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7/ o, f
Oklahoma City Area Tornadoes, 1880-2017
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Horizontal Flow

1.2 B0

Z DHiC I Hd O M A R FE A R D b D e 2R IC BT 2 BEERIZE L LT, Bk
E DI S 2 BT DIEEY) O LI B3 2 TR OEE & iE D RMD 1EH L)
~DOIERZ WO 20T % 720 DI 2 BT 5.

121 BEEFICHE D

FREUC DWW TR B EE &O T, BIEIRER 2B R OME & L < o mF I Bl 5%
PTbN, FNICHEDWIZGEHARDED DT 5, IR (3 W) O R ILHE 2
BUET2b0THY, EEHEICOWTIE 1950 FOFERH L, 2EIZIF—FHTED LN
TR ST B IR G 2 F e L R E L S LIk hED b
TW7z23, 1998 FFICHEPEEMEEDUIELTH N, 2000 FICHEfTHCER b Ykt H AR
LT X B YRGS (1993) I EE D W T RIBICEUE E Ltz T X 0 AR R
i B SIS A 2 F R 2 O AR IC XA S, RENRIE B CTH o M EHE % 2E O
SRETCOBMT — 2 ICHEDSWTED ZHMERHIC L VEEIND L ik oTz, 20
132>, HWHALLHEE D O ORERECIVE S N2 HEX Sy, BUIRB ORI XY, H
B - AR - B OREEREIC X VG L Gk~ RS h, BT O AR EAE
iF, BYERSGEEHIMEIC O W T LA 87 5 & PR 12 R EERA ER 1454 51, A&
MAEETER IS DWW TR LA 825D 4 &Pl 12 FRERA SR 1458 FICB W TED b1

1-6



T3, —J, BEEEEOEFYMETRIHIRNRIR I 25> T b, BEHE I EE
VIO AKIRIE D EHEZ 572 L 72 1-C, WY ERET 217 5 720 D& 2 it R+ b
DThH L. EYoFRYECHERZeEEER L, —REET 50 FEE, REEYR
LT 200 SRR R ERGHE O HIBHIC RO W CED b s, EHHOFIRMIE (b 2imEE
FFORRBIR VB Z 2 £ CoWIM) 1S T 2 a2, X 08 i
RIEE X 73 1D\ 72 PR O R E FRECPELIRIE OE 7 r 7 7 A L, I HICC
% T O A FEERI A FBHEL S E AT A FRNC X B, BRI E T VAR WS K YD
JER P ER DRI 3 2 AR 2 B REDIRETTiEZ R L T 5,

— )7 I, RO AR IC B L 72 2 kv, JEER A BIERAHET
ETHBETI—Y 254 v Ialb—vav (LES) 2T, EEYOIEZK23%EH
fLDIGEL 205 Y, % OEREEfHIHED ST\ 5, FEEMEIGH oM L L TR
N7z CFD A A FEICIL Ry Il £ 7z SRV o Tl v C, P -
B — 7 SN0 ® — A v MMREP 7 &K X < B & A, R SEER & FS OB R O
HEAERMICAIRETH 2 2 EARINT VWS, X OIS REY)E 7 % Fv RS
BCIFIERE I PR N Ze il 0> 72 7 4 o BUANEER 2 D WA D i DR & BT IC
KO L 2B 7 b MG TN TR, L Lanss, Wil RAEAREOFE i
WC, BIE DAY 70 B SEEREEE C I ARG OERH 2 Y Ans Z LR chd by, &
7z, BEFHE C M EEREREMmN b JEA & U CBEIR SRR D 2 B L TfThn T 24k
THY, FHRIFEAETDODR TN,

122 w&EFICHE S 2=

BEEFEDORINCHEET 2 ~4 7 0 27 — A O#ELL, Mk T, iichE ok
WA R BN Th 2R EFEI RS, T XS REEIHKIC OV, R LD
NGOG S XL CEY~DOER%ZH L 20103 2 72 kR4 RIFE AR B L R T,
mflo Btz 57T & 7,

BROMESL AT E O EEENIIM CHEECH 2, BHET TICRARITICX O FE
HECIE X 7z 2 L1372 < 2006 4E D IE[EFE & CHEERES I L 72 135 C o JaEE]
IS BB 23—l v 12 5 W CT{EARICHIE X NABIREET A RECH 5. M llEF

1-7



HEELTRHFy 79— —X— %) E— vy 2ic X 2 ISR OBl BAE
fibnTE 7. FRCTKEICHE W TIE, Koshiba and Wurman®%2, Wakimoto et al.P¥7x &'1C
Lo THIRIAF OIMEEIC OV THHFHEMNO L — X -2 Tigx bnTns, Lol
25, BfERD SRR EEHNL — X —0 2 ¥ v VRS 7s BE, SRR 1T 5om 2
EPIch Y, BEFOEEDIEEE RMEECEM AT — NV OBR % RHT 2 7201 i3 d
LT e i azv. iz EHEROHED K E WHRTIC O W T, BHlED
FECBLH O WX 2> SRR L T B

HA WG OBMFE X, BRI ROLEVEEL &GO T, MR TORERLER
DEILZ FAR 2 7 D ICBIER D —RNITITON TV AIEEITH 5. BRHR T — VLR
HAREER 2 7 — v 7z Eic i, @Y BIVASH, i, BIRZ E#E %2R T damage
indicator (DI) DIRAEIC X - C, mABMEEZFEET 2 FELRTLDLN TS, Tk
5 It b JHR & HEE T B R ERE L %  ORHI~EAMEDE R TEN RS D,
FHC SRR HARRH 2 7 — v © 0 B O HEE B3R L0 TR RIC X 2 LA 5 2 &
NTw225, %D DI DIHDIES D ZICHEI SRS HY IcEENZ L, T
JEGE D ARG LS, DR TN 759 E D 7 1 & 2D W T DIEEHRAE S 178\ &\ S ZEE
flzTw3,

ATk, X OFEMAMEmoESCEY~DIERZHL 223 2 HIVT, g
Hy> v TN TRt T % o 72 IUREERCBAERER A {fTbhvTs Y, —EDHR% L
FC\v 3, Ward®™° Haan et al P, 2&i# BEco LR & HRET < DI % % 3
5 eI X AR A AR 2 RIS E A B E L 72, cnFE I, [RIBko AR % F
mf%ﬁﬁ%@ﬁh%%ﬁ%ﬁ®&ﬁpmmamei5ﬁﬁﬁ%ﬁitkﬁﬁt@ﬁ
5%, Razavi and Sarkar®®IC X O i DRE& e &2t L il S ncw b, £
Y~ OREEHIIC O W T h, MeA REYIR, O OHRE, BN ORE L L e EE
L 7284 0E T 0Nl < EJ150 A 1B 2 EEasfrbh T Y, BIREROMEFICHD
V77 fragility analysis (C2 T b #2370 T 22 FESEERIC BT, LESICX
b, FEUREEEZ R L 252 Elo&tco, vy IAniBETF A2V EEmRot:
B, BYREY ofinGgeiE o Zic oW TRIHT 2 A0 ThitCn 2B e ¢
b Lewellen™®i3, I/ ML DAY, WHEARBEEOME L FIKOZE b 20T
Z L %BIR L, Forbes[46]7x & D FEHFE CHltiE X iz { D0 DHITE & 1 o Bl % £1

1-8



BT L CHR L 72, £ 720045 Cl3, Bryan et al®, Nolan et al™, Dahl et al 12355k €7
VTR L 72 BHA IC A SRR O & I, ISR 2 BR L 22 BISEI T D LES 12 & Y ¥
I EN ML, HERAE COMERIMOMEZ T L /R EemE L Twd, L
2 LS T h OFEEE - HUEFE TR, EEOSRG T, MR I b 7R
F 7wy b, EEEILY & { TR rear flank downdraft (RFD), EZED AV %4 7w vix
E, BEDANZALICE W CTEHELRGQR,OMGE 2 o IcHE T E 2\vIgs, fix 0%k
HR e DX IGH s 2 Z AR TH ML T DA TV S, FRARTFTOEEL Z
DB 2 BUEMT I X 72T, BEDOFESLHOMLIC OV THIR TOBERE
CWE DL OFENKE T L R 2 RGO EH2123, B EREME D BIR R
THREGOASINL T, SREHELTE Y, BEOLRRE L MEIFHOW T D4 % IE
TR L 2o OMAFRZEUICKIHT 2 2 L 0B IRKIND,

—77, RRET VAT, EEOEBREZHIL, ZoWELHRIL OREDME %
HH S 2210 2 5 AT DT #FHFTHIFRE T 5. Masiko®™ P AR E 7L IMANHM
ZHAWCEEORRS 2 L 2 8EFERIc X v, 201245 H 6 Ho o [TEEDHHIC
Ji%YI L 7. Mashiko and Niino®™ic & 0 7KK 10m G IRT 235506 &, HhFRAhia
T D JBUR 1L FEE DS > S EBGRMICERS 3 2 ERTIC R IE 3 2 82 ek L /-
TEREPHEINT NS, DX ICR[RGOEYEMT T IR BEZ OYELEE 2 HEL L,
EBMTIXG2 2 & fE L WEIER asimiE o e, £, WEE L o %M m L
BHEMDOA N =X LT 2MAMFONE Z b, BEOFEEZHLPICT S 2T
IEHEICHRNATETH L ELZLNS. L2 LARLRARET VHITRE, BT
T2 PO EEICN T 2B ORE, £ EY) O AFICTZR & 1 R
NGO RREECTH b, ZoMiconTIiZ, AL ICRHME L 72 T2210 7 LES fhT & 4
HEHEDL T ETHAREICES LEZLNS.

¥ 7SR DRI &2 [RBGICEDWTUTH RO L LT, SRET L TOEEHK
B DIEAEFT bNDE, [RRETATEMBE GO - ELRRBARELEIGHET 5729
WH LTRSS AR R BHEREOEA S N 2R, BRIEAEK S 2SAE CHET 5.
ZDIEIRRGOLEEEHRE L 72O FUE - MIEOHEE I EE 525 LB E X
b, WY LELROHRFE L HAADE TS Z L BUETH S, TNE TICLESZ
w75t clt, WMAZBEROER L LT, —HRi» balnz i/ 3 hike L

1-9



T, JAAEREERL CRVWKMERES CEREN I WA RES T3 Rb Y I,
Lund etal. DHEJEIASEA 2 72 ) R — ) v 7 Fik e v 2 HIESLE A2, chvze
R L 7 MEELREESUED % X 0 /NS R CELI 2 T S ¢ 5 Tk, AL HE R
£ =7y b & UCTHOAINTYIRN) 72 BLIR O M % it 72 3B & Zh I A R 3 B F ik
17 & OELRAER O FESFR S N C & 72, EEOMRIC LA efle LT, |
7R D Bryan et al ¥, Nolan et al™, Dahletal ™35 b, + v 7ARiBETNIC X 58S
BT LT, RIS 23R L 72 BISEIK © LES CTHE X 8 7= Sl 2 19 2 T80
LNTW3, L L b OFEFRET - 22/ i & X MR ES 08I 21 L4
% EBROEEORGEIHEHA T 2 & L IFIERICHE L v,

X himnGicn L CHHEDO Y, YN &S EREB Ry O BAERAEE LT,
Nozawa and Tamura®/|Z5URE 7 v & 7] U 22/ % T4 LES T X D i 2> W& TR L 2RI
FOoNEREFREBLEHPICOVWTOREZEH L, [ARET LD 3 XITHiEY; % 5544
L LT, ZOZEMEBEEHMET VT X VI LT, FUES O & EREBIR IO W T
DLES # FITT 25T IRE L. CoFikTl, FEEERHT 2 RAG0IEEFEE
LM RN DRSO ZALICED o 3, mEREBIE) & B = RITHIC K S & 5
LHTE S, O IFHADNE A ICFELZMEEL, G0 X0 il wigEs R S
52 xR L TS, o DRETIEEENAEE DT ERILRAIIS O AHER I LT
L8, LI INERAGEEE L HRERCHEET 2 28T, 85D X5 AR
WNLETE > DA I BEREIS ORI AERIC DA TR 2 X 510k 2 T e RSN,

1.3 WD HE & OGRS

AWTFEIE, M SR FE A Ry O B FE o I %o TS 37 D ) O BIFE D EER T i
B THRICERE TN T ARWARBROLHCHmEE 25 58 L 72 ZaERHih & XD
WRHEEFEOFEBZ BIEL ¢, KR G0 oK Oin % —H L TN T 2 2 5B+
FEOREEX TV, FEOIHRREHICO VT ORI EML, [RE%EE L -AFE
I X 2 R ZE DK R - BEHEE ~ DM REE 2 AL 5 2 L 2 HIN L T 5.

BARIICIL, BERBREEZNR E L TIc X ) AR5 ofE % & T Aitic X 5 it
Hco v — 7 FE - BUEDFEAERIUC O VT O 21TV, BlfTORKGEHHL - Bt & D g

1-10



T, BUTORGHER TR SN A wERBHRO—D2EEICOWTE, SRET
M X V35N 2 EHRRIGE N ORLEIC X 2 EEZEM O 2 FH L, Wi
H 7z & DHIERIE D 08 2 22T 7- HiERIT < D Fl 70 5 R5 D& Wi fl) < JEEH T
N2\ o T 5. LBV OPSRIEE 21T FE L O 2 EfS 5. chod
fide il L C, BUTORBGHR - FHED G CRER D RIA D ZE 5] ) 1T 3 5 BB e skt
FiE2ROES 5 £T, KAFERIC L VARG T — 2 DfRd 5 2 & #f - Hisk
P i 2 ETFHZIT) S L3 A[RETH 5 2 L =IRT

RILOWREK 1-5 1039, T 1 HTlE, EFEORE - EEOMIGSR & EY)
PEDIHRE L MR FEOBIRICOW TR, ARPLHEEDHIEAROMEZEA L 7-
TR O T & B EOFEA fUR T 2. RICHE 2E T, [RYG % ZHE L 72 E5%E
MO Tk LT [RERET N - THLESA4 7Y v Vg Tk ofdlazid &
& IT, MR 2 BEUEFTREOWRRIC O W TR T 5. FrICHm AR D RHREAS R % it
ICEAT B BICH W 2 IREAD R F I8 L 72 KRG O RN B Sy o P K T % 8
LERRITY. FidE3|mTIR, ik THizicERbL, ~ 7Y v FREICEA
L 7= = 2 B i o3 D FHAE BRGEH R O RRGIE 2 WU I 5 T T, JEGE & IR O R
O DBHAER I NG 2L, BXUOELRE LColt)mEE2H T 5 Z & 2T 5.

AKX DT CTHLHE4BLE SETIE, B1EIOHEIEL TICH W TIRE LIRGEZ
1o [RRETN - THLESA 7Y v VTR %, BUTOMESH BV OB
RHMOEE LTEEIN T 2BAL, BUROEGHEARIN TS 2RI AR EBR O E
BERIRIC, EEEMCOBR - BE, v—2BEOMIRERITT 5. 2770, BEEE
BITEYIE D IR E N B BUEGCIEN G KR E (B Y, BETIHECZDOAN=X
LOFER B, X5, HEROEZRICE LTS, BETIRBTORESCHH AL LD
BICEIRAH 2 Dicx L, BEHIIHRLE LTOWEREY~DEHOMNIcEE #E
i, BUNSELS. Lo TInbDARERIE, HEoZEICHIT T, FhEh
DHAZMOLLICTE L &T 5. Ha4mTIE, BEOFEFFICHT 2Hifho L 2D
Bt 21T 9. ¥0IC 2012 FEBE 4 51T T, SARET LV WRF/WRF-LES (WRF & LES
DERMEZEAL WRF) ZHWTRRETVICK 2 BREOHEM 2G5, #inT,
BEHE W EE S 725 L7z 2018 4EBJA 21 BicoWT, A4 7Y v FfgT &M L7 I,
KRB D fEdT 2 FhE 3 2. [RIGOAMERN: % F M L 2 FiEH DGR E 7 )L WRF/WRF-



LES & RRITIHEEHNFEET L (NHM) ZHWTIT ). HIKEHELZ O ETto v — 7§
W JAEDFE T 1 v A H T 2 ARG OB, R D - HoKBREE D 22
BRI X VR L, BUTOBSERECIES 0T ® 2 IENE 70 7 7 4 LAl HE &
DHI%ZITY. T o ICHEERFY) OIYIRAIE I O % TS 5. 5B 5ETIE, KA
7Yy FREICE D, AREFA NHMOIC X Y F & Wz R IGTD W EEOREIC X
b, WEOHIGEROJRIGCEYNNT 2FRZRIHT 5. fikcld, R 2 MRS
TOFIHEAEROIZEL €, T coMROME LRI -HEOMES X EHN:Z
BIG2c L, B&E T OB HA 3 2 BT & BT O 5aRE O fit MUtk fE L & o ik %
115, ®rclx, 2 IFEEOHEANTEZ, KEAWESEP L CRE Lo QiFmilks
K icOWTHEML, FEMNICTER S Wz ZORnEs o smERS S, SOBREEE « R0
HIMETICOWTOMR %22 L FERIC, KFiLIC X 3 mEDFEEOHIIM 2GS 5.
& O ICTHE R PE AT L 228 U Rl B E R A 0 BN & S 5.

F6FTIE, AR THOLNLMEICOWTRIGZIT, SBATFEEZ Ol AR T
Az D IR O L VRl PR ZER OWEHEE 217 5 EToRE L REICOWTili~ 5.

<SB1EE>
BEORMARH FEOBMB L L O
BIEAROBE - RAMEEHE
LB o Rt BT 51 e
FOBENERBT 5 L CORE RRETN - TFMLES
DR NA 7Yy FBRIRFE
ggl . — )
<H2E> . =ES) b}
SRBEROLLRETMOR SRETNV ggggg {iﬁfﬁg }
B RABNFEOBELRE \ A= ) -
<$H3E> XSRS E T O
BEESH B EOEHERT B FET DRI
20124 B A4S (Guchol)
<HHaE> SRETIICLD
BAOBRHFHROBAHERT BROER
bHFEROBA (AR) O 20185 BA155 (Jebi)
P el SRET I [ARF LB RE LR RRORY |
PHRERE L RRYEE ORI WRF/WRF-LES & ESCY: RN 133 — = -
NHMO 82 [ BERFMORHEORN |
g 201245 B6H > < [FEE | B S 2 BEOMEEL |
RITOBHFHOGRATH B PEEHX CORHDLAL L
RERK (55) OHREFTO NHMIC & B T ARV R O BHT
BRLBEEWRIETHEOR S FEEOBR BEneR REEREREE~OBAEORT
” (EEARDREDT O A0 |
<5B6E>
EROBHFRIC L 5B - RE
REE R SHOBLE
CETBMRORE

X 1-5  FRSCHERL DR



F1E SETR

[1] 55T, (2018). 2018 4E R JEES 21 5 JEBI (182D)AZEZK.

2] ERATICEXRE. (2019). *FE 3 0 ARG 2 1510 X 2 #E  OTEBAFERRSE o Xtk
I CGE 10 ).

[3] HASEE R 2. (2018). JAVKESEIC X 2 (RS DT,
[4] KBRIT. (2019). 2019 5 G 15 5 FAXAI (1915) fi7iE .

[?%%E?%N%%Qm%%ﬂﬁiﬁ@%l5%£l6%§&@%%&%%®ﬂm%%
F39H) .

[(]BHLY )TV RT —F v 77 0—7 (2019). B 15 51 9 EBEEIIEOR Y &
h (HfEEEER) |

[7] ¥ H#TIEL (2019). T3S, BAPEDSH 3 ANH [HIFE SR WL ] .
https://www.asahi.com/articles’ ASMOF6ROXMOFUDCBO1W.html (2019/12/19)

[8] Fujita, T.T. (1971). Proposed characterization of tornadoes and hurricanes by area and intensity.
Satellite and Mesometeorology Research Project Research Report 91, The University of Chicago

[9] R&RIT. (2015). HARRCK REEH A 7 —VicBd3 2 54 F 74 v,

[10] fRT. BEZEDRMET — X ~— X,
https://www.data.jma.go.jp/obd/stats/data/bosai/tornado/index.html (2019/12/19)

[11] A2 (2015). @i EEfa$t - [HfiFsR 2015.
[12] BT GIRE S, Q017)JR T NFHEFTOEEHGA A 74 .

[13] FATSERE, FaARE, 08, SR SCHA, 072 7e, ALK, Va7 09, REAA R, BT ESEERE, Al
HER, A E. (2008). Z2EIC 03 2 SHEHEYIFE OGN T A F 7 4 v Ot &5 D
FHRES X OFEAE Tl & X PR 19 R Rl AR iR AR R B i B < S EEBORARE ~ D
BT IE D HEME BFFE R R

[14] Niino, H., Fujitani, T., & Watanabe, N. (1997). A statistical study of tornadoes and waterspouts in
Japan from 1961 to 1993. Journal of Climate, 10(7), 1730-1752.

[15] R T3 B SEHEMEZE. (2006). 1% 5 X WELRR, 5. CCRR[31]1 & Y 51H)

[16] L hPREE. HFRBEHI.

https://www.gsi.go.jp/BOUSAI/R1.0922tornado.html (2019/12/19)

[17] National Weather Service. Tornadoes in the Oklahoma City, Oklahoma area since 1890.
https://www.weather.gov/oun/tornadodata-okc

[18] Van der Hoven, 1. (1957). Power spectrum of horizontal wind speed in the frequency range from
0.0007 to 900 cycles per hour. Journal of meteorology, 14(2), 160-164.

[19] Encyclopzaedia Britannica. Tornado. https://www.britannica.com/science/tornado (2019/12/19)

[20] Wurman, J., & Winslow, J. (1998). Intense sub-kilometer-scale boundary layer rolls observed in
Hurricane Fran. science, 280(5363), 555-557.

1-13



[21] Ito, J., Oizumi, T., & Niino, H. (2017). Near-surface coherent structures explored by large eddy
simulation of entire tropical cyclones. Scientific reports, 7(1), 3798.

[22] Mashiko, W. (2019). Wind gusts associated with mesovortices in the inner core of Typhoon GONI
(2015). 10th European Conference on Severe Storms, 106

[23] PR 20, i A SRR, MEEE. (1992). mEEY 2 "R & L 7= A8)a)EFE: %
D4, BHEFABEERE - BRI HARRE A KA AR LR, 5 1, 57-58.

[24] #HHSE, ALHAEL. (1992). FEEAR, Y10 TERZH T 2 (KEEEY) O ke LR EUIC
BE9 20198 : 2 3. EHJRVERRE & Al AL H AR A K S AR, i 1, 119-
120.

[25] FrAalEsS, )1 =B, Hroe = A, shAHE. (1992). BB R % 3 2 JEZWn i o UL R 1< BE
I A9, H ARG A R L, #id 1, 47-48.

[26] /NP, IR RS, Refeid A (2010). F§FIARESEYNIC /B 3 2 fioR BT I B3 %

LES fi#tr. H AN RS R R, 75(652), 1081-1087.

[27] HAREREE -2, (2017). VI AR & 150> TG 1R 2— @5 o UG - JRfR BT
fii,CFD @ /7 4 F—.

[28] Hasama, T., Itou, Y., Kondo, K., Yamamoto, M., Tamura, T., Kawamoto, Y., & Yokokawa, M.
(2015) Large-eddy simulation of wind pressure prediction for high-rise building on urban block. In:
Proceedings of the 14th International Conference on Wind Engineering,

[29] B, 29 i A, H Eb—E. (2010). BT v R 27 L3, 293-298.

[30] &) 1148, FHFHEER. (2016). Ei/E @ RERNC GRIE X L72801E 7 4 v 500 o Jalfar 2 A
FW) DT EGEGT D 72 0 OIEMEEIET-% LES O (2D 3) — HABEA ARG R
1E, 81(722), 665-674.

[31] EILGLSF, ) 11#8, /AR 72, BERS, EHATSEHE. (2007). 2006 5 )8, 13 512 ffE - CTHeE
L 72881 X 2 St i o p TR AR, H AR 458, 2007(110), 47-59.

[32] ILARGE, &, milk, BkE 2, L aZa], 3enEE, BT, JILEEF. (2008).
2006 4F 9 H 17 HIC = IRRIER T CRAE L 72 8& 5 E. BREERIE, 27(3), 291-306.

[33] Kosiba, K. A., & Wurman, J. (2013). The Three-Dimensional Structure and Evolution of a Tornado
Boundary Layer. Weather and Forecasting, 28(6), 1552—1561.

[34] Wakimoto, R. M., Atkins, N. T., Butler, K. M., Bluestein, H. B., Thiem, K., Snyder, J. C,, ... &
Wurman, J. (2016). Aerial damage survey of the 2013 EI Reno tornado combined with mobile radar
data. Monthly Weather Review, 144(5), 1749-1776.

[35] Ward, N. B. (1972). The exploration of certain features of tornado dynamics using a laboratory
model. Journal of the Atmospheric Sciences, 29(6), 1194-1204.

[36] Haan, F. L., Sarkar, P. P., & Gallus, W. A. (2008). Design, construction and performance of a large
tornado simulator for wind engineering applications. Engineering Structures, 30(4), 1146-1159.

[37] Wang, J., Cao, S., Pang, W., & Cao, J. (2017). Experimental study on effects of ground roughness
on flow characteristics of tornado-like vortices. Boundary-Layer Meteorology, 162(2), 319-339.

[38] Razavi, A., & Sarkar, P. P. (2018). Laboratory Study of Topographic Effects on the Near-surface
Tornado Flow Field. Boundary-Layer Meteorology, 168(2), 189-212.



[39] Yang, Z., Sarkar, P., & Hu, H. (2011). An experimental study of a high-rise building model in
tornado-like winds. Journal of Fluids and Structures, 27(4), 471-486.

[40] = % FHH{ %5, AR, 75 A0, L (2012). FE2AHERF (K S I /T 3 2 J8
JIFFEICBE S 2 SEBRAVAITZE. In T2 2 v R 20 AGRSCHE 55 22 [ LT v R 2 A
SCER, 209-214

[41] Cao, S., Wang, M., & Cao, J. (2018). Numerical study of wind pressure on low-rise buildings
induced by tornado-like flows. Journal of Wind Engineering and Industrial Aerodynamics, 183, 214—
222.

[42] Wang, J., Pang, W., Cao, S., Zhou, Q., & Liao, H. (2019). Fragility analysis of the roof structure of
low-rise buildings subjected to tornado vortices. Journal of Wind Engineering and Industrial
Aerodynamics, 189, 45-55.

[43] Lewellen, W. S., Lewellen, D. C., & Sykes, R. I. (1997). Large-eddy simulation of a tornado’s
interaction with the surface. Journal of the Atmospheric Sciences, 54(5), 581-605.

[44] Liu, Z., & Ishihara, T. (2012). Effects of the swirl ratio on the turbulent flow fields of tornado-like
vortices by using LES turbulent model. In: Proceedings of the 7th International Colloquium on Bluff
Body Aerodynamics and Applications.

[45] Lewellen, D. C. (2012). Effects of topography on tornado dynamics: A simulation study. In
Preprints, 26th Conf. on Severe Local Storms, Amer. Meteor. Soc. B (Vol. 4).

[46] Forbes, G. S. (1998). Topographic influences on tornadoes in Pennsylvania. In Preprints, 19th Conf.
on Severe Local Storms, Minneapolis, 269-272.

[47] Bryan, G. H., Dahl, N. A., Nolan, D. S., & Rotunno, R. (2017). An Eddy Injection Method for
Large-Eddy Simulations of Tornado-Like Vortices. Monthly Weather Review, 145(5), 1937-1961.

[48] Nolan, D. S., Dahl, N. A., Bryan, G. H., & Rotunno, R. (2017). Tornado Vortex Structure, Intensity,
and Surface Wind Gusts in Large-Eddy Simulations with Fully Developed Turbulence. Journal of the
Atmospheric Sciences, 74(5), 1573—1597.

[49] Dahl, N. A., Nolan, D. S., Bryan, G. H., & Rotunno, R. (2017). Using High-Resolution Simulations
to Quantify Underestimates of Tornado Intensity from In Situ Observations. Monthly Weather Review,
145(5), 1963-1982.

[50] Davies-Jones, R. (2015). A review of supercell and tornado dynamics. Atmospheric Research, 158-
159, 274-291.

[51] Schenkman, A. D., Xue, M., & Hu, M. (2014). Tornadogenesis in a High-Resolution Simulation of
the 8 May 2003 Oklahoma City Supercell. Journal of the Atmospheric Sciences, 71(1), 130-154.

[52] Yokota, S., Niino, H., Seko, H., Kunii, M., & Yamauchi, H. (2018). Important Factors for
Tornadogenesis as Revealed by High-Resolution Ensemble Forecasts of the Tsukuba Supercell Tornado
of 6 May 2012 in Japan. Monthly Weather Review, 146(4), 1109-1132.

[53] Straka, J. M., Rasmussen, E. N., Davies-Jones, R. P., & Markowski, P. M. (2007). An observational
and idealized numerical examination of low-level counter-rotating vortices in the rear flank of supercells.
E-Journal of Severe Storms Meteorology, 2(8).

[54] Markowski, P., Richardson, Y., Rasmussen, E., Straka, J., Davies-Jones, R., & Trapp, R. J. (2008).
Vortex lines within low-level mesocyclones obtained from pseudo-dual-Doppler radar observations.
Monthly Weather Review, 136(9), 3513-3535.



[55] Mashiko, W. (2016). A Numerical Study of the 6 May 2012 Tsukuba City Supercell Tornado. Part
II: Mechanisms of Tornadogenesis. Monthly Weather Review, 144(9), 3077—3098.

[56] Mashiko, W. (2016). A Numerical Study of the 6 May 2012 Tsukuba City Supercell Tornado. Part
II: Mechanisms of Tornadogenesis. Monthly Weather Review, 144(9), 3077-3098.

[57] Mashiko, W., & Niino, H. (2017). Super High-Resolution Simulation of the 6 May 2012 Tsukuba
Supercell Tornado: Near-Surface Structure and Its Evolution. Sola, 13(0), 135-139.

[58] Lund, T. S., Wu, X., & Squires, K. D. (1998). Generation of turbulent inflow data for spatially-
developing boundary layer simulations. Journal of computational physics, 140(2), 233-258.

[59] Nozawa, K., & Tamura, T. (2001). Simulation of rough-wall turbulent boundary layer for LES
inflow data. In: Proceedings of Turbulence and Shear Flow Phenomena Conference, 2, 443

[60] BRIFIE, B L =, FrHAT, 25810 SRR O 3 R AL F— A7 b o<
LES @ 7z % Ot AZZB) R D A %, A PEWTSE, 49(1), pp.27-30, 1997.

[61] Jarrin, N., Prosser, R., Uribe, J. C., Benhamadouche, S., & Laurence, D. (2009). Reconstruction of
turbulent fluctuations for hybrid RANS/LES simulations using a synthetic-eddy method. International
Journal of Heat and Fluid Flow, 30(3), 435-442.

[62] Xie, Z. T., & Castro, L. P. (2008). Efficient generation of inflow conditions for large eddy simulation
of street-scale flows. Flow, turbulence and combustion, 81(3), 449-470.

[63] Okaze, T., & Mochida, A. (2017). Large eddy simulation of non-isothermal flow around building
Using Artificially Generated Inflow Turbulent Fluctuations of Wind Velocity and Air Temperature.
Journal of Heat Is-land Institute International, 12, 2.

[64] Nozawa, K., & Tamura, T. (2012). Coupling method of WRF-LES and LES based on scale
similarity model. In The Seventh International Colloquium on Bluff Body Aerodynamics and
Applications (BBAA7), Shanghai, China.

[65] 5RT THRER. (2003) AR T IEF N FE 7 v BUE T HERERE - B 49 5, KR T
K, 194pp

1-16






25

RRETN « LHELES N 7Y v Pt FEORE



21 #a

51T CIIENRER O KRG (I REAE) - ZERAEAEE TH B -0, B Ot akRE
FHECHEEINT VWD AT FAX vy v TIC X 35RGOEHMEDOREE VT, ARG
DRGEXEREAL, B XORREG AR E WL 2 & Tic X 2 JHli%2 17 5
CENEETH DL ERRAN, F2ETR, ARGEEEL THRRSESL & DMK
RIFARFOTHER % T3 2 HIVICE T 2T Fik e L TRARET v - L% LES ~ 4 7
U v FIENTFEE T 2.

PEE 7 B EL DO RRIGOME D ERICIE, AT AICEEF 2, &E 10km %82
% HipH < D JEGH - REIG D FE A, KO EYBICED AL PIEER 78 & O R TEARE
BROMHEBILETH 5. —7, T OEYE Y OfhCE D FREE IEMEICHILL,
WEHEE 24T D 7= Il 2 DIEV) OFEM 2 R T & 2 A7 — i B W CTIEMICHI S 2 4
BWCeh b, [ARGOIEEHE RN D & A SR 7 — L QYRR 2y HL Y % 5
Z®ITlE, RRET N L THEMILES DZ NE NN ORI A &0 L, #8217 5
ZENEECH D, E7, EHFOEE LT, RRETFATIRIZEALDHBAT, B
() 7 BMEIL BRI D N 2R R F — L DRI X 0 BRI EEIK 25K F R
T2 0T SN, difHIC R E B RS I S A B O FHIICE E 52 % ATREMEA B
52800 ZNICT AR BMETH 5. AFETIE Nozawa and Tamural 1T X 3 757k
YR L2 REG 2 EET 5 RARIC X D, BEHEAREREG - L O SR 0 S RA
B OFERE TV, [RRETNVCET 2 EAEEBOMEIC X 2 BN %X 5.

LUTofficld, EHOREEE» %52 [[RET N - T LES ~A 7Y v g+
%] Dekobilaz R L7z0b, FERETORME R TR oW TEHNT 5.

22 SRRETFTN - T LES A4 7Y v P ko 4

X 2-11C [RRET N « TELES A 7V v P oA 2 ESoRs. 12
KRR TRRET AN - [EREAE R ARG - 7524 BCM-LES
D 3B OBUEFTR R I N 5.

2-1



VDK 2 [5ARET AN CTRIFHNALARET A EZHNT, BHEDOGE -
BWEREROLOELRRE 2 b, BROBEEOHECHEAE oML, FAE&IconT
¥, BEBIUHETHZ AV P 7 vy offilh L ARG 0YBLERIcEE OV 725
ISR EBLT 2. Kic [WEEEEK S BERGTH] TiE, Nozawa and Tamura D JjiEIC
Ho%, [RGICN LT, Z0FuEY; & IRENG ORI IO\ CIEEEN I = R A B sy
DAL & SHRIEAL 21T 5. &iRic [1#3EZEH BCM-LES] TIIHTERE %o hiz @A
WA E % A T AR O JREIS & i ZE o LES SIS A L, WISt - BEstEe L
FEEEZERNICIER & L % MR - S2EWEE OMRNT L, BRI < O A B DR, Yo

KIEEZTTD.

ING 3EMBOHELAEL T, ARG OME L BRSO o & OHAEIERZ R I 1,
HMERD X O R RNGORENAREE 2 b, 2B DWW T HEABREEE P v —
ZEER XD IEREICEEHlicE 2 2 L slifFan s,

BELE -

BEEHEER

ALESICEY
’// SRETIILABEYR
S BRREDE N
‘ EASE - BREFELT
QEEZRIBCM-LES

HKBEN  REEECRET 2
. "ﬁ B & FE % BRA
Y & O ER

B2-1 [RRETN - THLES A 7V v N FiEoP A GEED T — X & HlR)

23 SARET MG

AWFFETIE, FEMELRREFRTIARKETTNVE LT, [QRITEIETHER & JRI5E
Fric X Vg I - NFEET L (NHM 7 0) B B X OCKREIRG S 2 v & —

2-2



(NCAR) & KEERIE F#ll+ v % — % Huls & 3% Weather Research and Forecasting Project (WRF
7mY 7 b)IiC X o CTHIFE X 1172 Advanced Research WRF version 3.8 (WRF €7 V)Pl X 1
BoN7zR8R50 T — 2 %FHL T»w5, NHMET L& WRF £ 7 LT3 D TR
oI FeT e LTOERB R I N TE Y, ENOKOTFEIRIESLHKE Tl 3
% 72 DIEE IR EWIFED A F — B3 AAEN TV S, 2O UM AR DB 5
TCHEE N UL EL BT 2 L cHEETH 5.

ek, ERdo X 5 REEMEARTE T VI lkmBA ED XY R — v RIS TR AR RE

BAF—sb EbiTHuoNT W0, TETIEEIEEOEN M EICX Y, 2k bl
POIHEECOMT O FEMTE 2 X 5572, 1km L EORMEETCIIH 72) v F X
T=ANDT Ty 7 AFME—RITET A TRINT WD, 2L d+0cilzri
TV TREIROEIC XY, RACHE & EHEOIRESPIRFTE 2 3 Xty 77
Vy K77y 7 ADEHEREE L 785, ZOZOKRRET NVICLES X4 T7OEIRA ¥ — L4
AL 7ZERMEBHC NS, KIFFEORRT — 2 fEFTICBAL T, NHM €7 L Clk
Ikm AT OMFECHW O TE Y, HICLESZHHLZET ML VEHR I TV S,
WRF E7MICDOWTd, BB lkm MUT OEE CEMT 2 58 ICEIRA ¥ — 2% 0f
FALCHEL, ZoERic X 2E7 L% WRF-LES €7 V& MR L 7=,

KAAT Yy FREICHVWEZA )V F LT =2 L L TORRET VO CIE, =i
BAEBNK 5T DR DOFEEMEE 235 2 S —J7C, @EKREB S DA EZIT S 7291
13, TCIRARGICE W2 KAELT R L DRRGOEE A H s RER GRS hTnws Tk
DB T B T L b, HEBREERE CHRZIToTw . AT CIXARGOENAD
AT —ABEAA— IV DA =X —THDEHEEEEL, JRET N TIIAKPHHESE SomE
FERRRE DT 2 FEhE L 72

nd, [RETNEEBFBLZ 1km 25 100m B DGR CH W CEHR 21T 5 56 D ildE
LT, BRAF—LICIVHEINEF T ZY) vy FRT =L T Ty 7 AR, KREEEGE
T NMICHD CEE—RITET A TD, Smagorinsky T V78 & D% KIE 3 % W%
DLESETFNTH 2 TRIEMICKHTE R WL W), REEEFED (71— —v]
7Y Wyngaardi X VRS T b, JRET LV OERA ¥ — 2 2R T 250D fF
TIHNCHED H T 5 23, BIEFS CIXREDOMHICIZE o Tz, —J7 Raietalld
WRF %W 72 EXROFIRERDL O, AV AT —Ahb~ 4 7 ORT =V ~DAAT 4
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VIRTORE, AARTAVIEXA VDY) vy FHAXFEREILTCHIAIEL 5 %), &
LDMREEIC A5 F AL v &2BL L, ELRET MIC X b I 2w CEEGHE 21T
T, [Zv—y—v] OERZERTE 2L 2R LT, ABECH 25585
DF—2%, FIEOMRIEICH D BHPHTIR SEOHBIIKRE 22 v R4 X E v
TEHRI N7,

24 KRG OEFPEST OEAREHR

BEICIR RT3 0, RGO e JERZE B iR O i 1 5\ TEE T H 2 23K
DERRETMCEOCTRET 5 C L35, AARE T AT CIEERERHT 21T 5 ET
DL 25, 72, MRAR DALY TIEEROEFENOIERESE Y, mEDR% 5
HEOKMOMEZET 2 7 A F 70 v Mol M REAEEIFEET 5. X ) aGo
R Ky DR 2 AT O BRICITIREG 2 E BT 2 BT L weE2 6N, L
7235 T, AT TIL, Nozawa and Tamura D JEGH G O & BB 7 D A FIE %,
i SR DR SAR G~ D % SIHICE T, mESG L EL T B TRICHRIR L 72, ARfiTl,
Nozawa and Tamura IC X 24 U Y FADOFELFHAL 72 LT, AR CTUR I nzEe 1k
DE A Z lidh T 5.

24.1 Nozawa and Tamura D}

EEEE BN DA Z TV 72 WRRE TV (TR A) ot REMEEic L, XY
B OIS TGRS % F5D LES I (IS MR A # A I ¢ CRET 5. T NZTNDOIKTR
TOWEG X, FEFHME Navier—Stokes /TFEFIC X DI TX 3 L33 ¢, [RET L DRIC
DWW,

—_— _I_ —_—_—
at 0x; Ox;  Ox;

2-1)

X0 B OISR O LES fEI D fifIc DT,

oU, oUU, 9P ot

—4 -
at axj

i 2-2)

2-4



LRINDG., JEGEELA VAR NTH S b, SFREHITEEL 2.
ZC, t;=00-00, 7 =00, -0,0, 320 ZnoiETRTOY 727 Y v F (SGS)
JEHHETH 5. ZNHLSDFAZNE YRR, A—F 4 VT & DOYEEIZZENEN
SRETN, LESDZ ) v FR7 =1 (GS) M Thsd i,

miRoELES L, UFoRick 3.

o, -T) o __ e _ o .
e (U0, -00)=-—(F-P) = — (7, -7,
ot e L/ o = F) axj(f” Ty) (2-3)

TANRZ—FEE 2L fTo T RWIREU2 S, [RETNLDOIKTTD GS K5 U v
TR D % u L ERT Du=U—-0) &, TOuDHH LESHETFICK > TR EI L
D57 u TS TR DRMREEZRZ b b L &, UTDX5icik3.

u=U-U=0-0=0-0 24

L7223 T, REB)ZEIEMICHREL & T, LESKTIC X » TR & N 5 N & & RINAE)
Wuk KDDL ENTES, (oML Huzd LORKETMICLZWING T LREL
HbE b LT, MENARKSORERINZEARE U 258 T 5. Kiss o
#xX 2-1 1TRT.

BBEXRETNDON Y A TZEEHARE L, EHNEBICH 256101, 0 13RI
RIS X 2 ANV F —(RETHBK T OEEL T2 &L T, IR0 L%mD 2 EHRUET
ERN

Power density

1/A  1/A Wavenumber

¥ 2-2 Jfitad ik o3 D BE LR
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SGS W1 = U0, - U,0;, 7; =0,0,-0,0,1%, =AVF—ART—FicET2a
DPFCHIRD o 13 2 B R D 2 N2 IR & FHNHSHIE L T 5. {REE 2 &
DIANF—DMAICY 72 57;; (3 Bardina etal.” 12 X % scale similarity € 7 V12 X ) XD
IICRBL TS, ZoETUE, HOREERFZRW L OHEALEEEZHL T
W3 H DD, DNS T — X _— & OB E .

%, =U00; - 0,0,
E 7 @B~ O EB) B O Y 7 BT 1T 3PN B 2 KRBT D IcE L 7

Smagorinsky €7 /L% VT %,

_ — - 25 [o5 1 (2-6)
Ti; = 2vsesD;; = (CsA)?|D|D;; = (CsA)?Dy; |2D;;D;;

2T, vsgs = (CA? DL MK MEARE, D i3 O FHBMET vy L THDB. ClE

(2-5)

Qll

Smagorinsky & (AHFZE Tl 0.2), |D| = ’ Djj3VF AT v Y VEEDORE X TH 5.

I, AR I N 2 LB uS KB R BELIC X 5 = 4 v ¥ —(RA TS O LB L
EEEBRWIERRGET 5720, @lilKRGBARAT VD7 4R ) v &L 7zudkiH
D30 1IN 3% X 9, Goldstein et al.®! @ immersed boundary method D% z /5 IC 5 C
feed-back forcing IZ X W AKIEEUK 7% 7 v b § 5 AT 0IEZ X Q2-3)ic s 5.

fxa%)=af%xu%yu+ﬁ-ﬁamg @7
0

::f,aaﬁiﬁﬁ@lﬁﬂ&ﬁaﬁﬁféibéﬂﬁx—ﬂ@@D,:n%%%%
THZLICE VUK DA EWEI DL LN TE B,

242  ImPGIROEA

MBI DI A1, Boussinesq T % E A L 72 Navier-Stokes /T2 ICEDWT, HEY;
D @ JEEEB G OROERCEIT o 72, 72 TN EENT 5 RED SRR ABI S DR
D E A% Nozawa and Tamura D J7iEICl > TIT - 7.

Boussinesq #/TfHL % 35 A L 7z Navier-Stokes /2T H-D T, Nozawa and Tamura D 5k &
[FER D O D S ER R DERL 21T LT o3 HE o 5.
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; _ —~ Jd _ d
-+t Ui ]_UlU}):__(P_P)_a( ij L])+ﬁgg6z3+f (2-8)

Z ZC Boussinesq T X W AE L 213 1IEHICIE, § =60 -0, FT7abbH LES TELNLDEE
JEABR ) % SRR L 540F L L TORREF A OHIKFIC S CREEO D=
TRINZBAGOBFIWEBK IO EEN TS, B IIELRDHREIIER, gldE)
HIEEE, 8;530% Kronecker DT A X TH 5. ZEROWREFIREKIINE 70 7 7 4 LD KIH
& /Ml (2213 10K AN O FE91EO, 12 X D B,=1/0, & 5 % 7.

RE-8)ICE TN B WG O E B0 % KD 2 720, REG O & RER S 0 &L %217
5. RRE T MET R DIREKIT0 DX /T2 UL, & Reynolds BN TH 5 Z L b,
B & GLIILEL D 4 % E L TR,

96 00U;  dh

o ok, | ox
LRE S, E7 LESKHE TR CTORBKZOICOWTIE, KA THRE 2.

29

00 90U, ok

— 4+
ot 0Ox; 0x;
ZZT, hj=0U;-0U; & hj=0U; - 0U;iF SGS BWiHTH 5. ZhbLUtDF L 2hf

XoYHE, -4 VN EZOYHEIZIEFNEFNIRETAKT R, LES 12D
Vy FR7 =1 (GS) B ThdbLrwkRT.

(2-10)

LES O TIC L D R X N2 & 6oL, Eo=HoEick hRo X
ICRT LR TE B,

% 2 (50,-30) = -2 (h —F) 2-11)

Afge i, KE-11)&, KD MHEG O R %2 HA X8, [RGOMITiEE% 5500 &
LCTEZ LD, MEADNRZERE L -SSR O ERGHR 21T 5 72, SGS 2
W7 7w 7 ROV, JEEY; & FRRIC, h; % scale similarity €7 /v, h; % Smagorinsky

ETFNMIT X Y ERBL /2.

= == == 2-12
h; = 00, - 60, (2-12)

}_l] = VSGs/kSGSaé/ax]' (2_13)
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ZZ T, kggs |XELUE Prandtl 81 CTH 5. KR TIRARETVICBWTUALEHAIATY
% Deardorff DN ZELRIE COE & —EF % L ) ITkge=033 DEH L L THZT-.

243 ImPGROXHIH 2 PR

TR —)LTD LES ICEWTIE, Boussinesq LT X 0 G~ DB D8 % &
B3 28, R, IRERRAR L LTHWT, BSHT 2R 0BRSS N 2 iRE S
DORNICE RN O EEFERT 5. —STRRAT — L ONGTIL, mEZLICHE-
TRIENZEL L, WEEE - T 5 2 & CIRENET 2. £7220 X5 AhiEs
] DIREZACIIRE R i I OFERPKADREEIHEL 5 273\, 2D X 5 miEHIc
LYV RRETATIE, WIEAR - RSN U CRF T 2 IREVE ©H 2 R0 2 REV O fiik /7
BRIcHWON S, KFFED X H i, [RAT — A DEITH T, Boussinesq VTLIC & »
JEGHIZG~ DIRENG DB R F T 256, JRRAT — A CTOF OFHEICIE, AL E
Wb Z et ch L L EZLND.

7277 LEBORRIS TIE, WAMA ER L COKRLASRINT % & ERFA L, ERiE
B E N 720, BRI ERMPE L R0 %R, 2O X5 RGICE T2 KADKE
JECTABIAZ T 2171 %% 2 256, HEMRMA X CHVWON S, ZOfEIKIRAICZ D
TSRO R % TR ICEHS S B B RE INA - D Th Y, EEOZEITH: S I
Bodf 1o L OKZAROBAIRILICE D b FRIF I N 5. MR, SRS oR2KSy
DEDOERZT 55, WHEIIIES M OFHEBIC AT, @HEAKTF T M OKZE KR D%
RIZefic X 2 0 OIS W, KfFRIcB VLT, SROERER CIcowTiE,
RN % Boussinesq T X 2 UMD 2 K REAE L L CTHW 2 Z EBA[EETH 5
LEZLNG. b, BETREINAT AL 78 F BERENE LVWKDIRALD
DEET 2 X AREAREICIIIOERIIYTIE LA,

FERRIC, AWIZETIT - 72 NHM TO 2018 FEH A 21 5 Ok 2 n 9. 231073 &
5 ICENTEWTIE D 0AR TIE, RN DIFRTHFIC BT, EEHEAD SRS IRAL AR 12 5 2 B R
BRE N, X 2-4 DACEBIRIO 02> 6 13, A& MRSRMOEB O X < —3K
LTHY, KOBEEHITZMICHEN—tkTH 2 Z L 3L I 5.
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LAEDERDBIX, [RAT -V ORAGOYEE L, AR TRIINS
23, BHEOFRAET 2L CRMMSBRMIC Lo TX V#YicRI N b oL Ex NG, 272
L, RQ12)DEEEEBK B\ TlE, BRNFECEHE R4 T 2 sEICRAL 2 v 72
Gt d 2 OB IRENTH L L FEZLND. H—IC, HEHFANICERMS ERLTWwSZ
ST X BN OFEICHT BB ICOWTIE, RQ-12)TIHHWIET & E L& T DD
Lo ThY, BRI LY FOFEBITRESIY o, ZORSre LT, Mk
HEORDPEL ZEXMEINS (b¥piclBkRkeERs) . B, HESHEHELET
ZEAEBRTE RV LIGRRT 2504 U2 IC D nTh, BHEROREDF S
FEETEEHD AT — AN RBICL728> TNE 7Y, 5 e Es sy ot
U IR & BLIRIE RIS & 2303 L TIEic % 3 L Ex b, KEEBO R 7 —LT
FRRET N LY RO E L LRGP GLMFIC X VIRE SN E —7, ERKE
B D AT — T BT B EHREDF A T oW T IREZ R SRR IC LY - 7= i &
DB BLRIEEUC X 2RO A %R E 2728 LT, ZYULAMES 25 2 ATl h
LHTH 5.

L7228 CTARIFECIL, B0 R 2R T 2YMHE L LT, KOBEELDZER D
FEBRHI/N & s 2 & AR X L7z NHM @ 5 JE\ D AT s 5 o i i A8 B AR A R - TR 24 3
Mz, Zofhor —RiconTi, XY kiR GEL LR Z AW Tiir2{T-
7=,

max=330.20 min=302.79

mar=369.29 min=356.50

[ Sar—ee——— )
3036 3096 3156 3216 3276
BRADZE 27.41K

356.70 359,60 362.50, 365.40 368.30
%k@ 12.79K

2-3 NHM I X 347 PT (FE) & HHMIRAZ PTE (F7) DBk 50m 1B 2 $hE AR

(R AR B R REIR O NE-SW R AFR IR - 72 1)
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PTEK (2= 50m)

30285 30360 30435 .10 305.85 35616  356.86

s,  am
BADE 3.5 BADE 3.23K

[ 2-4 NHMIC & B PT (2) LAH4IRAT PTE () Dk 50m 1< 351 2 KP4
(AR R A A B 0 R > )

244  ERIBOR P EROFHRSAT

Z O CIIE RN ARG R O — 2 TibET 5, HETEL ML T,
KA S0 7 & DFTHGME 2 3K 2-1 IR, RITR L = RO FIEH TR RO AR E
TV ORI TR L LESOFHEIE FIROHER L, —77, FROMTIRIIZARE T v icht
L T scale similarity €7V C{T) 74V E Y VY IEED 7 4 VX —RTH 5. Hiho L E
D, RRETNCEHEEEEBE PR E CHET 5720, FMHREIISRETLVOE
BroZzNL ) DB O FREL DL, Lizd>T, [RETNDIMBREICEDET
FNIGOREEZ LY K372, scale similarity &7 78 EZFHET 5 & Z IV 3RR5D
7 4 NV Z—lg% LES DIEFICN L CRRET A7 A VX —IEOFEiZIT>. 207 4L
Z—lEiE, [RET N L LESOEOIE TR L 72 5. F7- 2 o LIzE @) e &
FLE DB 2 Nk X 1 5 76258 A X T\ 720 one-way nesting & 72> CHh, MR
DI IZFELR TR > T B, L2 > THRNIIFE D S/ Lt 72 EZ260 m 225
120 m P28 ¥ CREMREIL & L, 25220 BCM-LES O#HAME & 5% 5 2 2 BRic,
DEFE TR LR FE LY b TOMEIICE, &AE COR MEOfEICED Wz~ &R
Ta7 7 ANEE Z T R TIEECEY)IC X 2ELIC X 2508 KT 5 2 LA
HREE NS, LzddoCAY Y Iy TR L B b OFFRELTER L, +orickh e
TIRRECEM R 2 FhE L 72,
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K 2-1 EEBAE R DFAE T B 1 5 IR R

SRR fractional-step 14
4 sy GRS
SR LA G

2WHLZESy (RES)
2 ¥k Adams—Bashforth i (B i7i1H)

Sledle 1 ¥k Euler [k (£ D fthod1HE)
JE IR SOR &
¥Rk A/A 2.0 (GE#1-1b), 8.1 (322hit)
R&ET =40 4 Y b-spline 4 (Zef)

LES ¥+~ | Supsdin ()

25 %R BCM-LES

SRET N - THLES A 7Y v IR ORISR T v 710 7= %, Tifhih - fEiics
2 SRR O ANT B X NI 2 B ot i, BRFEHERIEZE L v 2 — 1t X
b BH¥E X 172 BCM-LES % W CfT 57z, BCM-LES & (%, BEEMER~LF 7Y v Fig
-2 A7 2 (Building Cube Method; BCM) Z £/ L 72 LES TH 5. [X]2-5® & 5 i LES 7
ZEAY A ZDOVHRICHEL =0, J\AKIC X 208 %{T\v, 205 DI7S51K (Cube)
P[RR (163) D NEREHERS T (Cell) ZBRE T 5. 2D X ) g FREZ WS Z & T,
WHNEHERF D& 7 — P32 A2 S, FHRZZIERICER T % 210,

2-5 BCM-LES I X 2 & F-5E o fii3]
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X7, EYCeHIIZE RILT 2 IR R 2 KB4 577 L LT, topology independent
immersed boundary iEMAEH T TH Y, FRAGHEIET-PIC I\ TYIRKTE D no-slip 514
DHHEINTWS, chickbh, D20t 20@YREICEDE TR FRCE 2 A HE L 72

D, FEVHRBIRZ 7 ANVICEETNE Xy v 7PER Y ZIY RV T 2B ERFREE
72 0T AERDSKIECSRIL I S, L2255 T BCM-LES 13, i [/ #ipH % 58
& L CRAENGY CRUAATRMAEH R IC B ClEN MR 2 R 3 2 C L 2SR & L %,

BCM-LES ! Cao and Tamura®!ic X 0 A Y O = fidbT 2> &, RGO RLERE 15
IZOWT DREED T4, JTIC Tamura and Kawai PNC X - THEET FZEICEE L5 o

t—L VvV MESICOWTOOH L ICHONT WS,

BCM-LES T 3EGE & [T 135525 A E D die O 3 & Navier-Stokes /72 ICED %,
faractional-step % 1C & 0GR I 41, WEBITFERE I L Tniaw, K22 IR TEIFEICH W72
BUEA * — 2%, ARSI NN E EDARSE, C OFHEOWIAS S X U
mOBREME LThx, HELFicowTit, SfEEOHENRIC X 2 2m OFED
7= t, ETHHEBO SmHREORIE T — % % v CHBL 7-.

%022 BCM-LES ic BT 2 Hmsteset

FHETE fractional-step 1%
R E |
(BuitrI: 1 wJa B35y 5% )
RF IR TE 2 ¥k Clank-Nicolson 7
E iRk Red/Black SOR £
ILGRET L Dynamic Smagorinsky €7 /L
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26 #s

B2 EmTIE, MinAREEROTEZ TS 27-005RKRET NV - TH LES 4 7
Uy N FEORSAZIREL, TN FNOBMEEE O FHEICO VTR L 7.

BARDANA Ty P FEORHHAR IO WTIIRD L 5 ICE NS,

o EYOREMWIHMIIZITS 2 &2 HIVIC, MIRAR DKM - 22258 o FHH 5
O OIEEFIRR T c2 —HENT T 2 7201213, HIBERKK D4 2 YiiEfs
OB L, W TOEYE b OFEGUEED IEHE R I R OIS SETSH B,
AR, BIXUORRGICHEICEHNEZEDEBIC X % v — 27 a0# - MUEDFE
fAEETH 5038, JRET NV CIEEEEBRS PR E SRS 2 BEBEE
T2, Lo TAME TR TRRETAE] [EEEEE S O HEK]

[F5E22[H BCM-LES| @ 3P0 O I 12 Tk iR 7 2.

BB OBEE T EIC O WTIE, UToetshTh 3,

o MEELEN® FRRLEMYBLAR % ERE Ik 5 2 & 285A[RE 2R e EMR T D JEE:
NFEZRET NV NHM, WRF # W, KRELRDS—EREEE X 0= 7k
& 50m R E DMRIG D RRG DT — X B EKT 2 L & LT,

o #J 1km X Y DA WIHRE CIE, BLIRIC X 2 3 XTTHI7R SGS 7 7 v 7 A D5
DSBEF IS 72 205 LESHH L 28 (LI X W 5 R %2175 72, 1km 25 100m @
EIDRURIE I, @H OFTEELR, ST 2 {5E L 72 LES TlE SGS 7 7 v 7
ADHEE B IEFEICIT A B WREIERED [ 7L — Y — v | i8o W TIEATIIS
#S5EICLT, ZOMHEORHMREEICH L TRE R F X4 Vo TRl E Hv
TE#Hid 5 2 L e om/MLE X5 7-.

o JHELEELRRG OSBRSS OFAK T L LT, Nozawaand Tamura [1] D5
RET VTR 3 KITHEIG I3 5 @EERABI R GEIC R b Vv, RES
D JE 2B A O E AL % 1TV, Boussinesq ML{El% F v CEGE & #. X ¢ %
&C, HEXRERL 2, Chic X ViREGE2EE L CRRE T VEHEE O
BBy % 3 ROTINCHAER S 2 FiEx A 7Y v FETICGEAL 7=,
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WEVE & L CTd— %2z %2, KOBEE LD ZERI 23N X WIGE TN
BN EHWBZ &2 LT,

Mo E)R - S, EMICE RS RER T 277 LT, BCM-LES

EFRALE., BEAER~LFZY v FIETICX 28 FA4 K E immersed

boundary %% FH\» 2 AFik1L, LSS O KBNGH O BB AR CIRE & 75
LEMREROIE X v v a ERICKE RENEEET 5.
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31 W&

55 2 B AR BIR T o it o Ji#Y; - 8% TS 2 -0 DR RET L - L
FLESHNA 7Y v P 2IRE L, % o ARG O SRR AR OREGIR % % E
LERME %2 T o7, B3 ETIE, B R~O@EM Ik s, ML E1T o 72 BEEK
Sy PR G HRL % BRAEDN B S8 1< 35\ ORI L 72, WRF-LES i€ X Y SiFf g ol % 170,
FEBH L 721%, AR NZEBICO W THEULPRERT, A7 b ic X0 @ %47

7.

32 GRS

XA 1T X 2 MR 72 R HEAEI R X 3-1 1R 3. il U T B SR A
RSN 2R L 72 WRF-LES IC X O /EBLL 72 IO K & S EFWITANCIE 13 km, A-¥
vIi 65km, SRETTHICIE2km TH Y, KPETMEEEILSO0m TH 5. ELIRA F— L4
& LTI5RTKE X ¥ — L%z Mwiz, PISM: & U Cill e ic—RinE 10 m/s 25
Z, BU320CR LR % G808 L7z, #iK D6 240 Wi BRI & 52 7. % oft
ZAfFIdER 3-1 1R T,

sm  WRF-LES
! — 2km
, E\\\:’j Turbulence - 0.6kin
y ) regeneration
"« | Wind 2km 6.5 km
13 km

3-1 BT PR A G TR OIRALIC A 7o RHR I O (X

Altitude
+3K/km
1.15km _
1km +8K:Inversion layer
Constant

300K  Potential temperature

32 B P A ARG TR D BELIC 7o T AL e
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#$3-1 WRF-LES IT X 2 xfifisE iU st st

13km (EFAH) , 6.5km (Z-Sv )
2km (BAEJTIA, HiEH 5 2km £ T)
MR AEF 1A S0m,  $RTE ST [H] 38-44m

IRF AR 0.5s

BLAF—24 | ISR TKE A% — 4

HhFKMHEIBES © Monin-Obukhov & 7 /L (JEUHE L),
BRI 240WmP (R A735)

FET W

e

ol it - (I BT ¢ SRR R,
TR ¢ R A

WIHAZEE —Fk 1onys (ER) , 4.1 GRAT)

R PR AR RGO G AR, EWUTIA 4km, RSV FE 2km,  SRTEJT AT IR
333m 25 966 m £ TOH 600 m DEIPH L L7z, % DD FHHEEMIRE 321087, &
B, ifHEAF - LFOTRCOFHECHBEOLIIE, T TIKR2IIORLZEEYTH
%, WRF-LES DEtHETIZ, BFE I FHEIGE R O 2lICHEL, £ T VNOIIRET
1 RERE AP B AL i & A3 Tkm DA B & 72 O RE 7 RABICHKER L 72, WRF-LES O EHR A
2> 5 12> & 1 K] 20 47 & cofl0EiE s X RN % 2.5 oI EEZRIFL, Z
N @R A GG RIS 72

32 RS IC 3B B R FE R O R RS

4km (FEFTH) , 2km (RS H5HA)
b 633m (PATE /71, i 333m-966m)
MG KSR 25m,  $RTE T 1] 19-24m
IRFFEII A 0.025s
WRF 7 — X D AS] 2.5 i
LSS BT 0
Bis ot BN D BJBE O (Neumann 551F)
HLI Prandtl 5% 0.33
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33 R
33.1 s X b obREISIC X SR
151 & 439m TOKFWTHNC 351 2 JJGE & Ay O A B AE BRI % X 3-3 IR T,
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