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We estimate heat-discharge rates for a geothermal area formed during the
2000 eruption of Usu volcano, Japan. Field observations carried out in
September 2006 reveal that heat-discharge rates from fumaroles, areas of
steaming grounds and crater lakes are 8, 9.2, and 2 MW, respectively. The
total heat-discharge rate measured in September 2006 represents just 1% of the
rate immediately following the eruption.

Integration of the heat-discharge rate from April 2000 to September 2006
yields an accumulated discharge of approximately 2.3 x 10* J, equating to the
cooling of 8 x 10° m® of magma. This amount of magma corresponds to several
percent of the total intruded magma volume estimated from analyses of ground
deformation associated with the 2000 eruption.

Compared with the 1977 eruption, the 2000 eruption involved the discharge
of large amounts of heat from fumaroles. Fumaroles that developed during the
2000 eruption showed a decline in activity in short time. Areas of steaming
ground associated with the 2000 eruption showed more rapid growth compared
with those of the 1977 eruption but discharged less heat. We suspect that differ-
ences in the hydrological environments of the two eruptions (e.g., permeability
around the intruded magmas) led to contrasting patterns of propagation of the
hydrothermal systems around the intruded magmas.

u. ogoo

goooooooooboooboo, bboobooobooboobb, bbboobboobo
pgogododd . o0, oo bDbDbbbbbbbbbbbbbobooooog
Jooooooo (oo, Hashimoto, 1997; Matsushima, 2003; Bedrosian et al., 2007),
gooooooooooooboooDboobo0. booobooboboobooboooooo
gooo, oboobooobooboboobooboooboob0booboooboo, oo
goooooboobooooboobobo, boobobooboobboobooooooobo
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goobooooo.

gbobobob 20000000, ooDooobooboobooboooboobobobob. bo
ooooooooo, obog (ooog, 200200000, 20040 Saba et al.,2007) OO0
goooo (obobooobooo, 2002) OOOoODOoOoDOOoO, DObobDOobobOOoDO. ODOoO
oooo, ooooo0o 10oo0o000gooo (moooo, 200200000, 20020000
0, 2007), 00O0O0Oooooooooog.

Oo0o0o, oooo (2o008) OO, DO0OOO e00O0O0OO 20060 9000O0ODOOODO
goobobooooogooobobobobo, bobgoobobobob . bboo g,
gooooboobobooooobgooooboobobo, obooobobooo, 2000000000
gooboboboooogoooboobobobooo.

gooooo, ooo, oboboboooo, obobooboboobooooboo, oboobo
goboboboooooooobo. boboobooooooobobobobooboog,
20000000, 3000000, DOb0b400000DODODODODODO. 5000
gboboboooooobooboobob, vy gboobobooooog.

oo, gboogb z2eoco0gbooooooboobooboooooboobooooooboobo,
00 000000.20000000, 000000 20000000000000000. 0O
gboboooooboobo, gboboboooobooooboboboooboo.

U. ogobogbogboo

Fig. 10, 0000 200000000000000. 000, OOOOOOOOOOO, OO
gooooobooboooobo omboooboobOo, obbbobob, oobboobooob.
20060 9000, OOODODOODOOODOOODOODOO (Fig.2 (@) 0, 0000000
goooobooobooobog, bD400mx 200mO00000O0O00O0O0O. OODOOOO
gooobogobo esnoobob, oboobooboobobobooboboooobooo. o
O, 0000000000, KBOOOODO (Fig.2 (b)) O KAOODOO S0mOOOOO
gobobobooobooobooobooobobo, oooooobooboboboooboooboo.

gboboooooooboboboobooobooogo, obobobobooooboooboobobo
goboobob. ooo, gboboboboboooooooobooobo, bobobooobooobooo
O0ooooooooooono, sekioka and Yuhara (1974) OO0 O0O0O0OO0. OO, OCOO
ooooooo, ooooooooooooooOoOoooooon (Teradaetal., 2008, 00O
0, 2009).

1. 0ooboooooog
Sekioka and Yuhara (1974) OOOO0OO0O0O0O, OOOOOOOOOOOOOOOOOOO,
goobobooooobogoogo, oboboboobooooooobobobobobo . oobooo
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Fig. 1. A map showing around the Nishiyama steaming ground at Usu volcano. The gray and dark

gray areas indicate the upheaval region over 10 meter and over 60 meter, respectively (Miura

and Niida, 2002). The source location of geomagnetic field changes is shown by a star

(Hashimoto et al,, 2008). Grey solid lines represent topographic contours with interval of 10

meters height. Bold black solid lines represents vehicle-accessible road, and thin black solid

lines represent paths inaccessible by vehicle. Aerial infrared photographs (Fig.3(a), (b)) were

taken from 1,500 meter height above open circle, and photographs showing in Fig.2(a), (b) and
Fig.4(a) were taken from closed circles.

0000000000000 AQ;0, 000000000 O0O0OO0OO0OO00O0O0O0O0, O00oo0
gbobooooooboobooboobooo

AQ; = g,(1—0.09m) [0.52+O.065(ew)ﬂ0(7}4* T,)—pC,DA+B, V(T,—T) (1)

000, 00D 1000000, 0200000000000000. 7000000000
0:;00o0oooooooo, Z,O0ooooooooooooooooooo, ByO Bowen O,
poOO0Oo000000. 00, ,00000000, mOOO, ¢, 000000000, oO
Stefan-Boltzmann OO, o0 C,00000000000000. 000000000 Table1
gog.
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Table 1. Definitions of parameters.

Chapter 2
AQ,; Geothermal heat flux at the i-th point, W/m?
T, Ground surface temperature at i-th point, K

Ground surface temperature at non-geothermal area, K
Emissivity of ground surface, 1.0

Tenths of the sky are covered with cloud

Vapor pressure of ambient air, hPa

Stefan-Boltzmann constant, 5.67 X 108 W/m?/K*
Specific heat capacity of air, 1,003 J/kg/K

Transfer velocity, m/s

Bowen rate

Constant, 2 W/m?/K

Constant, 35 W/m%/K

Total geothermal heat discharge rate through steaming ground, W

OQCGOQ(Q I\)h \h :,w D\f} N gﬁ: 3 :‘rqn) Qﬂ

Area of steaming ground, m?

Chapter 3

h Height of plume, meter

h, Height of vent, meter

t Time, second

t, Time that plume start off from vent, second

C Empirical constant, 2.7 X 10* m?3 J-13

on Heat discharge rate from fumarole, W

u Wind velocity of horizontal component, m/s

Chapter 4

@ Total heat loss from a water surface, W

#.  Netradiation heat flux from a water surface, W/m?

¢5L, Conduction heat flux from a water surface, W/m?

¢g Evaporation heat flux from a water surface, W/m?

S, Lake surface area, m

T,  Virtual temperature at the water surface, K

T,  Virtual temperature at height 2 meter above a water surface, K
e, Vapor pressure at the water surface, Pa

e, Vapor pressure of ambient air at height 2 meter above a water surface, Pa
A Constant, 0.027 W/m?/Pa/K!"3

b, Empirical constant, 0.032 W/m?/Pa/(m/s)

C’ Constant, 61 Pa/K
& Emissivity of water surface, 0.97

T, Water surface temperature which heat is supplied through lake bottom, K
T, Air temperature at height 2 meter above a water surface, K
7' Water surface temperature which heat is not supplied through lake bottom, K

o, Heat discharge rate from lake bottom, W
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ODOoO0oO0Oo (1976) O, 0000000 70 7,'0000000, 000000 AT, = T,—
7,0000 (1) 000000000000

AQ; = (L +L)AT, &)
noo,
1
Ly = 461X (1-009m) | 0.52-+0.065(e,)7 | 3)
L, = 1,003xoD(1+B,") )
0oo.

2)-4 000000, DoooooUoUooooUoooOoL, Doooooooooo
0o.ooo, L,000 L, 00oo0ooooooooo, oooogooooooooooooo
goboboboooooo. obo, oboobooooooboooboobo, oboboobooboo
goooo. obooo, oo b0 By0DOOOO0OOOO0ODDODOODOOODDOODOOO, ODOO
0ooo00ooo0o0oo0oooooooooooooo. ood, sekioka (1983) O, OO
gog20b0b0boobobobooboboooooob0, obobobobobobooboo
ooooooooo, L,02, L,03500000. 00000oooo, oo0oooooooo
@0, 000000000000000C000OB0OO0

Qg - ; ATngi (5)

ooo, S,0 A7,0000000000000. 00000 () 000D0ooOOoDoooooO.
(6) boooooooooooo, T, ZTOooooooooo S,000, O0DooooDO0D
goooag.

2,200 000000b00b000O00O00

0000000 9kmOO0OODOO0ODOODOODODOODOOOOODOOOOOOO 400
goooooo, bbb R4 U0600000DOO. ODOD, DODOODOOOOO
goobobooooo, bobobobobooboooo, bobobobobooboobooo
oo0o (Fig.2 (¢)). OO0OODOO IEEEODOOOOODOODOOOODOODOOOODOO
oo, boboooooboobooodubboooogoooog.

oo, gobobobooobooboo, ooboobooboooboo 1ro s300000, 160 300
gbi1rg 3000oo0oobob. bobg s00m, 1000 mOdOg 1500 md 300000
oooooooooo0, boooooUoOoooOooDooooOoDoOoDD S,000000,
goooooooob, ooboo 1soombOobobooboooobD. ooobo, obobooboo



oo0O0o 2000000000000 145

Steaming ground

Fig. 2. Photographs of (a) the Nishiyama and
(b) the KB cater-wall steaming ground,
that ware taken at closed circles showing
in Fig.1. (c) Installation of the infrared
camera at the helicopter's seat.

Infrared Camera

00000000, 100000000 3.24m0000000.

Fig. 3 () 0O0000O0O0DOOOOO, Fig. 10000000000000O0. 00O, O
0000000 1000. 00000000, 00000 01000000000000,
00000 324m00000000000000000000000, 000000, 000
000000000000, 000000000000. 00000, 00000000000
0000000000, 000000 250000000000, 000000000000
000 7,000.

00000000 (Fig.3 (8)) 00, D00O0O0O0O0OO0O, 0000000000000
000O0O0O0. Fig. 3 (b) 0, 00000000000 OOO0O0, 00000000000
00000 7,000000000000000. 0000000 7,0, 0000000000,
000000000, 0000000000000000000. 0000, Fig. 3 (8) 0O,
7,000 14200 1670 00000000 15450000 .

Fig.3 (c) O, 00000000 7,00000008S,000.000S,0, 000000
00 Fig.3 (b) 0000000, 0000 324m0000000000. NODODOOOOO
0000, KOOOOOOOOOO0O0O0O0O0000000000, S,07,000000000
ooooo.
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Fig. 3. Analysis of aerial infrared images. The left- and right-hand columns show images and
data from the Nishiyama and Konpirayama regions, respectively. (a) Aerial infrared im-
ages taken from 1,500 m height above the open circles shown in Fig. 1. (b) As in (a), but
with non-geothermal areas masked in dark gray. (c) Relationship between ground surface
temperature 7; and surface area S,. (d) Calculated heat-discharge rates at values of 7;
from Fig. 3(c), as calculated using Equation (2).
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3.0000

Fig.3 (d) O, Fig.3 () 000O0D0O000OOO, 0000O0O0OOO 7,000000. 7,
0200, 00000000000 7,00005000000000000000, 0000
00000000000. 000, 000000000000000000 ((2) 0), 000
0000000000000000000000000 (Fig. 3 (c)).

Fig. 3 (d) 000 (5) 000, 0000000000000 82MwOOOOO0O. OO
0, 0000 7,0000000000000, ,00000000000, 000000
14200 1670 000000000000CC00, 0000 96MWOOO 69MWDO, 150
0oo0000000O0.

000 7,0 15450000 KBOOOOODOODOOOOOO0O00O, 0000 0.7 MWOOO
0000. 000, 0000000000000000000, 000000 45°00000,
0000 1.0MWOOO. 00, 7,0000000000000 1420000 16700000
00000, 0000 1.3MW, 071MWO, 20 000000000000

00, 00000000000000000000, 0000000000000 16 MW O
0000000 (0000, 2009).

U. 0odbooooboooNBOOn

20060 900000, ODDOOOODOOOOODODOONBOOODOO. DOOODOOODO
Jo0oo0oooooooooo, NBOODDOOOOODOODODOODOOOO. Figd ()
0,20060 900000 NBOOOOOODO. DOODODODODODODOD, DODO
goooooobooo, b1comboooobobooobooob, oooobobobooboo
gooooooo. oboogdob, booo 200 PlumeC0OOd, OOODOOODDOO. OO,
00000 NBODOOO. ODDODOODOODO, OOO PlumeRise (OO, 1978) OO
gboboboooboo.

1. OO OODOPIlume Rise 0 O

PlumeRiseO OO, O0OODOOOOODODODODOOOODODODOODODOOOODO, O
0ooooooooooooooooooooooooooooo (o, 1978).

goo, obogoobodobooooobooboooboo, bobbooboobboobo
goooooboo, oobbooobooobobooobboobboobboobobooo
(Briggs, 1969). 00, 000O0OO0DODOOOOO0OODOOODOOOODOOODOOODOOOOOOO
ooo (oo, 1978), D0OOoOo AODOODOOO, OO¢tO 2830000000

h—hO::A(t—LQ% )
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000, ADDODODOOODOOOD FuxD0OOOOOOODOO0O00O, 4000 4000
00000000000D000. 000, A0Q, D000«000000000 (Briggs,
1969) O

1 1
A= CusQs @

Ooo0, cooooooooOoUoooooOO (Tablel).

ooooo, 00oO0o0o0oUO0O0O0oO0Uo0o0O, D0 toD0D0000 RODDODODOOOODOO
O00. 00000oooooAO0ODODOODOOOO, () DDOODDDDDADDDODOOD
oooo, (7)o O00000. 00, O0wO0D0OO0ODODODOOO0O00, ¢,000 A
g, 0boboooogoogoobobooo.

2. 00000000000

NBOOOOOD, DOoO0OOOOOO0 e00OmOIDOOODOO (Fig.10Om) OO, OOOO
00 SONY OO DCR-TRvV27OUOObDOobOO.dbOz20060 90 120 1400, OO0 14
0100000000030 00000000.00000000DOO00O0DO0OO Fig.4 (b)
goo. obooobooo 1000 sobooooob, bobobobobobooobooooboo
ooo, 40000JPEGUUDOODLOO, DODJPEGUOODODODODODODODODOODOOO
goooooob. oobbo0ob 1200 150, 400 50000 2000000

Fig.50, 00000000 U000000000O00D0DOO0. 1200300000 10 MW
oo, 140000 smMwiooooogooooo. obob, ooboooboobbooo
PlumeRiseJOOOOOO, O00O0O, OOOOOOOOOOOOOOOOOOOOOOOO
gooboboooo. goooboobobo, obooooobooboboboboboboobooo

(@)

Fumarole

Fumarole

Nishiyama

steaming ground

2006/9/12

Fig. 4. Photographs of the (a) NB crater and (b) steaming ground at Nishiyama. These photo-
graphs were taken at the sites indicated by closed circle and square in Fig. 1. The method of
Plume Rise described in Chapter 3 is applied to the movies taken from the same viewpoint as
that shown in Fig. 4 (a).
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Fig. 5. A histogram of heat discharge rates from the NB fumarole, Qf.
Gray and white bars represent the results of 12 and that of 14
September 2006, respectively.

o
o

O, 0000000oo0oooboobooonD (go, 2004). OODOOOD, ODOOOO 30 5mis
goboboboo, ooboooboobooboobooooboo, boboboboboobooboo
goooo. oo, 1200, 10000000 44aMwWOonooobgo. boobo, oo
gboobobooooobooobooboobo, obooooobooobooboboboboobooboon
goo.

ooo,4aMMwODOO0OO000OO0D10000000000D, 1200000000 5.2MW,
140000 31aMwOoOooog, oooooo 42Mwdoogoo. NBOOODOODDO
gbo20000o0oooboobobooo, NBODOODOOOOOD sMwDgo.

U. 0bobobobokeOoonO

o0 0obgoboobooboobo, boboooboob. 20060 90000000
gooooooobooob,KBOOOOOO, 00OOO0O0O0ODOOoOOSO0000 (Fig.3
(). 00, 000O0DOOOODO, ODODODOOOODOOOOO 100DOO0OO. oo
ugboo, KBOogoooooooooooobobooooooboooooooo. bob, boo
oo0000oD0o0obDOooDbOoOn0 rRyanetal. (1974) ODOOOOOOOO. OOOOO, OO
oo, obooooobooobooboboboobooboooboooobobobobooboog,
Oo0U0oo0o0oUoo0o0ooOo00 @UOoOooUo.

1. J00D00ORyanD OO

oooood0o, oooo0ooo0obOoOO00oo0o0ooOoOoooOooooooooooooo é,,
¢, 000 ¢, 000. 000, O0ODODDODOOOOOOODOODOO, OOO0DO0OOODOO
goooboboooooooooboobobo. bbb, 0booobobobobooboo, o
oooooooooooo0oo. Ooooo, 000 S, 0000000000 oUOODODODO
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oo
@ = (¢r+¢c+¢e)sl (8)

o0, 0000 ¢, 0, 00000000000 O0O00O0O Ryanetal. (1974) 0OO0O

¢e - |:/1(7:)S_ 7;711)%—’_ bOu:| (es_ea) (9)

oooo. 000 7,0 7,00000000000000, 000000000000000O
0000, 0000000000 2mO00000. 00, ¢, 000000000000, e,
00000000 2mO000000000, A000000000000000000000O
000, b,0OOOOOOODODODD0O0O000 (Table 1).

0000 ¢,0, Bowend B,0000

¢c = B0¢e (10)

gooo. ooo B,0d

B, = C—=—= (11)

0, ,o0o0ooooo0, 7,00000000 2mO000, COODODODDOOOOOO
goOOoDbOoooOg (Tablel) (Ryan et al, 1974).
00 ¢,0, Stefan-Bolzman O OO OO, O00O0OOOOOOOODOOOODOOO

¢, =eo(T'— T} (12)

OOooo0 (oo, Brownetal, 19890 0Ohba et al.,, 1994). OO0, 00O0O00O0O0O, o
O Stefan-Boltzman O OO OO (Tablel). (12) DO0OOOOOOOOOOOOO, OOOO
goooooooooooooooono, (12) JooooooooDoooooooooooo
0.

goooo, ooooobobobobooooogoobob. bob, booboooobOobo
0000000000000 o00, 000000000000000000 o(7THooooo.
goooooooooo, booooUoUO0UO00O00DO00DO0OODODODODDODDDOUDDODDOD 9
(Hooooooooo, 00000000000000000000 QUO00000
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Q= o(T)—a(T) 13

2. 00000obooobooboboooboooboo

(13 obooooooUoo, oo T, TOUOUOO, DOOOOO, DODODODODODOOOOO
gb. boboooooboobooboobobobon.

20060 90 140 1213 00000000000 . DO0DOOOO0OOKBOOOODO, ODOO
gobobobooooobooobobo. oboboo, oobobooboboboboobo. oo
ooooooo soemiOOOoOOO00O0ODOOOOOOOOODODOO, OO T,020000
OO0 280000000. 00000, KBOOOOO 7,0 280000.

oo, KAoooooooooogoobo, booboboobobobobooo. KeOooooOo
gooooobooooboobooobooob, oobooobooboobobooboob.
KAOODODOOOO, 140000000000 220 2300000. 000, ODOOOOOO
00000000 To 220000.

gboooboboobOde, 0, KBOUODODOODOODOOODOOODOOODOOOD. OO
0,000 AMEDASOU00U0O00O00O00OO0OO 12000000000, 2m/isO00O.

oo, ooooooboooboobobo
gooooobooob. Kkeooo, OO
gboooooog. 20060 90 1200
0000 FighOOO, KBOOOOOO
goooooo7suboooboooooo
O. KBOODODUOOODOOO 130 mO0O
o000 (oo, 2003), OOOOOOO
gioomiooooo. oboooo, o
000000 S,000 79%x 10°m0O0O
go.

3. 0000

), (9), (10) 0OO0 (12) oOO,
KBOOODDOOOODOOOODOOOOD
ooeo(MHO33MwOOOoOOooo. O
O, 00000O00ooooog o(T)
0O13MwOOO. 000, (13) 00O
QU20MWODDOOO0.

00, 000000 80000 2007
050000, KBOOOOOOOOOO

Fig. 6. Aerial photograph of Konpirayama vents
good. oog, 2006 0000 KBOO for estimation of lake surface areas.
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goobo, oobooooooobooboboobooooobobobobooobooon.

o. o U

Table2 0, 2006 0 900000000, 000000000000 OOOOOOOOODO.
oo, boooboooooooooboooooooobooobooooo. oobo, 2006 0 9
googoo, ze00 0000000000000 OO0OOO0OODODOOODOOODODODOODOOO
0. Fig.70, 000000D000DDOOO, 200000000000000000000. 0O
gooooooo, KAoooooob, bobooooooooboobooboboboooo
oooogo, 00 (90) DooopoOooooOoooooDoooooooono. 20060 9
gooooooboo 2aoMmwioog, DOooog 2o0oMwOOODOooooooooooO
g0, 1000 100000000000 00000DDOO. DOOO, Matsushima (2003)
goo 1977 00o0oobooooobooooboon, 2c0000000000000D0O00O0OO
gboboboobono.

1. 00goboobooz2e00d01977gobooon

200000 1977 00000, OOOODODOODDODOOD, DOODOObOODObODbDOO
Oo0o0O. 0oooo, 19770000000000000 7x 10" m* (Matsushima, 2003),
200000000 15x10°m* (UODOOO0O, 2002), OO OO 2.2x 10° m* (Jousset et al.,
2003) OOOOoOOOOO. OO, DO0O00OO0DODOO0OODOOODO, DooOOoooOoooooo
oo, boobgooooo. booboo, bbooboobDbooboooooo.

goooboooo, ooooo 977 0000Oooogo. 200000000, O0OO 1000
0o0o0bobOoooooooo (oooo, 20040 Saba et al.,2007), 2006 0 9000 80 16
MwoOOoOoooooooooo . oo, 1977 0o0ooo, bbbo 20000, 300 MW O
goboboobooooo.

o 10,000 "~ AferGotoetal(2007) _ After JMA (2002
© "2 . 2002/5
% 1,000 2000/4/9 . . L 2003/11
o_ 2000/5 R * .2 ¢ 2006/9
© ; 100 A A L
Ss
2= 10 o 4
e A Nishiyama Region 2000/10 © 0 ® » 2007/5
® 1 @ Konpirayama Region .
T 01 (O KA crater lake)
M 10 100 1,000 10,000

2000/4/1 Day

Fig. 7. Time variation of heat discharge rates from Nishiyama and Konpirayama vents. Open cir-
cles represent surface heat loss of KA crater lake surface.
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o0, oooboooobooooo, 2000 Table 2. Results of heat discharge rates in MW es-
timated in September 2006. N and K indicate
noobooooooobobooon, Nishiyama and Konpirayama region, respec-

oOoo2o0o0oMWOOOOOOO, OO tively. Values in parenthesis are obtained from
the Ice Box Calorimetry (Terada et al, 2009).
Jooddoo, OeO00O0O 2006 0 9
000000 10000 100000. O Region N K
goooo 1977 00ooo, oogd 2 Fumarole 8 i
’ Steaming ground 8.2(16) 1.0

gooooboob 3000 700 MW OO Crater Lake 2.0
gooo, oooooooooooo Total 16(24) 3
(Matsushima, 2003).

gooooooo, oboboboboobooogobooboboboboooboooobobo
goooo, boooogoooooooo0ogooooooo. oooo, Matsushima
(2003) DODOOOOODOOOODOOOOODDOOODO.

o0 00b0oooobooboobobobobooboboo, bobooboboobooboo
goboboboooooooob. bobo, bobooooooboboboboo, obooo
goboboboo, ooboboobobobobooooboobo. boboboboboobooboo
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