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Numerical investigation of local severe winds induced by lee-wave breaking
over topography in stably stratified flows
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This paper describes the numerical results of local severe winds induced by the lee-wave breaking, which
occurs when uniformly stratified flow approaches a two-dimensional cosine-shaped hill in a channel of
finite depth. All the calculations were performed with the Froude number Fr(=U/Nh) in the range 0.38<
Fr=0.76 and the parameter K(=NH/7U=H/7hFr) in the range 2.5SK<S5, where U, N, H and h are the
flow speed, the buoyancy frequency, the fluid depth and the hill height, respectively. The Reynolds
number based on the hill height h is 2000. The boundary conditions correspond to those of a towing tank
“experiment. To investigate more clearly the effect of the parameter K (i.e., Fr) and the wave-breaking
region on the local severe wind, we focus on the first occurrence of the lee-wave breaking. It is found that
lee-waves thus generated steepen, then overturn and eventually break, and the nondimensional maximum
surface downslope windspeed with ug,,,/U=3 is observed in all the calculations. The effect of the hill

geometry parameter is also discussed.

Keywords : stably stratified flows, lee-wave breaking, local severe downslope wind, numerical simulation

1. 1XC®IZ
RLABERBI—RICHREARICEEIELT 58E
RiEEHFL, KEREICHRT 2558085 W Ehwix
BARAORNE, LEICADP>TEEBNILKRBIERE
BERTHS. REME LIRNSH EAEEY P8
M, $5VIIEMNEZEE 2B, BhiBic
BOFNBERL, L REBHREPHRBEEHHBER
T5. FCHBELHEZRFLBIARTIB(E)V LA
BN EEE, ERSIZL BRI -AE
HBEOZANXF—EZDOREE L hERHOMICHRS
NTYERERRPHERABRRICREZREEEZ52 5.
ELZOIIINEC2RTEBMEZEE 32 XERE
WICBILT, ELEFMIC X BBENHE D 217>
T&=. 2O, LAoRG[BETERZI WAL
RNEBEERT -, EBEMERERES REBAICE
BLE. ChoOEZELT, EEBEOELICH
RI2EEFEHRNL, BRBOBREE U LfAE
B aELBoBs e OBREMBA LY. £,
WEEFROEEE RIME-BABERNICRT 2 RER
BOMBZASHPICLEY. IS, FHEAADRA Y
VafRBEDORBOPEHEBRIIEIIREERGT
Lz, RERBHRE T OMEELRNBTICED

—655—

R&E%ﬁ&é%bt”.—ﬁf,iiﬁg%txm
THRT 2 EBRZPRHBBERL, R KX E (R

IIREKLE)ICRE L, BRNORENMEL LTHE

BETHoY. 2ITH LI, EBMERDICIBNT—
BARAEE T 2 RN OES(GERE) L IEER %
oz LY. Fick B REMB LEHEICE,
WEFECRTHROBESBEL, HRL UTEEL
SRR A D SIS T A O RE(HEICERE h B
ZEDTFRINE. L LANS, ATHOBRELE
U2 LEBEAOMBEICN LT, BEBBDRER
M, BEME, ChiFVWFERI NS EHHEREHOE
HRG EOREHCE L CEREMIE - .

I TATHROBBIZOWTIX, BARIFZ(H 2 IEX
BRI 1), KAERER (I Z X ST 1Y), BES I 2L
—ya (FIZIEER D)k b, BEVREET DY
HEHEPZNPRBEBOERICE X 5 ERY,
IhFETIHLELDHRPHEZINTVS. Fhmk
T, BRSO 3R T 2 A& I D W CREM R R
EHTHORTNBIEE UhrLigds, BRTHOBE
DRELBZLREORBECN LT, BB
ARERY, BREME, ChiCHFVWERI NS B
DRGER % FHMICHRE U 2 BERNARRIZEA SR,



ZITARMX T, BTHROBENHELE LSS LHEHE
DRBEICR LT, Z4%KFIM)IC L 52K uERMIE
YIalb—yary(NS)zTwV, LRt
N HRBEAFELEEETS. EEAKIC, HEE
ROEBIIOVWTHRETE1TS.

2. EHEFIMIC L ZHERTEE

2WTC EE BRI %38 & B FEERE D % B BB R (R E K
BR)EEZS.BL, 7>ARVENEEAL, BE
DFLBERET 2. LAORIETEZ I Wz
FOFRNEERT 58, EEMEIERES REA
KRBT 5. R-UIART &SI, SHREEREx-2FET
R E #he UTKFEAMICL=400h, $A1E 75 [ (CH=6h
DEMEETS. JIT, xiZEWAM, zixHESE
ERT. B ERIZZOE RERETS. IhiE
WH ERANGERT 2 BELEBORARRANDRERE
5€B=HTH 5. REMEORRIIA() Ttz h
5394 BABTERT .

h(x) = 05x {1+ cos(nx / a)} (1)

BL, 20HMEX | x| <aThh, HEENORE %
MINTA—FiFa=1L§5. EEME»P S+ LERT
BEAE()ICBERAE(doy/dz=-1)2F T 5EXK
BEBOEEZ, CNICHBKEFETHIGT 2EKE
NhiEERELT 3.

2, A: Heth
EXC) Cosine-shaped hil ¢
NV 3 i >

al
< 320h

< X 80h——>
L=400h >

®-1 StEMEE iR
KRAROFKANERIIYEEER S (=u, w), BXE
B o bDTho’ (0-0y), BEREABp» SO
Thp' (sp-p)TH3. EEMEZBEZ2EERBR
OXEAERE, #RoX, FExT - A -V AR
R, BEHELLROERTETEIUTOK(2)-R(4)
T had., HL, 754 L8E(° )ZAKT 5.

— =0
0X;

(2)
R TI
Re 0x 0x; Fr? °

du, du, ap
—_—tu— = -
at J6xj X,

(3)
a—p+u.—(?—p-=w
ot ’ax,.
(4)
RB)DERIT/IST A—FReBLUFriZL 4 / W
(=ph/ )& 7 )v— E#(=U/Nh)THB. T T, 0,
XSEEE, NXFHRBETN=-(8/ 0,)(do/dz), g

IZEAMEE, wiZHERETHS. ML TR

 EARBAH/MA6)ICRBINTHAOT, HICHESW

F= RTINS A —FKEN/ ) IR R M 2 E ALK
BN A—=P L LTHEET S, KK TIIRELEDH
B LtkEAWa. 28, FréKizidFr - K=H/rhDH
BB, FrBMhINZE, TRbbB, KBREVTY
LD REBRBLERNEEKT 5.
AMETIRERBREFOMILELFHENE, il
FREZEELIPOSHEEICEET 2280, — kil
BEROIO7— MEFELGAL, ES/EFM)ICL S
BEESESI2L—2ary(NS)#1T5Y. ZZTao
r—MEELIE, SEERFOLI RN ELER RS
v, BE o, ENpEERL, LIVAREICREEERS
Ui(=U, Micya 7 IR UREIEERT 2B TR
TH5d. HAEZNTY X LTEIERBEE L, K
RIETHIIA A 2 —BfkicEI<. EACHET SN
7wV HRRESREIC & DR ERIEDEIBILIC
BALT, R(3) & K (4) DR FIHIIZINAGERE L Z 2D
AF-FZRARAX—L0%ER L, R DL TOLEMIEIC
R2RIGERLEDER WS, BL, SHEOLRKE
FLEMIRBEIC & B HREE(ARES +H45HH) T
ELLT R, BEAy Y alxERAR(x) L BESE(2)
501 X 101 RDBEERE L, HMEEFEORNMA v
244 Xi& Axy;,=0.025h, Az,;,=0.003hTdH 3. ¥l
ZHFFA N TR - TH B, R-2ITHIRZKG
2RT. RAETIIRATHOERK L BEICHES RO
ENREHEIC T B 28, BEOMEE N1

du_2dp, -p-
dz dz 0, w=p-0

U=l ﬂQ-U'a—f-o
u=~L= at adx
-0 cwa0, 3. Ly, 0 20
ve:p wewe0 3, Revw Fe2' 9z 0 forfmu, w, p
99 .0
ax Cosine-shaped hill ap _ 0
p=0 + A dax
[
du _dp
az'az'°' wep=0

®-2 BHREG

—656—



(a) HSR(ALEEE 5 R T)
®-3 FEDANORERE, K=0(JERBR), Re=2000

CEMk, LR TRIZ\OREE L, EEMED
REICOAEBERNFE2RT. CThIIEERBKE b
FEFVEGHT BBA S D REREG L 2
5. 2TOFFBEICBNTL A NV IE L E\EI TR
A13Re=2000, At=0.002+ 9 5.

3. BIEBREER
KIFRIIEBRDOIR TN MERERBREL =D D
Tl <, BEEKERR > O L HElRhmER
EHBOERE)ZRUE2RTGEHRTH S, LoT, R
NOBERIBRIMINTNEDT, ZORICEE
LTHE =W, 28, HERRARMOEN(FORMEL
MERENC L Z2RNOEERDOE(L(0SKS2.5)ITX
RIESBUTHEERZL.

3.1 FEMER(K=0) DI AT TN
COFTIEIERBFRK=0) DA DFE NI — >
WOW TR L THL.

®-3iC FARR & FE A M (x) DFEE RS (u/U) D F{E
MBI T, miE ORISR (Rt t=20, 40,
60) 273, 22T, wEERS OBREE, Ux—H#E
AEETHD. RBRKTEBEERICERINEZEE
AHREICEREIN, ThHBREOKRL L IR
KERBFARIANEELTWZONSH 3. FhZho

(iii )t=60
(b)EBERL S (u/V) DFBEHRE (RIRIIIENE : RERIZAME)

TR AIE U 7= A (u/U) OFERE TR, e
HRICERINEZEERDT S EA(RFANITBEN
THRADPBHRNICHEEL TWEDDHERINE. 20
BERIZ—BRRAEEICN U THR2EEETHS. 2O
fHIE Rt 2 ARES MBAILERELTWS =8,
WREFEIOBSLEBELTHrRIKREN. B, HE
THROEE IS B W THNDBDFTHY I 53 8
‘BXhi.

3.2 &0@{KREAELLMERDEN

L D5 REME LIz A RN Z FBICRET T
57-%, REEK®K=2.5, 3, 3.5, 4, 4.5, 5S¢ &b
TCEEETo 2. COMTRENS DEHERRET
7. CoRBEKO@EHETIE, MERIHRENIZREOR
BEEHICEBICHEMRREEZE2T 5. 22 TEKIRAR
TiZ, FBRBBCERESN I ROOBRTHOEHIC
FEHL, ComELINIIFE->THERI NS FHHAEER
FEICDOWCEmEED 3.

X-4726R-9C, EMREREK=0)DBSLEHKIC, H
WX & EE R (0/U) OFERX (BRREE) ORRE R
ERT. BINCETORBEEK(2.5SKS5)ICB1F 54
ERFENOBEMS 2R~ S. RERICEET S L,
R L > THRINZRYIOE T HITRBICE >
LRICIIRWICED, LVWSEEOEE 7D+ XHH

—657—



V@i\;géé —_— = (i)t=12

S S o

(iii)t=22

Yoo
= S (@ = (iv)t=26
(a)fﬁl(A B(i%ﬁiﬂfiﬁ%ﬁt?’) (b)ﬁgﬁl‘cﬁ(u/U)@%ﬂEﬁE(%ﬁliIEfﬁ )ﬁ?iliﬁfﬁ)

®-4 HFEEDRNOBBER, K=2.5C8REMER), Re=2000

(i )t=10 N ‘
K <

;
(i )t=14 — “-,,4_3

=/

(iii)t=18

(a)ﬁﬁl(A B(iéﬁﬂt}i&T?’) (b)ﬁf’ﬁkﬁ(u/U)@%fEﬁE(%’f?liﬂifﬁ friﬁlztﬁfﬁ)
-5 WEEDANORERE, K=3CGEREMER), Re=2000

—658—



=10

(i)t

0

=13

(iii)t

16

(b) BERS (u/)) D BEHR (ELIFIEE : AIERME)

BRFENORRHER, K

—= (iv)t

.

=Y)

=2000

=3.5CAREMER), Re

i

o
-,
~

X-6 it

=6

(i)t

()AL (u/U) DS ERE (R IXIEE : AR ATE)

(a)E4eE(A, BIEZAREAFT)

2000

WRERNORBRR, K4CAREMER), Re=

A

A
7,
P4

[

X-

—659—



D

< \\&\;\;s:;—‘ 7 ©ON (iv)t=7 L _ =
(a)R4RE(A, BIZgRIE AT ) (b)EEAMS (u/V) DHERK(RIRILIERE . |/IFITAME)

X-9 HMEELRENOERER, K=5CGAREMER), Re=2000

—660—



HICBEING., AMETRIRENEZEHEL, 2hd
251l B 0> < hiR D (overturning) iz
BTHOBRELERT S. ThEhOREEKCBNT,
TR e 2 EERS (u/U)DFEREZES L
HETRZ L, RhORBARNLEEENIETHICH >
TR ER (RS (A)) LREE(RFB))ICHERES
hTn3. ThsOBRIIR-3ICRTIERBHR(K=0)D
BELEBHOMIRRS. FICEFATAREZ LITMR
EHE (R (B))ICBIT 2 EERDOEILTHD. THD
b, SRBEKE HICHNZREBICHML, BERER
(K-4 & X-9D (v ) IZ R T FR TR fE ) IS X — BB A
HEICH LU THRMBICETELTWB(ERRT BX-12
ESHR).

ERARTEZRTHROEME, TOREITERL
- BHREBDREA A =X LZRDLIICERI N
5. LB RERB L ERRTHICK DR THED
EENd e, HEEETIZIORTRICESIHNVT
BahFEE L(RKIF(A)), ZORESMRETEICET
E&(RF(B)). BTHOBONTRAER, EERICKE
RENEEERBOKREI S HHEBICHRENS. ¢
bhbb, B-3ICrTERBR(K=0)DBE LRI D L,
REERBR(2.5SKS5)TIZEERDES HICH/N
LTW3a. ZOERAIIBEEKSEMT 5IC O THE
TH2. BTHOBHIIRBICE > L HRITIEREIC
B3, WoABRTHOBEIELD L, COHEEBO
REESREA A HIBEEIh, ZITREAEERE
R 5. CRICHFVREBERTASZBE 2HNE TR
W RmEhS. BRE U TESEROBTRICK
B THRIE, REFSRCEFOM T 513 < ME
xh, zCcRbERAEPERINS. K2ITRERE
DT S LERICBNT, TEOFREVKEEZ 70Oy
XU VBRF(RPICKATRR)DPERINS.

WIZRBEKDZNDS, BT DR BRI D 56 £ R,

REME, BIURNOBRKEERICSZRE,

bbb, REEKINT 2HEERZRRS.

B-10ic 2 h 2 N DEUE EKIC Téﬂ?&@ﬁf#&"ﬁ
WoREREERT. ZHIR-4»S5K-9D (i )i
THEAARETHZ. CORDPS, BEBRHORELER
R EEKDEMICHFEWRLICR S RDERMBES
nik.

EokRiER

R-11ic2hZ2hoBBEKICBIT 2B T RO EER
WOREMBERTYT. ZhIR-10I236T 2 HEK,
ThRbb, K-425K-90 (i) IR T HER D 5 B
S IiBE k. REBEKOEMICHEY, AT
HOWBRIBLZICEHLS RS, R LTHEREEBOT
OB KPR S L UShE R S & IC BRI IC &
SVTVE. I THKRENT LI, K=3&K=3.5, K=4
LK=4.5TIZE D LD S DKEFEEIIZIEFLTH
B2EVWHTLTHD. BREFERBOREZICELT, &
P-4 5F-IRTHREBRICEFER T2 L, Zhidak
BEKDOEMICHENRZIHEN LTS,

X-121C BT HEOBBFICHEWRET 2 HitbsaEIGIC
LT, 2 TCO—BRRAEEIIHT2HRADORKE
HEETRT. CHER-425K-90(v) ISR THER
WHEhEPOBOLNMETHE. KichrELDI,

N
[$)

LY P T ' LILELIL " L3R} ll LIS I UL l LI ] II LILILERI

]
o

llllllf"l'lllllll

(2]

lIlllllllllLlllllIll

nondimensional time t
=y

| l LA L) l L Lt l Ll l 1L L1 l [ 1 l Ll L)

2.5 3 3.5 4 4.5 5 5.5
stratification parameter K

(=) [4,]
™

X-10 B THROBERIEOFEERRB, a=1, Re=2000
isdllllllrflllllllllll lIIlll Illll'l ‘:
SE E hill
3 = 8 K25
‘E 3 v k=
IE o 3 A K35
E 3 . K=4
2E ; i 3w ks
1E . 3 e K=5
0 illlll{{::??\ll“lllllllllljjlllllllllE
-2 -1 0 1 2 3 4 5 6xh
®-11 A TRORERFAEORELELNE, a=1, Re=2000

F-

LI l LI I LBLILEL ] LILELIL ] LELELILI l LELELI l LI B

//N/‘\O

(2]
T

N

llllllllllllllllllllllllll

lllllllllllllllllllllIlllll

I y | l L1l l 1111 l L1 il l 1111 l | I

2.5 3 3.5 4 45 5 5.5
stratification parameter K

X-12 BHEREO—HRAREINT S
RAIBEE, a=1, Re=2000

—
T
.
-
=

maximum surface
downs lope windspeed up,, /U

(-]

—661—



SRy
T o S, =

(a)RIRX(A, BIXFREIE A RT)
®-13 B TROMEEEEROARK S EERD (/U OHERR, K=2.5C4REMFER), Re=2000

£ TORBEK2.5SKSHIBNT, BbBAEOR
KISERI—BRAGEE N L THRMEDOARERESR
7T, ITR-NNEE-120@mEEBK®RT S L, K23T
XBRHEFBORBEMBIIEBRBRECHRLAIGESVHTY
RICHEDLS T, BBEMORKIEEROEICE
BERBVERShRL., XoT, R-1IITHRRE=HEE
Koo > B o h e 20REMBDEL
EHETEZID L, RO EDRBINE. Ti2bb,
BEEKDIEML =188, BRERBEMEDEMEFEAD
BEZDHDH, MNOEHEHRICKESFELTY
EERD.

bz ETE, KMICRIHEEKRI T A -4
a=1DMEETFIWVICBAL T, FithisERHEIC X 3 5 U8
EKREMEZZERLTCE R, UTTERBEKZ—EL
L, eSS A —2ak Ed €, ZOREEHAN
ERERETRT.

BRR TR ISS A —4 Ra=2, 4, §LELX
¥ TK=2.5, Re=20000EtHZ1T>/=. H-13ICEATED
PR EERORBEN E EERM /) 0EERK %
Y. R-4LEETEH, c=lOERIHETRT. ©

— T SS=—r’ "¢

=== o R o L -

(b)EERS (u/V) DEERE(FIRLEM « [IREAM)

SITTRT K DI, PRSI R A R R I AR R A5
40

30

nondimensional time t
N

10 llllllIjll_LJlllllllllllllllllllll
1 2 3 4 5 6 7 8

hill geometry parameter a

®-14 B TROFRRLOREERM,
K=2.5(3LEMER), Re=2000

-

llf‘lllllllifllll'l'lllll'll'l'l'rlr

maximum surface
downs {ope windspeed u, /U

1 2 3 4 5 6 1 8
hill geometry parameter a

®-15 BisARIED—HRRAERIZHT B
BXRIEEE, K=2.5CAREMMEIR), Re=2000

—662—



PRICRBICONTHRLICEL RAMANPROSNS.
BRSSO B LM B ICDOWTIE, LD S DKE
BEECETOEZEEMNAONZ OO, BESFASZIX
ETOT—RBVWTUIITREIRCEALH B, —H
RAEE N T 2RNAORAEERIE, K-13CRTH
RIE®ZICBEI N, a=1, 2XXH(B)THE LN2. 745,
a=4, BRI (A)TRELN2.IMEL Rz, HEREL
THREERIC L 2EREREVIRO WP, 20
FERIIX-15IC7RT.

4. BU
ZEREEH THRES RBAICEI N EBEO

FOHNICELT, —BEBBEEROID ) — MEF

CESVEZSRIC L D 2RTEEREY T2 —Y

3 (DNS) 4T o 7. BB FHOREIEE LBBE

BEORBEKCN LT, PSSO Emm, S

B, ChICHVHES N2 Rib%ERO — R RE

R BRERE B, AR, BUBEK(=2.5)

P L LTHBBROEBIIOVWT SRE L. &

TS B E I BRES W3 BRIOR T RO%H

CEAL, ZOREEZhICHEVNBES W3 Bk

M OWTERE T o7, AFETEShEERE

ERLTFICRT. |

1) BEERERC.5SKS5) TR, BB &> TR
SNEBYORT RIS REICE> L5 R IERR
CE3, 05 BROER 70 & 2 DRI HRS
nr.

2) A FHOPHEROFEREL, RBEKDBMI
T YIM-PE TS

3) ATFHOPRMEROREEMBL, BBEKDEMI
ARV @ OFE: S P AT AN R SN Pi b AN i
DL, ThIFRTHEOKERDPREEKDEMIZHED
M r27=0TH5. FicK=3LK=3.5, K=4&K=4.5
I A & DK IXIFIIE U TH 5. B
FHOK X X HBERDEANIC R Z i
5.

1) BEERBH(2.5SKS5) TR, RORATERE
SR T B0 > THI A & Hh R 5 1 3
BEND. BICHEETC BT 2 FhomER
EREEKY & IS REBICIEIN L, PRI —

R GERE I X U CR=2. 5C 102, 768, K2 34
M ETET B, AWRTRE2ICBNT 2O
WABREVWDERS R o=, Zhid, 3)DER
RO TERT S L, RERKAEN LB,
Rt (B D R~ DIEE 2 D b OB,
DEEHRIKELHFSLTNHLEERS.

5) MR OB LT, BRERo & R it
FEAERIDEDODPICRBICONTRLIEL D . #F
DR HEATE M 0D S DK BRI O 2
EHRLNDH, BEHABSERTOr - H
WTIHIER U3 3. BHREET O — B AEE I
HY B R OBAMER, a=1, 2LH2. T, a=4,
BIA#2. 35 L e 0, R Y LTHIBIARIC & 247
REVERS DT,

&5

(1) AEEL, KB#HBZ . ERAEBRAD2IR T LB
PBELI2EERBROEEEM, BHENILT,
pp.45-56, 1998

(2) MHEZR, KBS | ARRBRAD2R T B
2RE DLEERBHROLES, W 1%wXE Vol. 1,
pp.615-624, 1998

(3) NEZERL, KB®Z : AIRES REBAD2RTEBE
WHEEBE 2 RERBROFEEEN—FH FE
B - BABERNICHT ARERBOHRE—,
Hh18, pp.308-320, 1999

(4) MHZRL, KBHZ : KERBH THIEHRICL
hRET 5 BEEORERRE, BHNZFERX
£ Vol.2, pp.583-592, 1999

(5) MHEZERK, REM—_ : EBEE2 A F 2L EMRE
TOLRTHIEY T 2V —Ya v — BT L M
BHEABEOREBIIODVWT—, WAWERXE
Vol.3, pp.729-736, 2000

(6) D. K. Lilly : A severe downslope windstorm and
aircraft turbulence induced by a mountain wave,
J. Atmos. Sci. 35, pp.59-77, 1978

(7) HBEfME . L8 SR L BtER, OXRITES
it %755, pp.79-84, 1998

(8) HHENVELRIITIC L 2BAKLEDIHIE, X
RKERBMFARES, pp.1-367, 1992

(9) #HNEE . BEHRZTIEHBATERNVERIIIIFIC
LA2EEOHE, HEABIR2HE £185,
pp.63-66, 1999

(10)R. R. Long : Some aspects of the flow of
stratified fluids. A theoretical investigation,

—663—



Tellus 5, pp.42-58, 1953

(11)R. R. Long : Some aspects of the flow of
stratified fluids. III . Continuous density
gradients, Tellus 7, pp.341-357, 1955

(12)J. W. Rottman and R. B. Smith : A laboratory model
of severe downslope winds, Tellus 41A,
pp.401-415, 1989

(13)I. P. Castro and W. H. Snyder : Experiments on
wave breaking in stratified flow over obstacles,
J. Fluid Mech. 255, pp.195-211, 1993

(14)T. L. Clark and W. R. Peltier : On the evolution
and stability of finite amplitude mountain waves,
J. Atmos. Sci. 34, pp.1715-1730, 1977

(15)M. F. Paisley and I. P. Castro : Anumerical study
of wave-breaking in stratified flow over
obstacles, Dynamics of Atmospheres and Oceans 23,
pp.309-319, 1996

(16)Y. D. Afanasyev and W. R. Peltier : The
three-dimensionalization of stratified flow
over two-dimensional topography, J. Atmos. Sci.
55, pp.19-39, 1998

(17)F. Gheusi, J. Stein and 0. Eiff : A numerical
study of  three-dimensional  orographic
gravity-wave breaking observed in a hydraulic
tank, J. Fluid Mech. 410, pp.67-99, 2000

(18)0. Eiff and P. Bonneton : Lee-wave breaking over
obstacles in stratified flow, Phys. Fluids 12,
pp.1073-1086, 2000

(19)J. Kim and P. Moin : Application of a
fractional-step method to incompressible
Navier-Stokes equations, J. Comput. Phys. 59,
pp.308-323, 1985

(20)T. Kawamura, H, Takami and K. Kuwahara :
Computation of high Reynolds number flow around
a circular cylinder with surface roughness,
Fluid Dyn. Res. 1, pp.145-162, 1986

(21) REE*, AH&EL, MEBMZE, =Em:J07
— MEFIC X BIEEMANOERESEN, HAES
W XE (BfE) 63% 61455, pp.3247-3254,
1997

(2001464 A 208 %21F)

— 664 —



