html, pp. 8, 2006.

000, 00000 180 (2006 0) 00O, http://www.seisvol.kishou.go.jp/
tokyo/volcano.html, pp. 15, 2007.

00000000, 0000000000000, http://www.data.kishou.
go.jp/etrn/, 2007.

O00000,00005m0O0000((00),00-2,1997.
O0000,00000, http://watchizu.gsi.go.jp/, 2007.

obobooobg,0o0buooboboiledb,bobobobg, 31, pp. 636,
2006.

00000000000 000000, 0D00D0OO000O00, http://tochi.
mlit.go.jp/tockok /tochimizu/F9/download.html, 2006.

obooboo,0o000 00 190,00, pp. 1056, 2006.

Matsumoto, K., T. Takanezawa and M. Ooe, Ocean Tide Models Developed
by Assimilating TOPEX/POSEIDON Altimeter Data into Hydrodynamical
Model: A Global Model and a Regional Model around Japan, J. Oceanogra-
phy, 56, 567-581, 2000.

Miller, J. D. and G. J. Gaskin, ThetaProbe ML2x: Principles of operation and
applications, MLURI Technical Note, 2nd ed., pp. 20, 1999.

000,0000000000,0000, 29(12), 55-62, 1982.

gbobodgbuogoboobbobbo,bbbuoobbooobbobao
oo, 0000000000 199900o0o0ood, Db-Poo1, 1999.

Munekane, H., M. Tobita and K. Takashima, Groundwater-induced vertical
movements observed in Tsukuba, Japan, Geophys. Res. Lett., 31, L12608,
2004.

83



[40]

[41]

[42]

[51]
[52]

[53]

[54]

0000,0000000,0000000, pp. 189, 1991.

O000,0000 (0000), http://gw.civil.okayama-u.ac.jp/gel_home/index
_j-html, pp. 62, 2005.

gbobdbogobobbuboobboboobobbuoboobobobao
gbooobuogbobboobbbooobuooobuoogb,oobbbood
obobobooboobo,bodb, b 48, 23-26, 2004.

000000000000 00000000000000000,00000
000000000,0000,00 48, 56-61, 2004.

00000,0000000000000-- 00000000, 00, 50(0
00), S49-S58, 2005.

Penman, H. L., Natural evaporation from open water, bare soil and grass,

Proc. Roy. Soc., London, A, 193, 120-145, 1948.

gboboubooog,3gbobbouoobobuooobbuoogbboobobon,
Oboooboobooboobood, 46, 79-88, 2004.

000000000,00000,00, pp. 319, 2002.
000,0000000000000000,000, 23, 209-220, 1950.
00000000,00000000000,000, 26, 110-121, 1953.

Shichi, R. and A. Yamamoto, Gravity Research Group in Southwest Japan,
Bull. Nagoya Univ. Museum, Special Report, No. 9, 2001.

0000,0000000,0000,0000000, pp. 269, 1979.
0000,000003D00,000000, pp. 147, 2002.

000000000,000000 (52)0000000,000000, 43(1),
43-49, 2001.

Suzuki, H, Chemical and isotopic compositions of spring water around Asama
volcano, Central Japan, Sci. Rep. Inst. Geoscience Univ. Tsukuba, A, 24, 51-
70, 2003.

gbbobbuogbuoodb,ooboobbbuoobbooobobbao
O,0000b0,0booobgon 23, 1974.

84



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Tamura, Y., T. Sato, M. Ooe and M. Ishiguro, A proceedure for tidal analysis
with a Baysian information criterion, Geophys. J. Int., 104, 507-516, 1991.

0000,000000000000000000000000000000,
0O0ooo, 25 91-100, 1979.

Thornthwaite, C. W., An approach toward a rational classification of climate,

Geograph. Rev., 38, 55-94, 1948.

Topp, G. C., J. L. Davis and A. P. Annan, Electromagnetic Determination
of Soil Water Content: Measurements in Coaxial Transmission Lines, Water

Resour. Res., 16, 574-582, 1980.

Téth, J., A Theory of Groundwater Motion in Small Drainage Basins in Cen-
tral Alberta, Canada, J. Geoph. Res., 67, 4375-4387, 1962.

gbobogbbogbbogoboooboobboob,oobbbood
gobobooboobobuooooooobboobbooooo,ooaoada, 40, 1-13,
1998.

van Genuchten, M. T., A Closed-form Equation for Predicting the Hydraulic
Conductivity of Unsaturated Soils, Soil Sci. Soc. Amer. Proc., 20, 892-898,
1980.

Wessel, P., and W. H. F. Smith, New version of the Generic Mapping Tools
released, Eos Trans. AGU, 76, 329, 1995.

Whalley, W. R., Consideration on the use of time-domain reflectometry (TDR)

for measuring soil water content, J. Soil Sci., 44, 1-9, 1993.

White, 1., J. H. Knight, S. J. Zegelin and G. C. Topp, Comments on ‘Con-
sideration on the use of time-domain reflectometry (TDR) for measuring soil

water content’ by W.R. Whalley, Europ. J. Soil Sci., 45, 503-508, 1994.
William, A. J., and R. Horton, Soil Physics (6th edition), Wiley, pp. 384, 2004.

Yamamoto, S., Volcano Body Springs in Japan, Kokon-shoin, pp. 264, 1995.

85



