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Parameter adjustment and application to an extension area of Okada and Kusaka’s formula
for the black globe temperature
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ABSTRACT

Globe temperature is an important element of the Wet-bulb Globe Temperature (WBGT). The formula, derived in our previous
study to estimate the globe temperature, was applied to the long-term records observed at four major cities; Tokyo, Nagoya, Osaka
and Fukuoka. The ranges of the meteorological variables in the observation were large; solar radiation ranging from 2.8 W/m? to
1083.3 W/m? and wind speed ranging from 0.0m/s to 14.8m/s. The parameters of the equation were newly determined by fitting the
equation to those records. The equation thus obtained as a function of solar radiation and wind speed estimated the observed globe
temperature with root mean square error (RMSE) of 2.3 °C. The errors in estimates by the equation changed largely neither city to
city nor year to year. We thus, concluded that the equation with newly determined parameters was applicable to a wide range of

climatic conditions and usable to predict WBGT.
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2008 28.0 326.7 2.81 34.1
2009 £ 27.2 320.8 3.00 33.2
2010 29.2 368.7 3.08 35.7
2011 4 28.1 345.2 3.36 34.1
2012 ¢ 28.5 364.3 3.16 34.7

4. FEOH

BhEfERETE R L LTl b WBGT 5 ET 5B,
HEKBEIIZOMOKRRBERE L > CTHESIND Z &N
2, BERFRE OB ) B8 U 72 HEE =L 8 WO HEE R
ERHfFIN b0 BHlxy U —7 TEElS e
BHEEELTBY RHICHEERZ AT L8 L.
—H RGEBEETCHNEN TWATFT —ZOLTHATE %
B RHERNMESN T =@ mpg cigMan<
WBER « FLUA DL, EEFIC X > TRERIIES
NeXThHY, MEIKGTT D RBEEEEZEAL TN D.
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% = . Okada and Kusaka®| 3 B ek F i O BN > S HEE
ROEEZEZDZ &L TREMBRENBEN VL ST L.
513 E & OB R b E ORI E 21T - 723,
BLME O BUEFEPA2S 1.3m/s LLTF &R BTV, U4,

— A 72 [RGB RO E 7 /L OEEHE ) E R D A
M6 WBGT 2HETH I N TEREY., ZoHERD
WAEBEIRENTWS. 22T, BEAORKKREEOE
AR — & % FIf L C. Okada and Kusaka® =% F5k
L. ZOZEE) &R~

AAFFECTH BB E SR EZRQICE v fEES D
HLBRIREE X, BLAE 6 D BB EAROME X 23 112k T
< . RMSE & 239CICRE E »7-. BREE OHRE® L 5
& CBUEME R S0 B BERIEEEHEE O E 13 5 CREE
THY., KR TRENTERQ)DEEIZFBRETHD Z
EMEAIZ A BEREE ERIROZEIZERK A &I L CH
A EL L, ZOEMS R IN. 2K HECmE
OEALITHKT D HEERRZOHF IAEIL OCHHEITIE L . AKX
XK B HECEEDOIRIANEIZ b3 LG5 . #iti<e
EMICHEEREABEH L7-E 25, RMSE DR KEIZ. K
T 2.76°C (EBikbiy) . 2012 4E T 2.95C (AELHLER) %R
L HHRAFIC L » THEERE DN RELS Eb RNz &R
ot

#.(2)!13 Okada and Kusaka®@ D 301555 % [ 4 7 Fr D F
BT — 2 ISV CREHOICIRE L Co< bk, H#E
ERUT BB ZE N T < < VIR IAWATR B 5 80 R
DOEAIZHXINT DI N TE 5 E WIS, ABFFEIL,
ER AR B 28D TREIRE 21T - 2. ZHUTBLS
BMET VIZBWT WBGT 2R ET 254, ERIFIZR
ELTWBGT 2HET 5 LIXRLT, 2RI RB Y
THAMELETLIZEEZHBELEPLTHD. AR
WBGT ORBEOHEEIZLHEHTHA 9.

HiEE

AWFFENT, SCRRAE TS ) 2 7 a7 v 7
T LT —~ C RUFELEE ) A7 RO EAEEIBHIE ] B &
OSSR R LS HEE 7 = 77 2 (RECCA) |
DIHARIT &V Efi S i,

18k A BIEORKEEHTEN

PUFIC E 2B 0 BERIR EHEE X T, BRI AE - 724k
L LT Dimiceli et al. @0, RERAHEFERE LCEt
5@ N - AP %E

(1) Dimiceli et al. @ HEER;
2. (A-1) 12 Dimiceli etal. @ #EER A 7.

_ B+ CT, +7680000

= A-1
8 C+ 256000 A1

X (A1) oo B, ClizxhnEhl (A-2). (A3) »
LEFREIND.

fav 1-2fdir) 4
= —_— A-2
B °(40c059+ o +éals (A-2)
hu0.58
= A-
¢ 5.3865 % 108 (A-3)

T DWF, So 13 H B (WImP) | o, 1RIELE H T B D4y BLER,
foi lXHELE HEODECR, olZ AT 7 7 VR LVY < VB
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QIIRBEOKRIAA. & ITRKAOHHER, h 1TxhfEEER
%%, Dimiceli et al. P OHEE R TiE. KRADFHZRIT K
KFOKERIE e, BB THE SN, F BV ER
THESENOHEESNS.

& = 0.575e;/7 (A-4)
ea=em(5¥%g%%ﬁ)x(100074—&46x
a+243. -
10-6PX6.1126x17.50272240.97+72 A7)
h = aSP(cos H)¢ (A-6)

2T, PITKRAEIE (hPa) ., TyX@BEAIEE (C) ThHD.
K (A-6) ND a~c (FBHIE D S EIRIIICIRE S 5.

(2) & HDoHtER
£ (A7) IcET PR FER AT

0.0908,
&~ 00375, + 1 +T; (A-7)
(3) BW - LA DHEER

£ (A8) & (A-9) 1T - MIL@PoHeERa 7. 7o
B, X (A-8) IZTAK A & & 400W/m? L F 054, K (A-9)
IEAK H B 400W/m° £ 0 K& WEE O THD.

T, = 0.02565, — 0.18U/2 — 03 +T, (A-8)

T, = 0.0067S, — 2.40U%/? + 12.1 + T, (A-9)

f14% B. Okada and Kusaka®@ D EkEEHEXDEL
PLFIC Okada and Kusaka® o) i 4304, 72k,
SER 7R HE I Okada and Kusaka®\iz b ai#li & T
57120, FHLHHZBEINTV.
HERRROBUN K 2E 25 LT, ROREEBL.
1. BEREEMRENED & < BERR I O & BERNE
TEHAI &N A IEEITE L.
2. BEEBRG L MR E LichH D . BERO G
KITERZE L thFim, BERAELEEGT 5.
HERHALR IR Y 72 0 ORGSR S 1, EiER S
WY B+ 1AL B SR - SOB B SRR E DA FH 0 Bk D
(A B-1).

So — Sair . Sair agr50>
= — B-1
S ag( 4cos0 + 2 + 2 (B-D

T T, a3 BERE I ORI BRI, S Z&K A
S, Sqi (ZHGEL H A, g [3HIRTET 7 L R 013K,
DORTEMA & FT . AL 1 HIZB W T RIS EE 4
1E, BERR IR 4n r 2 O RERBTERS 1 r 21O T 2HIGTH
D LR ELEE ARSI D BERE i O TR RE AR B & ER
T5. F7o, BEREEICIIHEL A SR, SRR T EICITMHE
H 72> O A ST BT %, 05 2 s LU 31H
DRI D 213, BRFE MmN S R K22k L O i o
R THS.

BRERKHICH T 2 REHSHE L 13X (B-2) X )icx



F. X (B-2) IZBTH2HUE1ENLEIHETOEN
ENOEHICEMND 2 13EkFmH» D R KZERL L OMR
HOEERZETHD. X (B-2) OFDE 2 HEIIRTHFE
O &N D REBFIIMOIE L LD /S W=,
Okada and Kusaka®) T34 W L Tk ST\ 5.

L 1—¢g )L Tor

L= gg< 2“y + ( ggr) = 4 Sgrz £ - GTg4> (B-2)

T T g IXBERRE D DR Ly, 13 RZE U
£gr (XHIRTE 20 & DFHHHE, T, [THRHIRIE, 0lI AT 7 7
VARV v TR TR BERR R A KT

SRERF I OB H 2 RAMR RS he 2 VT
he(T = Ty) & Ly Ly = &5 (2Lay + ey (0T — Loy ) )/25 5
<&y BERFHEOBUNEIIN (B-3) DL ZEN
TED.

S+ L, —&0Ty +h (T, —T,) =0 (B-3)

X (B-3) O T % T, 0 VICT A 7 —RBAIC &L DM
fezafiL, T,oAE LTEHEZT S LK (B-4) »ELR
5.

_— (S+ L, — 40Ty

S -4

+T,

ZIT, h~4goT2 L L, BUHBMREREE KT, &
HEAVE R % McAdams®) %2 & 2 Ja s o 1 WK
(he =kqU+ky) L TEZ, X (B4) 2E2KHEE,
A, KENPORAIRE L TEEDS.

S+j1)
L L
8 (k1U+j2)+ 2

(B-5)

I Tji =Ly —g0Tt jo=ky +h & B JBEES
NHELND HREREOEKITIERAFETH DD,
Sk SQICBEEMMZDLENDH L. S IR BHEICHT
7 HEEIRE & RIRDEEEOIFRIEEGE 2 KRBT 508
Besn, ZTEtib@0XEBEBICLRKAREICHET
DB A EL 3 % = & T, Okada and Kusaka® =
oFENEHEND (X B-6).

(S, +a)
= — B-6
Te (b50+cU+d)+Ta (B-6)
3 Xk
(1) IPCC, Climate change 2007: The physical science basis.

Contribution of working group I to the fourth assessment
report of the intergovernmental panel on climate change,
S. Solomon et al., Eds., Cambridge University Press,
(2007), 996 pp.

F.Fujibe, Detection of Urban Warming
Temperature Trends in Japan, Int. J.
29-12(2009), pp.1811-1822.

F.Fujibe, Urban Warming in Japanese Cities and its
Relation to Climate Change Monitoring, Int. J. Climatol.,
31-2(2011), pp.62-173.

BRI - ST - AT - R, M
RN R 72 AR REFE IS DWW C- AN DB B EHSE

in Recent
Climatol.,

O]

®

4)

-20 -

®)

(6)
U]

®)

9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

a7

(18)

(19)

(20)

(21)

T KD MR-, BARESRR S MR, 46-3(2009),
S50.

MHERHL - FHEZ - KIFER, KURZLH KR
W3 2 N ORI RIE T, ARRE RS
T SR E A T SR BRBE R, 47(2007), pp.301-304.
E.C.Thom, The Discomfort Index, Weatherwise, 12-2
(1959), pp.57-61.

A.P.Gagge, J.A.Stolwijk and Y.Nishi, An Effective
Temperature Scale based on a Simple Model of Human
Physiological Regulatory Response, ASHRAE Trans.,
71-1(1971), pp.247-262.

A.Matzarakis, H.Mayer and M.G.lziomon, Applications
of a Universal Thermal Index: Physiological Equivalent
Temperature, Int. J. Biometeorol., 43-2(1999), pp.76-84.
C.P.Yaglou and C.D.Minard, Control of Casualties at
Military Training Centers, Amer. Med. Assoc. Arch. Ind.
Health, 16(1957), pp.304-314.

Y.Ohashi, T.Kawabe, Y.Shigeta, Y.Hirano, H.Kusaka,
H.Fudeyasu and K.Fukao, Evaluation of urban thermal
environments in commercial and residential spaces in
Okayama City, Japan, using the wet-bulb globe
temperature index, Theor. Appl. Climatol., 95(2009),
pp.279-289.

RAGMER - B - EEAHR, #iso S SE7
TEE)ZEfH C O WBGT DI, A ARG FRMES, 4
6-2(2009), pp.59-68.

T.P.Lin, R.de Dear and R.L.Hwang, Effect of thermal
adaptation on seasonal outdoor thermal comfort, Int. J.
Climatol., 31-2(2011), pp.302-312.

A.H.A.Mahmoud, Analysis of the microclimatic and
human comfort conditions in an urban park in hot and
arid regions, Build. Environmen., 46-12(2011),
pp.2641-2656.

AR - ORI - EORSER - ] A - PSSR -
KA - B AT - BRE, I RIRZIR R TICE
F 5 BN K H OZBBRE O KR A L KSR E
7V WRF % FIW = T S2BR- e 7 v LOKEfiR G
FEIZHE D R SEVEOMRT-, HIELAR 3, 86-1(2013),
pp.14-37.

M.Budd, Wet-bulb globe temperature (WBGT) -its
history and its limitations, J. Sci. Med. Sport, 11(2008),
pp.20-32.

ISO 7243, Hot environments-Estimations of the heat
stress on working man, based on the WBGT Index (Wet
Bulb Globe Temperature), International Standard (1st ed.),
International Organization ~ for  Standardization
(1S0O)(1989).

JIS Z 8504, WBGT(IER L ERIR L) (CHSEEE D
B b L 2 OFTAf -2 BBREE-, AR TR ER A
(1989).

C.H.Hunter and C.O.Minyard, Estimatin wet bulb globe
temperature using standard meteorological measurements,
2nd Conference on Environmental Applications,
(1999-11), Report No. WSRC-MS-99-007

57, Long Beach, USA.

A.R.Gaspar and D.A.Quintela, Physical modelling of
globe and natural wet bulb temperatures to predict
WBGT heat stress index in outdoor environments. Int. J.
Biometeorol., 53-3(2009), pp.221-230.

V.E.Dimiceli, S.F.Piltz and S.A.Amburn, Estimation of
black globe temperature for calculation of the wet bulb
globe temperature index, Proceedings of the World
Congress on Engineering and Computer Science ,
2(2011-10), pp.591-599, San Francisco, USA.

A TARAT < AR R - RIS - O - IS



(22)

(23)

(24)

(29)

(26)

@7)

- AN, mEFEIREICS T D WBGT fili% v
7= e VE 2L REIK O f#AT, (2003), hitp://www.naro.affrc.
go.jp/project/results/laboratory/vegetea/2003/vegetea03-2
4.html

BWNIEEZ - A EE A, BAUE fa R o MR &
HWDI, ARG FRHMERS, 45-3(2008), S62.
M.Okada and H.Kusaka, Proposal of a new equation to
estimate globe temperature in an urban park environment,
J. Agric. Meteorol., 69-1(2013), pp.23-32.

RIGMER - BEN =23 - Il A - HEEE - [
%, BIERGET VER M Uiz BINEE) 22/ D 2 8
BT, B ARG SRS, 47(2010), pp.91-106.
BREEA, BRETEBAIE TRIE @Y b, http:/Awvww.w
bgt.env.go.jp/

B, WBGT BT X 2 BVHiE T Bt i Ot 3
WS E, (2010), http://www.env.go.jp/air/report/h22-0
4/index.html

W.H.McAdams, Heat transmission (3rd ed.)(1954), M
cGraw Hill, New York.

(Received Mar.07,2013, Accepted Nov.14,2013)

-21-



