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Abstract

The flow regimes of continuously stratified flow over a double mountain and the effects of a double mountain on wave
breaking, upstream blocking, and severe downslope windstorms are investigated using a mesoscale numerical model
(ARPS). According to the occurrence or non-occurrence of wave breaking and upstream blocking, three different flow
regimes are identified over a double mountain. Higher critical Froude numbers are required for wave breaking and upstream
blocking initiation for a double mountain than for an isolated mountain. This means that the nonlinearity and blocking
effect for a double mountain is larger than that for an isolated mountain. As the separation distance between two mountains
decreases, the degree of flow nonlinearity increases, while the blocking effect decreases. A rapid increase of the surface
horizontal velocity downwind of each mountain near the critical mountain height for wave breaking initiation indicates
that severe downslope windstorms are enhanced by wave breaking. For the flow with wave breaking, the numerically calcu-
lated surface drag is much larger than theoretically calculated one because the region with the maximum negative perturbation
pressure moves from the top to the downwind slope of each mountain as the internal jump propagating downwind occurs.

Key words: flow regimes, double mountain, wave breaking, upstream blocking, severe downslope windstorms, surface
drag
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Fig. 1. A schematic diagram of experimental design. The
basic-state horizontal wind (U) and buoyancy frequency
(N) are constant with height.
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Fig. 2. The perturbatlon (a) horizontal and (b) vertical veloc-
ity fields (m s') calculated using the analytic solutions in
the case of /1, = 10 m and D = 100 km.
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Fig. 3. The perturbation (a) horizontal and (b) vertical velocity fields (m s'l) in the numerical simulation with /,, = 10 m
and D =100 km at #= 12 h. In Fig. 3 and Fig. 4, the minimum (min) and maximum (max) values and the contour interval

(inc) are shown at the bottom of each figure.

Fo2 mARE g 9 AF AT S-S vEhd A
oltt. Ao Antet £ Fej7} vl FASIE 1
2u SHAe] S5 71E0d A= A
Boh 2 Uepuhs S 18 4= ok 8 AHAE &
=9 75 siAsfol wish =2 HAbE A3t gt
2 23%, H2gh 43% A el A3 45 &
=9 A IS 12%, g2 5% A YEh
ok s Aot =2 HAL Aite| Aol 1T} FTIRE
off wah AR = AR Uehdt of27t Atol= T
Ateto] EAstE 499 sisiet 3] BA AaE
B2k Xue et al. (1995)9] Atetu} AF AT FA;
stet. s sfet A BAF Ao Afol= A 7S
EA]7]7] f18l FE3] e Fol9f Aok e
B2 Hldgge 23 {74 7]1% Aol Rt
A 5 e 1B 17 5 s s 2] A
oM 7HERE BF A2 AtoloflA 7]¢1jE Ao o]
Py

Table 12 Frof W& g h3) o} S5 A7) 9] &
A o 5-E yehd Zojot. fAotet HF (1999)¢]
A HAL Ao} n7IA 2 g Aketo] EAstE
B Al 7K 2 FEEE 55 AV EAR 55

I}

A A 12 25 wh] 9 F/45 A A @/do] dojubA] ¢
= 35 AAR Fr> 1.29¢ of Yepdtt. 55 AA 11
£ o5 Bt doluAn F4E AR BgS o
UA] b= 35 AAIZ 0.80 < Fr < 1.29Y off Uehd
o 58 A 112 B B2} A o 4=
A7) @ko] Yoluh B8 AAR Fr < 0.80% 1 1}
Eph G2 53 BRS ALET 2 Aol Tl
Kioto] EA12 wf THE o7 wASY] AleRe <)
Al Fri= 1.292 Lin and Wang (1996)¢] AU A= £
AR 3] AL olgatol Tk AL 1.120] vl
2 32 2= o2 BAEg ol 22 Folo| 4t
of 70| 283 1) BARYe| 5F Anct 4=
o) 5.8 AoIA t7] 58] o LekE] ek A
& oJnfait

Table 194 Hi= ule} o] F 7§ €] Aketo] Zxs}
= 7ol = @ Ateto] EA5tE A9 nR7 IR =
A Al 7HA 8] BF AAZE EARH. 2By EF A
AE &t YA Fre A S47ke] Ao ot
dERE Ao EAET Aot S ATt
100 km¢l 7390l 35 A|A 1= Fr> 1.48Y o, 35
AA 1= 0.89 < Fr < 1.48 f, 18] 52 XA 111



236 ) Ao} Slofl Ao kA o QFohd S5 55 AA

< Fr < 0.89¢ o yehar Abe F417He] A7t
200 kmgQl 7ol E5 AA [ Fr> 1334 of, 55
AA =093 < Fr < 1.33Q o], 283 32 A4 LI
2 Fr < 093¢ o Uepdt}. Aketo] = 7| EAfjst=
ZAf-olle At SAITEY] Aol TA Yol T Ateto]
EAee AR o B Folo] AletoA] uhE ot
ot TS AR ddo] WAs| AlFshe AeR
EAEh o] T Ateto] 24 i rot F <]
4teto] 2 off dj7] 79| nv|AdF Aol F7lstaL
TS AR @A HAYo] EXHEE AS gt
o} Abet ST Aol wE YA Fro] W3k 4
B9 ghy gk Akeh FA7EY] ARt pkesE
o W2 ol AketelA WAYEL7] ARk BHH F
F& A7) @A Akeh S4I7te] A7t HeE o W
0] 9] Atetol| A WAYslr] AlRshe A 1T

t}

o,

i

¥ rle
¥2

Fig. 4= 1= 12 hd fjo] F 29| 25 yehd A
ojtt. 4kef =o]7F 500 mel - (Figs. 4a,b)E A<
St TR0 el BE A9o] 2 Alote] E5t
204 T w7l st TS Tt oje
7% (Figs. 4c-hyE AHEH Ao S47H] A7t
PVHg% 71 At} 3ol Lehi S29i4e) 7}ukg
w7} o B30 e 22 201 % Itk Lin
and Wang (1996)2 vH|A@ A9 Fa3F FFF 59| 3}
U7t 152 7HEA| she Aol Agstinth o
o vl giof F4I3ke) At e E 2t stek
20) wAg Aol Sleke Aoz AmEt.

Table 2= £20] A% TEE 7|Z0E 2} k]
FoholA 9HE a7t A 0= WA A2 et
W oIt} o7 4 M DEE B 5 SE7} Age
2 29 & 2+ 1=E I3} (Lin and Wang,

1996). Ate} ool whe whs uhw) why Alzte) wish

Table 1. The occurrence (O) or non-occurrence (X) of wave breaking and upstream blocking. The case that the upper-level

wave breaking only occurs is indicated by asterisk (*).

wave breaking

upstream blocking

double mountain

double mountain

Fin (m)  Fr I;fé’&ig‘n D =100 km D =200 km Hllsoodiiz?n D =100 km D =200 km
zone I zone III zone II zone III zonel zonell zonel zone Il
500 2.0 X X X X X X X X X X
675 148 X X o* X X X X X X
750  1.33 X o* o* O* X X X X X X
775 1.29 (0] o* (0] O* (0] X X X X X
1075 0.93 (0] (0] (0] (0] (0] X X X o X
1125 0.89 (0] (0] (0] (0] (0] X o X o (0]
1200 0.83 (0] (0] (6] (0] (0] X ¢} (0] o (0]
1250 0.8 (0] (0] (0] (0] (0] o 0] (0] (¢} (0]

Table 2. Time at which the wave breaking first occurs. The case that the upper-level wave breaking only occurs is indicated

by asterisk (¥).
double mountain
Ay (M) isolated mountain D =100 km D =200 km
zone 11 zone 11 zone 11 zone [11
500 X X X X X
750 X 41400 s* 40800 s* 29400 s* X
1000 8400 s 8400 s 8400 s 8400 s 8400 s
1250 5400 s 6000 s 6000 s 6000 s 6000 s
1500 4200 s 4200 s 4800 s 4200 s 4200 s
1750 3600 s 3600 s 3600 s 3600 s 3600 s
2000 2400 s 3000 s 3000 s 3000 s 3000 s
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Fig. 4. The total potential temperature fields (K) at = 12 h for (a) A, = 500 m and D = 100 km, (b) 4,, = 500 m and D =
200 km, (c¢) A, = 1000 m and D = 100 km, (d) A, = 1000 m and D =200 km, (e) 4, = 1500 m and D = 100 km, (f) A,, = 1500
m and D =200 km, (g) A, = 2000 m and D = 100 km, and (h) %,, = 2000 m and D =200 km.
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Table 3. Time at which the upstream blocking first occurs, the maximum value of the reverse flow velocity at the surface,
and the depth of the reverse flow.

D =100 km D =200 km
Jim (m)
zone I zone II zone I zone 11

500 X X X X

750 X X X X

1000 X X X X
£=23400s £=30000 s £=21000 s r=21600s

1250 Unin=-0.5m ! Unin=-0.9 m ! Unin=-12m ! Unin=-5.5m s!
2,=300m 2,=300m 2,=500m 2, =700 m
£=12600s £=13200s £=12600s £=13200s
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zp =500 m zp =500 m zp=1100 m z, =900 m
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2, =900 m 2,=500m z,=1100 m 2,=1100 m
t=4800 s t=3600 s t=5400 s t=4800s
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z,=1100 m z,=1100 m z,=1300 m z,=1300 m
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