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An Empirical Relationship between Ground-surface Temperature and Heat-discharge Rate on

Steaming Ground: Field Experiments Using IR Thermometer and Ice Box Calorimetry

kekk

Higashi UcHipa*, Takahisa SATo™*, Takatsugu YaMasHITA*** and Akihiko TERADAH¥. dofokiok

The heat balance model can be used to readily calculate the total heat-discharge rate through steaming ground
based on the distribution of surface temperature obtained by an infrared radiation (IR) thermometer. This
With the
aim of developing a simple method for reliable measurements of the total heat-discharge rate, we carried out field
experiments at the geothermal field of Yoshioka hot springs, Aso volcano, Japan. To directly measure the
heat-discharge rate at each measurement site, we used Ice Box Calorimetry (IBC), which can be used to measure
the combined conductive and convective heat-discharge rate, Q (W/m?), from the ground surface, based on the
time required to melt ice housed within an aluminum box placed on the ground. At the same time, we used an
IR thermometer to measure the ground-surface temperature, T (°C), at each site. Our observations revealed the
relationship between the heat-discharge rate anomaly AQ (=Q—Q,) and the temperature anomaly AT (=T —
Ty), where Q, and T, were the average ground-surface temperature and the average heat-discharge rate outside the

method is convenient; however, the model involves some critical assumptions and large uncertainties.

geothermal area, respectively. Although the obtained data show a degree of scatter, the value of AQ increases
almost linearly with AT, consistent with the heat balance model: AQ=CAT, where C is the proportional
coefficient, which is estimated to be 512 (W/m?*/°C) from the least squares method. We consider that this
empirical relationship is applicable in obtaining accurate estimates of the total heat-discharge rate from steaming
ground. To assess the reliability of the linear relation and determine appropriate values of C, it would be
necessary to conduct additional accurate, simultaneous observations of Q and T at sites on many different
volcanoes and under various meteorological conditions. Furthermore, we carried out measurements when the
ground surface was wet due to rainfall. ~As a result, we obtained Qy of 220 W/m?, larger than the value obtained
with a dry ground surface. This experiment suggests that the presence of rainwater enhances heat convection,
including latent heat, near the ground surface.
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1. FC®IC

BRI AEAE S 2 I, KL S E)
WRHBT 5 & HIcE(Ld 5 EMd 5. FIAIFHKEDR
Bkilicik, WREOERLE & bITHiRmERED -
5, BSHIBHR OJL ARG S Tw s (FIAE, HI .
fl, 2007). F7z, BKEERICE VTS, WSO R
DOIRPRENE T ENH Y, no 3 FNERHEOKSR
DOFEARML 72 b D RS LTV 5 (Matsushima,
2003). T D& S ITESHE, HI NEREBTOEUKDIEN D
CRE, ENREICHRL TEHT 2 EEL LN, TO
B b2 ERINCHIES 2 2 & 1d, HiU FEER o Bk
RBZIET 5 7 ICEHEE Tdh % (Harris and Maciejewski,
2000; Italiano and Nuccio, 1992).

EXHOREEER(LT 27201, JETTREED
FHEENER[R E LT, HAA £ 5% HiEEm
BESAOBROR LB Z, 41005 2 [fEESEH L
TWwa., UL, HERHOREISERPES EDKRT
FROEEEZZTPTV., TOlky, BllSNIREEE
b3, KITEBN A KM L 7o b o2l d 5 2 &
LIZFLEWREETH D, ERHSKLEBIERH O &
5o T\,

—h, EHxMEERLT2H 50 L H>DIEEE L TR
BRPEF oM D, (EROBIFLTHE, BEREIRNA A
JTlHonkRESMmEHWTREB s TE BIA
&, 7LJ5L « 7R, 1980; Sekioka and Yuhara, 1974). L 7»
L, IhoEFVERW R EHEE I, Kl
K BMRES ATV &, FIRICHEL NS XA =5 D
AMETEMEARE WS & (FK « fHl, 2003; Sekioka, 1983),
Z DILPIRE 1S 5 72D I B IS GBI G « fth,
2004) 1% OFMAELET 5 T Lo, FEEOHEENIE
LAEHINTOE0ENERGEET 5 EDEEL - 72,

Bolr, MESHIC BT 2 IBGEB) 2R & <, IEHEIC
FEfbd 5 EAHNE LT, KEHOICEGNIEE
(Ice Box Calorimetry; VI N IBC EFE3s) 2 F W 72 IE SN
BIDS, BEEKILITITIR DN TV S (Teradaet al., 2008).
COFEE, EROEZENSRESFC LT, F
75 3EE (]2 13 Benseman, 1959 ; Hochstein and Bromley,
2005) ZphEEE T, JERHE CTRIEICRIEDL T E 5 3,
FENERIC LD 2 ORERHROZYIESBEES LTV 5.

—7, IBC TSN S DIRIEE L KD 5 12
Wid, ZEBNSVNETH S, HEERE L COREESE
ZEHT B fooicid, KO EESEFLE AN T 5 C
LHWHETH 5. & ITARMR T, HBME & I
Hs D /7 1%\ T, IBC IT & 2 R @ OlllE &, IR
Hh A 51T & B HIERRIRE T OHE %R - 72, %
LT, mEOBIRERBIICELZET, HRoAH A%

F O 72 B EL D D (EHANE O O IRERIE O RTRENE & ki
L, Pid CRRAEERERE L.

2. IBCIC K BMEERAESE

AFE T, IBCITX 2 MBEKOGHAIG >V TERK
FNTIR-Y, 7RIC, IBCIT X - TEHI S L 5 FREER D 724
Pz oW Tl 3.

$ 9, MIREICES S RERBES, BE 0T ok%
EZ B, BB FOBRICEE L 7oKDE R m ZE

TR, KOBREGIEERN s S, KD FHA 55213 HY
LEGRE Q RIETE S,

,_mL

Q=" M

C T, LIBIKDORMRE3.34X10°T/kg TH 5B, DX
S o NI QITlE, AP RA Sk 5, Hifh
H OHIFRAED O B E FMBAR S BGER Q. E E N 5.
Z 2T, Q' OHRIEEEIFC, Z DU EcHiEw, 2K &l
FAORICHeA, [FFROFNEICES W TR 7 238 L
rete DIKD bR m. ZHE L, (1) &G Q. % RfE
b5,

_ m.L

0.5 (2)

Qc
Hiris SHERAE RSB Q 1F, (26 (2) 224
LIk C&TiEoN 5.

0=0'-0 il

758, FHMSETEIEIC S W T Teradaet al. (2008) %
SN,

SR K BRI 2 7ooic, ERROBN TGRS+
NNEOEAERBORRITER L IokE AN, HET
HTETKELE HHLALBHRET AL TV IHED
T =Y LRERT, B bmicid®y) o5 L villos
HonTWwa, ThidEERFHE LTliahTns
bDOTH 5. BEFOWEIZ 0.8mm, JEH(E 0.12m X 0.09
m, JEAEZ 1.08X1072m?, BeeOES 349 0.04m, &
ZEHIESIE65g THD. ABIAITIE, ALRITK 100
g AEE, FEMGHETHETSETKE LK. D
T, TOKDA-7Tc7IVI = L8RS A2 IKFE & FES3.
HEDKRITIE, T DORFEZRGHM & & bicilioFa 2
Fo—Jbe Ry 7 I ANTHME Tl L7, 12,
WrEWA 13, 0.20m>x0.30m, JE& 0.03m OHEOFEE X F
0=V E—HWOBEIHE = - VR TEALZ bDZEH L.

7545 Terada et al. (2008) TSN TWVWAB KD IT,
IBC T &k » TRl & N B AEBE Q (&, B I 3Hirhin 5
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Fig. 1. (a) Locality and topography of Aso volcano in central Kyusyu, Japan. (b) Location of the
Yoshioka hot springs and neighboring geothermal areas of Yunotani, Jigoku and Tarutama. The

solid square indicates the Aso Volcanological

KFENAP S HBRTH D, HiFh 5 KRG~ &[5 ik
BR Qs & I3EL S, HIAE, KEEMEmCEL &
&0, KGO OREARNSZAL L, (ZERE
MEBNELT 2 &N TFHENE. B0, KiE
LT ET, M S L 2okEREAF A FE L, K
BERAFLCAETE VAR O EZ o 5.

KX Tld, UToEHHSE, Q &£ Qs DEIF+5
NS W EABL L CilamaitEy 5, IBCEEITL % Q Ol
TENEIE A2 ENFEERICH S O TREE L BRI L hig, Qe
D8kW/m2 LI N & &, IBCEEICLDEIHAIENG Q&
Q¢ LD TR OHHBIZ R L, Z OffffEiic K& 152458
R St (SR - fth, 2008). Z OEEHIE, KD &
HITHEZ NG, HRHITIE, KEKIC & 20 RAER
ENEL 2D T ENEIFES N TE D (Hochstein and
Bromley, 2005), {BREEENSZLLIcE LTS,

OFEBIDIEIVWEEZLONS. £, v+ —THBK
FAOMREN OCHHEICEICEESN TS I & bHEET
b 5. Hihh SHEH L 7oK SULKFHIRE CE b 1B
35720, FiEZET 2KERROERDIZ VDO THAD.

3. BHAlo@WE

AHFZE T PR K LeR g K F B o PE R S (L& 5
5 R (Fig. 1) OFMESH C (Fig. 2) 28GR &
L7z, Bk C (3, e A, B B L OHIESI b2 &
& H1IT 2006 FFEITTZRR S N7 L WIESHITH % (Terada
and Sudo, submitted). 4[A[i3 T OFIMETHI C 265K &
LT, IBCICXBHEEK Q, R4 A £ T & 2 M2
BT 8BXOH— 3 25 EEFHCE S 10 cm FEHUE T

Laboratory (AVL), Kyoto University.

DRE % 1T - 7. HIE 13 2008 £E 9 FI 25 HLF-Hij 9 B 30
“meﬁamﬁumif FrE s C 2 g 5 &5

RELIC Z>ORFRY & XITih - TOHRIE A (Fig.
D&,%Emﬂc_ﬁm,%LL®%%%%ﬁfﬁo
fo. RETE, TFHEX BLUY TO IBCHM &R
S A EOMEZ/R L, RICIEthEMIRIC B 0 28
HNTBIL Tl 3.

31 IBCHAlOHE

[F U BICIBCIC L 2 AR DHIEZ, KD AEIC
o 2 HRIOERFR Y &, BB BT 5 RIHIEE X
D> DWPHRITIA > TIT- 72 (Figs. 2,3). Tl Y 0 E
3 24m, BIAKE X DESI310m ThH 5. FMIFLY I
(3% 5m [EBE T 6 D DRIERZ, BT IE% 2 m [HE
TS5 2OMES%EE YT, ITTRE, ThZNYLH»5 Y6,
X125 X5 EFES. KA 5521 5 i i Q' D
HEE, Tho 11 DRERTITRY, [FARHC T TOM
EHT Q. OHIEGITIE » 7. Q. DHRIEIR, 1HAIESIZS
X1 HT OO0 11 HTiT-7c. QDHIERR, HillfRD
MR ORE ARV T, 1TRESIC > E 1 H 277 -
7o, BMEROMROME S TIE Q' OMIESE, FJ 1m Off
PHN TR RAE TS L, £NEhi3 4 GIES X5
FEF 2 ) CREBHCHEZTT - 0. SHUEALE O D
IOV SHEE O HEEANG.Z 28Rt 5o T
b5, TOREE, Hirhy SHIZEARED S B Q ISR
XBLUPY K-> TAT I8 HATELONIZ. ThoDfE
¥, 4P L CIRRRE TR T L, 1o, &l
MommIcHME LTk & L Rt a
#L, dDHHETGARMIN (D # — % 7L GPS THi &
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Fig. 2. Aerial photograph of the Yoshioka hot springs at Aso volcano, Japan, taken on 8 October 2008.
The lines X and Y drawn across the steaming ground C correspond to lines X and Y in Fig. 3.

D AFT > TV % (Fig. 3).

A Q' OWIE R, IKFEMRmICES, R by T
Yy FCalE L IED SEOIE T 5 & & Tf T - 7.
fil& LT, Fig. 4alflliE X4 128 5 Q OHIERKD
BHE%AZRY. JIT, ZEANOKMPRIFEL TVWIEnT &
AHWTHER L., 7z, KA &kE T 28I, IKFE
DIEMAHERmICES T 5L 5FE L. &5iT, HE
HE 75 2F v 78IOKFED S 122 L TEEL, b
SKFEDHANEYISA - 720, KR S RlfiE L 727k
SMEFE LIz LisWwk 5o Lo, @D O 15
t DR L etk OKFEREIXL, EGH L IokEdiIEe
{ARYY v HIB LT, ZOKOERZ 1cc DFEET
AL 72, 2 LT OKDIRFEICIKDILE 1 g/ce 2
F, RMEL7OKOERE Lic, T TEHIC &g
KFEAMEM L. Q. DRIER, 45 QRIEM DI 0.5
m OFEPHT, Q' DFHAl&FIRFIIT - 72,

32 FANASICLSZHMRMEERTE

IBC THUENR Q ZITE L 72 & HIES T, RIFERSIR A
A Ik BZHIEEE T ORE%T - 7o, [#H L 7a7stk
5 A 513 NEC =25 (B NEC Avio J74MET 7 /o v —)
8D ¥ — € b L —+ THII00PMV ThH 5. MIEHKEIF
8-14um C, HEHHFFMIEEIT-T0iaw,

HIZRmRE T o BENZHIEFIRERO EBD TH
5. =9, FHLOFENAD A 5T, WER LN 1m 05
S5, QANIET 3D ICEWIKEEFILE Ly
1m PU5 OREIS 2 RS2 L7z, Bil& LT Fig. 4b 12, MIES

X4 1T B ZKFMEORND 2 S HEERT. Ok
Ao A SEHgE LT, KFEhEEBHE & 5 wifafiL, =
O FORESEN G2kt = LT, HMEmRE T
13 C DA O %, T OFRA D 85 o [3EHE
REERAW, 58, CofE, HEmCHEST 2N
AT 57208 CRE LT

33 HMREEEERLMBRETOER

R HIRMEE 3, [REFFIREL &S
5. fiE->T, WRET HETHOUTFFICALE T 5 IEHIE
ek & FEHEICHL B & R TdH 5.

AR ClE, B 51 2 EHRNE &, FEHE
TOFHINEE DEEEZ L. bbb, & 2 HiEHRc
B BHFMEERE AT EHEERETAQ #IRD X
ICEFRT 5.

AT=T-T, (4)
AQ=0—0Q (5)
2T T, T, 3R IC 35 5 2 IR EIRE T, D15
HTHo, Q3B 3 2 HEE 9, DI E
ThHbH, ZOXIICEFELICAT P AQ IE, Sekioka and
Yuhara (1974) H37EF L - HERIHRE RY, B X 0Kl

& L COMEKRDERIC—IT 5.

JEH B 1 B Qp & T, 2905 7201, i X B
XUY TOWEKTHRE b2, FiELH C iy, #k
E_EOIEMBHIS TRIE AT - 7. MEVR Qo d 2 EH
KU TR LI AEER W, T2 THE, Q OFFH
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Mesurement sites
outside of the geothermal field
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Fig. 3.

Spatial distribution of IBC (Ice Box Calorimetry) measurement sites (see Fig. 2 for location) and

obtained geothermal heat fluxes Q (W/m?) and Q) (W/m?). The ground-surface temperatures 7 (°C) and

To (°C) were measured using an IR thermometer.

Qo and T, are the values observed outside of the

geothermal field. Ty (°C) represents the temperature at 10 cm depth, as obtained from a thermistor.

& 1T, 2 oRH & 3IFEIRNS, Q. 2FHId B 12
WITE W FKF» S 0.5 m LI OITEET Q' 0zl % 3
RUTIE o 7o, 7538, MIZRHERREE To OMIE F 32 filcR L
e AR .

4. BAKR

41 BAOEA

BB RGN O 25 R SR D FrE S C i B 1 5 &l i3
22.4°C, TR 96%, ERIFPOEIEIZH 1m/s, KIEZED

THEHIHED - 7o, MK S EABIERT OB R 02T
Foricid - T, BRHEIC b WIS O EERA S -
fo. E 1z, O S L SRS L TER S -
T, MEFDOIKFE~NDL P B ENEZL BT,

HESH C DHIEE X BL O Y 1B 5 IBC DHIED
KO EBY TH D, £, QARG B vl
FIMICEICHEE L CEWIOKFE T, iR ¢ 135dE T
390 7, HET 990 B, FHgld 662 472 - 2. £ 1, kD
AlfRE m (3 22g 5 54g T, FHIF36g TH 7. —
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Fig. 4.

Ground-surface
temperature

60.0

56.2
52.5
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45.0 [°C]
412
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337
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A guide line for estimating the surface
temperature. The mean temperature

Ice box A under the line is 44 + 7 °C.

(a) Example of the placement of ice boxes at the site X4. To measure Q’, Ice Box A was placed on

the ground surface. To estimate Q., we placed Ice Box B on a thermal insulation mat close to the original

measurement site (A).

(b) Infrared image of the area around Ice Box A. The ground-surface

temperature at X4 was estimated to be 44+7°C, which was the mean temperature under the white line

indicated in Fig. 4(b).

75, FEARF v =)V FOKFATIE, R o O
938 72 5 te it LT, IKORFE m. DV-H51E 28 g 12
ETdHh -1z,

42 HEER

Fig. 312, &illFE ST IBC IC X D EHIIE iR 0
&, IKOFbERE 1g OFHARRZEICHES Q DIRAEEIRT.
IIT, BRICBT2HEEQ (=0 —Q) DEERE, Q
L Q. OFHAC B VT, KORFEEZhZh 1g BALT
FHIL7cC EIC k> THELAEEEFRLTVA. &b
INS IS ER D fE L, FESH C DA DIEHIEMIE T D
REMAZBROT, BESYIICBT 2 140W/m> Th -
fo. =, BRORELMEIE, WY LHIEEX DA O
ESH X3 12H1F 5 2200W/m> Th - Fo. KE o &
LT, flm B & o phi F5DIE 5 8RR & 72k
FaR Ui, Tnld, RS TEb 300 SR
R nfcowcxd U, HIES Y3 X0 bFhE M <l
EredBoniudEng, AR L SHIRLT
W3,

fH 4 ORESOBERICEH T 5 &, [R[IFHTHERK DN
EEITE - AES Y1 BLUX5 TR, Bohifis
KO S- X, ThENOLEMDOR 20% LIPNITIL
% -7z (Fig. 3). — AT, KFDOEENED DI D ILE
WIZ kD, HEEORIEMICH 2 5Ll EoIE &> & 0538
WONLMERbH -7, EZIE, MELXITIR3I
RIOREIZIFFEFFISI TR DTV S D, BRI 250

W/m?» 5 590 W/m?* DEEHlS 7z (Fig. 3).

4-3 HMRERE

C I TRIRAS 2 5 TR SN RIEE & T DR
2o W TR B, Fig. 312, 32 HiTRd Ak & s
A F G O FEA I - T B HENEE s ORI
T &, ZOHANDEE o ZRd. BEEGAR - 72
FZOHIIKAET 134 5 417 ThH - 2. HIFRIEEE L,
JEWHIPHOH R TRIE—HETh 2 HIERN D - fo—F
T, HELOVIEREATRTAES b H - 7.

wb/NES Vo3, FIESH C O 2o IEHE G <
TSN/ 04C TH -7z, T oIEthEME O EL <3,
KFOEHEE £ D bR E 0 1107 m? OFIPHE T,
IS DFEE(RE1E 1C 1 5 2°C Th b, MKk
EAESEIEEs - RN A=

—J, bodtbRKEMor FAELX4TDTCTH
v, Fig. 4b1Z/Rd & 5 ITHIE MO R » O HIE IR &
FHLOIE—kEE AR U, HIRERE S IR 2R 4
FROZ < 3, EHEE OB ETH 5. RIFFETI,
D& D BEEY O OHIERR A %A TR A E X,
IBC OHIEEFET LI, 7272 L, HIZREICERE 1em LIF
DINS BIEGHANEE L TOWAEEDH D, TDXS51
Bl RE DRI E < 715 - T 5 (Fig. 4b). PilA
W, HISE M X3 OB, KO & [ERE O 1X
10 m? QFIPH T, HIRIMHEE O BEERZED 9°CITE#ET 5
j’%ﬁﬁﬁféﬁ -7z,
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4-4 FEthEEg T DEAI

FE S Colt < OMGE Lo IEHIBHIE I 50 T, UL
H Qo B L OCHIFAIE T, Z2%E L 72 (Fig. 3). HIEH
IS OBERAEEE L, #IKD & OIKAAIER O IKF IS
DIPICFEODPNDE T ENH - T2 AEROSIRIZ
23.7°C, FRAMEIE D &Ko 2 I E IR 1Z 23.0°C 2 5
23.7°C, S 10cm OHUE Ty 13 254°CTH - 7. JEl
OHIZEH O FRAEERIC  HAT - 72 IR 350 o 1
¥, S oI, FRAMEBIC X AHIRIEEE, KB T LT
iR T BDIZIEFELVENS, KiiE L Tof a5
DEGRE FToMT/NE O &Rl L7,

JEHBENIIR I 35\ T 4-1 fi & [ERRIC IBC DHITEZ(T -
TAEER, FEEZ F a — v EOKO IR ¢ 8 X UKD
AR m 13, TNETN 1,560 DB LU 28g TH -1, —
77, B U FoOKHE D REFRERS ¢ D1 1,380 75, KDl
fREm 3 32g 5 4087 -7, TNODFERN S, JEH
BRI B B HER Q) 13 160 W/m2, 190 W/m? 5 &
U 300W/m> BHEIES N7z, Th o Q DN Qp 13 220
W/m?,  JRAA A 5 THIE L - HERTRHEE O FEAAME T) 13
234°CTh -1z,

45 HMREERERE SMEEREFEORBK

Fig. 512, 24 HiCEX L HIREREERE AT &K
BREEAQ OBfRAE R, WEOMICE, Eo6o&k
M5 SR IEOHBED 5N 5.

CNZERIERGRE A2 L, KORIFER 1 g DFHURRZE
WCPES Q iR L, HIREEE T OFAM 0 REEE
BN, &N FEECLD T oM E I 51E22W/m?/C
LHEbGONAB. TIT, Fig. 51C3BEE LT, REK
LR O FE & 15 B IEHI B T OMIERE b b b TR

LTW3A, ThoidfyN_SFEICL 2 ES0EICIE
BTV,
5 & B

IKFEEGRETHEE (IBC) %, Pulgk K IS RMERICB W T
2006 fEICTERR & N His st C ~EA L, fEk Qo %
18 AT CHIE L 72, & 51T, HiESHL C icB 1) 2 AR
B ORME L LT, JEHBEHIS TOKRER 0, &, HEX
Hi C AT < okl E o JEEE T 3 fEirllE Lz, 2o
FEE, HhRMHIRFTSRE AT & EREE AQ ORIRERR
BRiiciB CET& e, ik AT & AQ OEfRIZE
FUEROTHEESNTE 70, EDZ SR/ 5
A — 5 OEFAMEICH T 2 il AERE T H - 7. KIFFED
O IHEAICE DS O BERAERER T L, R 2 5%
O CHESHIBER L S W EBED & & TRHiT 2 2 &
MWT&ES., K#ETIE, Fig. SITRLETF—2ICRAONS
o> xDFNE, FEHIEMRIC BV CEHIlS 72
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Fig. 5.
(W/m?) versus ground-surface temperature anomaly
AT (°C). Open circles indicate the data obtained
at an area located outside of the geothermal field.
The solid line indicates the best-fit line obtained
using the least squares method, taking into account
data collected within the geothermal field. The
arrow indicates the air temperature at the time
when the observations on the geothermal field

Plot of geothermal heat fluxes anomaly AQ

were carried out. The horizontal and vertical
dashed lines indicate Qp of 220 W/m? and T, of
23.4°C, respectively.
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