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Abstract Analytical solutions of stationary waves forced by sensible heating in a linear quasi-geostrophic model are obtained
and effects of the basic flow. the Newton cooling and surface friction on the amplitude and phase of stationary waves are dis-
cussed. Results show that when the basic flow is easterly, the stationary waves exhibit a baroclinic structure in the vertical di-
rection and the amplitude in the surface is stronger than in the middle and upper layer. When the basic flow is westerly, the
waves propagate upward. In the lower layer, the cyclone (anticyclone) lies mainly to the west (east) of the heating center when
the basic flow is easterly, and the cyclone (anticyclone) is located to the east (west) of the heating center when the basic flow
is westerly. In the middle and upper layer, however, the opposite is true. It is found that the effects of the basic flow on the
amplitude and phase of the waves are symmetric, which is different from the effects of condensation heating. The results also
show that the Newton cooling has an important influence on the stationary waves especially when the basic flow is very weak.
In a static atmosphere, the inviscid solution, i. e. the Sverdrup solution forced by sensible heating does not exist. When the
Newton cooling is considered, the cyclone is forced in the lower layer and the anticyclone is forced in the middle and upper lay-
ers within the area influenced by the sensible heating, and the center of the cyclone is located slightly to the west of the heating
center. In a non-static atmosphere, the Newton cooling makes the centers of the surface systems move upwind. As a dissipative
term, it weakens the system in both the lower and upper layers, which is different from the effects of surface friction. The sur-
face friction always weakens the system in the lower layer and intensifies the system in the upper layer.
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M OE I RO R v T e Y AT A L S T IR R S T R ) I A E R P SR R AL L e T AR
U A TV 0 R M T B 45 S T R R R R LA R IR . 5 SR R W R XU R R AR I 5 ) SR B R R SO A B 5
—RHESSH , HoH T AR SERC 5 T oP s 2 5 PG XU G IS B 1) b 0 0 R AR L 7 5 2 BE A XU O IR i I e B A T o A
KRaH . TR = 7R KU R S8 AL T I 78 CARO A 5 78 JRURRE A R A 2 AL T IR AR (PR N L i 3 )= L A

x VREDIRA R HARBL 4 HAE R & H (41205031) (H R H AR F L4 T H (41475041,
PEH T A TR0, 22T g ) RS BRI 55 A58 14E . E-mail: Zhangyn@cma. gov. cn
TIRAEE RN FEENF S I %58 . E-mail: lym@lasg. iap. ac. cn



890 Acta Meteorologica Sinica S Z¥i  2016,74(6)

BCo oAb, A BUAR TG R A O 19 1 B X AR AR AL X S5 i OB BN TR . RS4RI A W AN RE WA
W o e A A S0 R R A L LR DR BRI G 38 R TG 0T T R 25 3 (Sverdrup) fiff 75 18 AR 0 Ve IS L 2 BAGR 0 7E BR
e i LT g U S = B B 7 V)= VL W VB2 s AT A B 12 AT IR R i W € e TS N Wl S
T v A A T 2R e RO 1) b XU RS Bl AR KU T AR RS . AR e BT AR Z R SRR A e A L T R A U B A N

TSR RIS 2 R S
REA MARARUY . BRI A A
REES KT PS5

1 5 F

IR A 3 2 KA T B 2 R e L AR
LR A RE R VA 8 3 T S DB I B K PR AR 1
IR B TR AN A B R 2 A ) 2 e S A U AR
IEAS AR T Sl NG ) N f e 2
R AT 1l DX s A0 A A DO i TR R AR R
P E0 L IRl DY A AR 3 4 ) Ay b, v JRR B A R R
TP (Wu, et al, 2003), BEHINPAE B K=,
iz Bl 1) B R 3 R X R A A R
N R o DR B A S e B A R L R TR B
TN 2 R h AR AT 2 i R GR YT AR A, 1993) , Hi7Rfk
035 N B 7R XU R ORI R K (B R
2003; Duan, et al, 2011, 2013), E[JEE 2} 5 B3
PO 2 PRI 5 H A S R R, 2 41 B 4 (2010)
WEFEHE B R B0 B BE 2 8 W2 T 1w i I #44E H
el A A== PR i =V | R = IR N S B
5 o

TEFATRIE 19 K AE B BT I8 7 I R R A Y
(Smagorinsky, 1953; Manabe, et al, 1974) 48},
Ak L AR AR 5 O W) 45 5 2L 2 )R 1 — Se
% (Dickinson, 1980; Roads, 1982; Held, 1983) %
I AL 2 B PR B AR . R M A (1999) 3 i
FUBE 43t 0 o AR 26 $A0m AR Y e B AR 34 5 4 A L B
IR 453 43 Aok @ A R Hs CRI D B 52 e B K
B WO A T AR s R H
Xof B BR U B 1 FE RS i B S TR R i 4
1999a,1999b) . H B fim A 4 30 b T i g 32
BRI /N T T A3 FER ARG A R N i S S
JERATNIIGVE . Webster (1972) F| I — A~ W )2 £k
PERE I8 F5 H o V8 FA0 A2 4 R5 K4 X
R B — > H B Jmy b B Egger (1978) 4 8 4 AN
TR 2 5 B 2 @ s 1 Tk g o LA S — A
P Z R R B 45 R R B 2RI S5 e . R

HY T S Y 2 2 B R ARAIL, S I A o i
BN /E A . Chen(2001) F1 Chen 2 (2001) )
FH e 3 B 0 R M A B 8 A o ROkt 1 15 T B
ARSNGB Sl = il I A S P 2 B E N U E B
AR 28 1] U] 742 2 o T 1 R St B AR b — P R ) AR
(9 =B A L X i R A (199920 AR 4 R ASFR I B
3 (GOM) BB A0 25 5 48 Hh B2 2 47 i 17 2% 44
POZTE AL 1000 hPa ¥ &l & ) SR 2 . 5K 48
££(2009a, 2009b) F| F 7] — & MR WF s 46 8 T
Chen 4§ (2001) #F 58 77 76 W9 1 B IR 25 1t L 5 GCM
S5 Rz IR 25 . 1999a) A [a] 14 Ji IR 1 552 b 1 1) 1=
HC JEIE B AN BT U R B R T A
TR M VB GE 1Y E R R TR L IR AN TR
TIAASE 3 T A 8 H U BEAR T 1) 52 i) SO e 2

(B AR b DX, S BRI 40 A AR A 5 2% X
B A R RN R R U A X 43 s R UL T BT AN [
FANSEA G AT BT IE 5 BLAN i BT 8 AS 32 00 B 56
A5 T T 805 50 B0 S92 b, 2 e 3 b )2 Y A 4
A 5K 32 FH R 2 M AR R SR U BIOin #RR 38 R Y
AR AT T TR B AR R i 1k KR I — AR
SE W S5 R AR B AR S 38 8 A 0¥ 00 R b T
JEE B2 5% S Y A1 W AR A2 A P R
2 R A
2.1 # R

SCH T PR R e b 5% R e BT 1T I AL Y £k
PEE WAL . Ol 1 25 58 Ml TRTRE 45 1) S e DL fiE
TR IS AT A . 22 W T S R E L 2B IR TR oE B R

$# .5 Chen(2001) T A i9 A5 = — &0, s O #2
(Holton, 2004)

o'~ ~oq' 1o, & _
ox 1 +”ax + & 8z(€’0’ 8z)

LD,
0 az(e(osQ) (la)

WP



GV W8 A5 - 2 P v s e A Y e )T SR BRI R S A SE

S SNV 7r-Y TRV
w0 +yvig =Q ==0

oz ox
(1b)
o _ _ W
o 0 vy i—z (1c)
¥ _0 z=co (1d)
oz

2 g R " 43 3 Ay o b A £ 30 R O b 5 9 R AR
Hshim,. Hf ¢ = Vzt//ﬁ—p:la%(sps %%) vq,=p—

82;_ —1 Q 87; _ f(z) /o R 4

oy P g TN T oHA
! :_%%g NE R o 43 B A 1 KA
SR 2 S H hnes, B 8000 m, J iy in#ieR
(B ]/ (kg * ) R NS E B c, WEELH,
W B -1 1 58 (EQ—70°N) , Hipoh i F 35°N,
L AR RS A GEERE X AD) .0 A4
TRA N RZBL R R ERCN 15 d.y NIRRT SHH R

B - R AR R AL

2.2 fRIRR

MILATEA e N H B 5 HGR L XD
Al DL2A H f# BT f# (Chen, 2001), 5 ¥ $4in $ 780 R
[ o JERHRIN A3 36 B AN R O, BLBSAE R i
BB u=0,0=0,y=0 B2 (1b) JG 1k - , A i e
PR I T AN AFAE W R A8 3 (Sverdrup) i
Mo o AR 0 B 2D B R 3Eh

/

[Sb/}: Re{e"‘ {E(Z) }eilucos(ly)} (2)
Q (=)

T

Ak = 2= S 0 OB L W
SP I B TR I K R T, = /T

=S R DARA D I £ A

= > 2 e
527 +me=D (3a)
Xl e—B =0 (3b)
oz
XL g=B z=oo (30)
oz
A,
m* = [eCiku +8) T {GR[F—ulk> + )]} — 1

(4a)
D = (iku + & " UI. — A1) (4b)

891

t=r— Ghu+& "[yR +1")] (4c)

B = Gku+& "UI|.—) (4d)
) WF T E N
&(z) = F(2) +ce™ +c e ™= (5)
A
F(2) = F,(2) — F, (2 (6a)
F (2) = (ﬁ)[ej e*im’D<z’>dz’} (6b)
F,(2) = (ﬁ)[efi”“ﬁ:ei”"i/D(z’)dz/} (6¢)

th TR )L 3 A& A3 () LA R (Bl
#
61(7+im)ei“1: +(,‘2(7‘_i7’}‘1)€7im: +

dF(2)

Ie +rF(z) =0

s ‘“;(Z)
Z

G, F g 3500 2 e B SEFE AR 36D A

r Im i2mz
Cy — —C1¢€ -
r m

=0,F(2) =0,H% m=m, +im,

_ r + i7n i2m z
(r — im) e*™= 1e

#rom AR Hom >0 B, Y 2= o B, 3R AR o
=0, HHRXGRATHAFZMABD KB o =
B FO)+FWO)

r+im r+im oY
A FO+FW@ _
-+ im
_r—im
F,(0) r+imF2(O) (7a)
A= O AT E K
£) = F(o) + A+ B e (71
T+ 1m

2 (Th) fiff 2 75 I F S 38 1Y 58 R R PR o A
JI s —HB 43 R R 0B A Jey b e 1 S R T A X5
W s 3 — 843 o 3 A% 4 T 1 ) b A% 9 O T i )
PIRXLL . By T A maE, i TR AE T
AR 0,8 BF0, M F 3R 5K fif o 72 AT J0 L % i
A — R BRYE B m AR WAL EL, Homi >0, & 1
Hom/r BEBEAG M o B AEAE O (Chen, 2001), H]
LB 040 B m HHEEAF I, HEIHA N
0,HRKFOE 1b); B o=0.FEARW KT 0 H/NF
2938 m/ s s m Sy 4l 2 H L (Th) AN BT
I SO R TR Y 5 BT A AN 0 AR U Dl S XU TS
K 18 00



892

5
(a)
4+
3,
.
AN
T, /
g ot /
. /
/
== — - — - =
//
N I _
_1 | | Il Il Il
—45 —=30 —15 0 15 30 45

Zonal wind (m/s)

K 2016,74(6)

Acta Meteorologica Sinica

6=0
——o=(15d)"

Image

—45 =30 =15 0 15 30 45
Zonal wind (m/s)

P L m/r BSER Ca) 1 HEFR (b) il 45 AR AL 114 742 4k

Fig.1 Variations of the real (a) and imaginary (b) part of m/r with the basic flow

3 L) i TR AR A

RN Q¥ 43 A I L A TSR AF A (D) Y
ﬁ?’fﬁﬁ? HT T AR B 3t THT e 5 L O Bl g R L
W /0N PRI L SR P 3 T e 4 i R0 D) oK R 2
BRI A K AN ) M) Fran . Zh1a

1 PR . 2] 2 1/2 Besian , e RAEAE 35°N,
Q = Q (2)cos(kr)cos(ly) (8)
H
é(z): Qo(c:’[‘)'im;—l) z < 2o )
0 z > %
A,z =3000 m, K,, = 1000 m, & KA T Hb

AT Bt e AR 55 . 2 3 km U /N R 00 #5 BUROK
M#AET 6 C/d K HHe Ay I/ (kg + ) HAUA

A R , A R
o = Il =
Q () CprOJ A Q (=) CHT, X 6 %
D, |2r .
F,(2) = J2im V,.( —To+
0
Do _
F,(z) = J2im |U, T+
0
_ D
Fi(0) = 2im |V,

2r +

V.4

2r+ —

U, +

—V,% ) — ——— &

86400 Qo(e - — 1), IHZEH‘EE:J: = ,)I]IJ Qo E/‘J%:iﬁ
1

AH Q=75 18X86400Hf B A 2 (2) F1(8)

et

OI(x) = e~ Q (2) (10)
$ (DO —AORAKX A F4d)  EH

JDo[Zr (ZrJrf)eKm Je= =<z
10 T > 2
(1D

B = Giku+8 'Q (ery —1)
J—?QEP»D():(ik;‘Fa)?lQ()o %&V,-:V‘Fivar:
r—im, 3% T (z) = e e, T,(2) =

im(zy—2) e

e o R ADAR A 6D FI60) WA
1 _
7K“‘(T1 fef“‘e:’%f) < 2
1 (12a)
K. J
z > 2
1 _
A(Tzfefme%) 2 < 2
1 (12b)
Km .
z > 2
2t
1”‘ (ek, —e Vo) (12¢)
V,+

K.



GV W8 A5 - 2 P v s e A Y e )T SR BRI R S A SE

D,

F.(0) = 2im

A (12) . 138 (6a) FI(7Ta) 3K F() Al A,
A (7h) J5 i AT A5 3 8% P8 38 1 R I TR A
Shky . VeIEE T b E B R IRIE D AL (=) HH A
H @ (2 ARARK(2) B ] WAL Ccos (Ly) = 1) I

¢v/ = A, (2)cos[ kxr + gpp(z)]
WIS AR ke + g, (=) 458 O LA X N 1 28 B o
Glon s W @100 = =, () L BIVF FFTER EJE X R Z
YA b 26 A0 BRI BSCI 57 A S 1T AT A e SR R AE
O 7 i e 35 1 A8 Ak BT LA S R A 1 25 AR 15 0
3.1 ETH®

AN LR W H SRR R T 2 JRE R I, 2 FL R
Fmomt T Qoo 0, WA, T i 32 %
PR SEEA AR 0 L.

25 T T T
(a) u=-2 m/s
20 1 0=0 B
Y=0
Es| 1
=
20 10k i
=
5 i
0 I I I | 1 I I
—180 —120 —60 0 60 120 180
Phase (*)
25 T
(c) — —u=—10 m/s
L u=-2 m/s
20 6=0 n
Y=0
El
& _
=
=
& _
s}
T + Il
4 6 8

Amplitude (10'm?>/s)

3.2 HFWHESTMER
Chen(2001) 1£ 78 # #4538 14 B #4215 8
3]

W
WFFE b L A v A 00 o A TR 2

i
B
H

[277: (1—e"=

893
2r+% 0
o) — 1'“ (e, —e Um0) (12d)
UY‘ +K7m

B2 25 T AR O AR XUBE TG KGR 1 A AH
Copron) TR 15 B 125 B2 1O A5 4K DL 1 TOORE AR XU
(J&l 2a.b) Ji R 07 I B 7 1 B WA WAL FHH
VT ROARA R A — ARG . A AR T
2 km &b %A 180° Bk A5 .2 km LA (1) & A HEH L

£ F 90°E(90°W) , Ak T v (0°) wm@)%wz

KA, HLA AR 93 Fh 22 fE AR 5 R K/ B 56 . IR
i B o T A A2 A (] 200 7R L 7 2 ke RUR L iR B
1 DR/ TTAE 2 km DL b 4R W AR 6 7 BE AR Ui
SEMBOR A AU IR i A2 AR B O S 2% 1K 243 km
AL AFAE — AW IRAEL - T i I 55 € i) » B g 2 2 0 A
0.

25 T T T
(b) | — —u=—10 m/s
5=0
20 | | o .
Est | i
=
; |
5 | N
0 | | —\ — \— —\ —l | |
—180 —120 —60 0 60 120 180

Phase (*)

&2 AU S 2R XU TE R A 82 40 Ca b)) Cgion)
FIRIE (107 m? /) () Bl &5 JE (78 1k
(S ER N HE L A3 AR R FE A — 2 Rl = 10 m/s B 00D
Fig. 2 Vertical variations of the phase (¢i,)
(a, b) and amplitude (¢) of the inviscid solutions

for u= =2 m/s (solid) and u= — 10 m/s (dashed)

S5 AR 55 I AR P e BT o DAt 6 3 o 8 ) o A
AR (B 3a) o A 370 B 5 o7 A 22 A 45 3 IC K
fifp CIE1 2 3 A v 40 IT A 52 0 B /)N 5 BEAS O sy L 5



894

TG it 1) 22 00K L A V8 B0 I 1 O . PR
B2 A B AT — 2 m/s B, b 4G B 0 HR JE
LRI 8.2 X107 m? /s (& 2¢ S24R) Ji 55 & 3. 9 X
10" m*/s(J&] 3¢ SL4) M FEAN A — 10 m/s B Ho T
S PR WG AEAEL N o BT S TS B A v H) 5
CRE PR 1) /6 FH S 325 398 58, 17 224 5 5% 30 398 o i L 5
M) ik 557 o

BEAN 2 AR S F IR L W] AR A P XUEE A
F I (0<<wu<<u, 238 m/s) i i BT 1 - He A2 A0 F0 % 8
AN E 3b A d B . P9 XA I R BOEE 3 O )
o AR LRGN AR S RE RO HLAE G M
AT 5 7R 32 Bt DR 17 25 Ak S K (BT 3b) o 4 s i e
FE R AL R (B 3d), R )2 PR R A2 4k 5 2R KUB
(Pl ) AFHAL 76 155 J2 WUAS [, 5 XU 4@ i K 4R XL

25

Height (km)

—180 —120 —60 0 60 120 180 240
Phase (°)

Height (km)

1 2 3 4
Amplitude (10'm?/s)

K 2016,74(6)

Acta Meteorologica Sinica

(DPNEREE AR IUR NI A1 i R RPN KT

ARV A VR FH 5 AR AL 19 5% A% T LD M
Fefris P15 7 2 GRQLa) N LA B8 . ol TGRS o
T ] AL 5 2 B AR AR /0N IR A7 R S U T DK
55 » B pl A T B IR P 487 S A I AP A7 78 ) 2
L PR 5 TR fifp 1) 22 3 Bre WD o ARG L SR AS TR O
S I TR i F 0 T S O P A R A S SR L A
OV HIGU I 1 P A s« HLAR T T O A

Xt HEZR R AS A TR A G A 04 0 30T B 9
R 14 (57 A R W A B A v 0 30T f o TG AR A R
O] b XU 1) B 3l BAR XU ) R 88 L HL D DOFE 7 IS
SCH AT AR DI RERLT . AR B EN U L R)E R G
YA HI SR X 5 s T EE N ) . TR e
THT B 50 7 K 5 PRS2

25 T T
N — —u=10 m/s
\ u=2 m/s
00 ) \ - - - u=0 e
6=(15 d)!
/E\IS \\ \ Y=0
2 [ \ ]
= A \
[l \
CRULS . \ §
' \
\
5+ \ B
. \
S S
0 | | | | RN} (b)

|
—180 —120 —60 0 60 120 180 240

Phase ()
25 T T

Height (km)

2 3
Amplitude (10'm?/s)

B3 FEARA O KR K Cave) FPG R (b d) B R M A7 19 2 Cion ) (avb) Al
PRlE e DBl R Z = A5 D 1,y=0
Fig. 3 Vertical variations of the phase (¢i,) (a, b) and amplitude (¢, d) of the solutions for

the easterly (a, ¢) and westerly (b, d) basic flow with §= (15 d) ' and y=0

3.3 MEEENER
it 2 SRR B A I e b TR SRE L 78 T b )2 B
BER R R R B M AR TR RO R

P B SR GA . MRS B 3 N B e (52 [ RS, 2000)
AE I T 38 IO D T P4 2 JEE R e R B G N 45 K
SRR BB BEBR T AU AP AR 4 O A 1 I i



GV W8 A5 - 2 P v s e A Y e )T SR BRI R S A SE

3 A1 o 3 308 5 I 0 B R OO B b SR e
Ui DO R R T ORI 8 R B i
o DRI o T R 4 S A T DRSO 97038 — T T
U3 T R R T M T 5 93— T T T AR
B b i RO . b B B AR R IR R
B A5 DUACERL , e BR g b 2 17 B 45 ] 094 9 7
1o e (225, 2001) o 255158 38 Sy 3t 1T v JI L 4
T JZ: AR PR A DU SR R R Y I b R HL AR R
ik 553 o T 5“8 R 6 5 v e T b s 1 U
TE )2 o R 450 i 15 v e V2 TR il i ek 2 2
Wi B R PR o 22 T 2 A BE R A T
R ITE RS TR EEEEAN 0. Hi Tl
i

— —v=0
Y =500
- = = Y=1000 |
(15 d)!

Il
=}

Height (km)

Amplitude (10'm*/s)

— —1=0
1=500

- = = Y=1000 7
\ \ 5:(15 d)’l
\ \ u=—-5m/s

Height (km)

Amplitude (10'm?>/s)

T BRI AR P M T R g 0L fE R R 0
Mo TP AR SR ) T O 0. 45 A IR
P BE SR R0 U] B B O BT 0 B R A
JEATBRAY ORI T M TN AR 0.0
AT M1 L5 3 T AR A L 3 B AN 0L IR 7 =0,

895

BE v Sl s 2 . Hop o he AR WS ARG &,
S H RN A R B R HAR A E B R
R AR TR A A gy By ERIA
_ hg N?
=27 (14)
T 6 ~10"°/s, f~10"" /s, 1 hg~1 km ) L
RURASRE R Gk JE, th 20 (13) 7] 15l Wl B2 1) o
PR 1077 m/s DAl R 50 S R B v 1Y
YN 10° m/s, H e HG RIS KIS £,
T 4 Shy A [] 5 5 i P B 48 000 2 i I R i 1) 5
Wiy, [l B 25 H0 JCEE 45 v = 0 (I8 4 i g 40 I 11 45
XF L& B BERE TR E RS s 2 R G
S, ELREE v 0938 O AR 38 B ) A3k 63 B A
R A T SCE T 5 L R )2 SRR T 5

— —v=0
¥ =500
- = = ¥Y=1000 T
6=(15 d)!
u=5 m/s

Height (km)

T
0.5 1 1.5 2 2.5 3
Amplitude (10'm?/s)

K4 FARF N 0Ca).5 m/s(b)F —5 m/s(c) i},
i T JBE 5% o b 2 I R BSCHIR W 1 5 1)

CHEZR SN R Z 530 1A% v = 0,500 A1 1000 Fif fry 1 50
Fig.4 Amplitudes of the solutions for u= 0 m/s (a),
5m/s (b)), =5 m/s ( ¢) with y=0 (dashed) ,
500 (solid) and 1000 (dotted) and §= (15d) !

MY T4 TG I T A&, BIAE T i 5t
B L O, X FEHE T I AR T 0 b T e I o
Z0 W% It LAt T I PR E IR 0O s 7 A ) b T A AR
5, G5 T BRI RANE (B 3e) . M yA0 B, R
ANTE R i P B R R O, REFB 43 1K I B 1



896

FH 24y B8Rl oy = 1000) , 45 I H A i H g T
Rof T A FH 4 5 o Jbb Pt TR SO0 Jb 350 55 o b2 U
R (B 4 520,

AR A M T 8 0 0T T L 5 A B IS )
BT — S50 I HRn A B pl JFS 300 7 1) KA B 3% 97 068 B L Bl
BWRGRE .

4 i o] Jmy b SRR N B4

Ja Mo TR 371 A

Q = Q (9)X()cos(ly) (15)
A,
x—52.5 o o
S : <La<<
X(I):JCOS< 105 Tr) 0<r<105E (16)

0
Q (DA () SN K fL T 0°—105°E, A i T
52.5°E. A I A m A P WMt ok . B X (2
TE 26 ) b ¥ i R, 38 3R B4 16 T 5 38 B X

0T :
400 - ' ! |
gsoo— !) //K\\\ | 1
Zeoor | ! / . ]
inDpnee: | (<
1?)3?) ;Tf \]_r/_j?m% /":T—ii 3?;

0 52.5 90 135°E 180  135°W 90 45 0

K 2016,74(6)

Acta Meteorologica Sinica

() itk » SR J5 4 25 AT I ik 2 o, BRIV RT A5 38 26 ) J) e Je%
PRI AR 1 A AT A . X HLER 70 P AR .
4.1 THE

AN JE AR Y K RN I8 B 2 R A AR KU A I
H R AKT 26 1) JRy b B EA I B T RS e 1 0 1B 5
N o E I HJZ AR e Sy A VG A S L AR A
R CSE 2 B 1) R FR A3 A s HLAURE R RCUIE H O
LT M. A BE 2 A U A 3 5 e N 3 37 U8
550 B CETE TS 30 5025 i A 1) ¥4 ST 3 T 4 1 1T
IR G (Ib)) o BIVAR RUEE 2 75 % 74 B 3 & B 7 A
49 RS THE 0 G 0 ) A€ o 22 DR 3 R B X [ R
P18 YL V- A D I B ) 2 1o A /N 5 Xof Bz /DN 1 3
P2y o DT A e 07 0 7 98 55 . A T B ) b E
A ARAE X T Z N H B R )2 07 A0 A A AR
—RHESE M . TOR R T2 RO AR Y TR LR AE S
PO BRI () 58 H WA R AR AL (Chen, 2001) A A2
Aib Sy ARG 2 R G50 SRy R AE 3 b T ARATR B 7 R

300
(b)

400 -
£
= 500
= 600
50

E’ 700

)

850 = -—-—-—-—J'—Ojgfri
000 -l\lfﬁ? e

0 52.5 90 135°E 180  135°W 90 45 0

B 5 AW A -2 m/s(a), =5 m/s(b) B, JaH S $ 50 30 A T0 R A 11 7 Hb
I pR B0 T L E T A 0108 m? /s I B X))

Fig.5 Vertical cross sections of the quasi-geostrophic stream function forced by local sensible heating

for the inviscid solutions on zonal flows of u= —2 m/s (a) and —5 m/s (b)

(unit: 108 m?/s. The region of heating is shaded)

4.2 SWAHIER TR R

Xt i 1) Jr b B RO ARG 38 T R P L A
THE 4= W% H 2R 158 F DS AR IE . 1B 6
e 1L B BRI BAGR E F v G O R KRG o BRI T .
1 KA (B 6a) , 78 F5 S B P A9 30 i J2 o0 0 X
AU o v O 57 b T 0 AR O R T Il VS 1 7
850 hPa DL I b 55 19 /e /< Jie =X 3 3. a0 i F
700 hPafftir . 73 H 7 m LRI BT 2R
ISR — BHE RS . 6 FATR X LLAN 1 DA .

ML A O B R A L, i A A K
(Ab) Atk N

52 _ 5

8z HfOT =Q an

273 b 1T N4 Hy 2 8 B IR 4 L i GE 5 R S
A — S B AR R T e R AR s
By, 30 b TR A AR R R og. /o oc— (&L
OV VLW ot /o > 0, 2 B IR B
s HE O, TR ot o H 225 18 3 M 3% i
S A F A ASOBE D P CARO I R B CRg D IR B 1E
CHBD) HL 2 0% B o ofE W 00 AR D 1) 5 P 0 3 484 5 (O
55 5 T ASBE 0 VS RS L F FmER b AT

FEIT )2 DL E L2 (Qa) Ak R
/ ) ’ 2 /
B’ oot Lo O =t e @) (1)

& WY 0707 T 1) 325 2 o 3t 5 9 2 Ak AR A 4 0 30



GV W8 A5 - 2 P v s e A Y e )T SR BRI R S A SE

o T I BGRAD 0 FF by AR v 0K 4R
T GRALT)) o PRIV FIIUAS S /NI 3 - A i A 14

300

Height (hPa)
~N D W Ny
o o (=) (=)
o O (=] (=}

0 52.5 90 135°E 180 135°W 90 45 0

0 52.5 90

135°E 180 135°W 90 45

(=]

VG XU AR 378 B 43 1) SRy i JRE B AR 3 ) R T A
WEREL WA 6c.e Fin, ZEVTHLZ . VH (HFOM K A
JE CTED o Bl A IR ) 185 R =0 R R A Tt B U
59 . FETEE 7 BRI 1 A AL AR FRAE .

%%ﬁﬁ%ﬁoﬁﬁt«%#ﬁumﬁ%ﬁ

Hf0
+6T = R

JH:HME'JEYA%QZYAJFH&F@‘I‘(/%%DID‘I%”?@Ti’@EﬁD
e, 5k A L L ¥ F0ITTA VR FH U8 L b e
SR BEW /N (B 6b—e) o A (P0) I R 3 A
3G L v S50 55 - o ThT O S 55 . Bt AR (PE) XL
S 1438 R il B V- AR A 38 5 L A4 AR O Y
il 553 AL TR A B R ol LR DR AU A R
LB VY RO 23l YA AR KU B 3 AR
T HE A 5 TOOR g A EE (L 5) 3 Rk M £ b 8T 2R &6

(19)

897

s ) 3 B dy g T | RS A 6 B 7 AL L 5 T A AR
] (5K 3 48 45, 2009a)

P
=)
=]
g
A
!

500 \ \ A
600 N
7OOL vl \ A
850 \0—2 - E

0 52.5 90 135°E 180 135 W 90 45 0
300 T \ o1

Height (hPa)

400 \ ! i

5001 \ \ |

6001 R
\

700

850
1000=

Height (hPa)

L—0- - _— - —
— 2
—10-5n L=t

— ]
0

0 52.5 90 135°E 180  135°W 90 45

E 6 AW A0, -2 m/s(b).2 m/s(c),
=5 m/s(d) .5 m/sCe) i}, 5 J& A= 1 & H1 52 i (1) J=) H Je%
PRI AR 0 Y M L U R R A T 1
(=15 D 1, y=0,807:105 m* /s, P52 R I XO
Fig.6 Vertical cross sections of the quasi-geostrophic
stream function forced by local sensible heating for viscid
solutions with §= (15 d) ! and y=0 on zonal flows
of u=0(a), —2m/s (b), 2m/s (c),
-5m/s (d), 5m/s (e) (unit:10¢ m?/s.
The region of heating is shaded)

O T2V 42 30 TR At (ELATS 57 1 JCORY fife Ml T R 4 0
PAZR o 3K 26 55 20 i 3% Ipk 760 JR% A0 44 5 38 1 &5 2R —
B0, UL B TR AR R A TSR AN RAUE O 1) b
R R Bl . PR A TG RG B T 0 A5 B ¥ S 3K
A9 AE MmO B R s DA 5 A9 i A R
JE U ZR XRS5 38 4 TE R RE B 3 e A ANE H 0 7
TR AL PG CE 5) . T 2 R AR A HI R,
FH A RAE A T o0 GEIR e 3h ihon) L 4Tk
T R H 55 1 R T 3R S A AR 2 ST 1Y
ST O FR T B T R 0 RO ST A DA TG 3 el S
O I KAA X B 2l o BAR KUB 1) 7R 8% . 6 b 1T )
AE DA R BE B Bl s s AR A H IR Y
S KAB T T R AE 0 B 559 14 I 3 1 R 55 1Y)
TR 38 ST P O AR TS 00 i A (B
A S o AT 38 S AU O 1) i A IME X RS



898

gy X AR KU ) R %

BE A BRI A ) T CE T B R AE AR
PO RGP FAE R 1) 1 i A9 A2 SR A R AR . B
56 L TRT U B B2 B 2R L G X RS ) 9 R 4 U L R
JRCES s /N F PG XU (B 7a) o LR 6 F AR T K/ i

4

(@) — — W<0

w

Amplitude (10'm?/s)
(3]

—_

Speed (m/s)

K 2016,74(6)

Acta Meteorologica Sinica

AR P B AS T 78 - A T 09 5% e T b T < 1)
RS 1 RS B A RS AR A R (B 7h) . I FRIE S
TER RN R R Sl X R R R AR AN TR GO B
2009a,2009b) , A] G& J2 {57 it - 5 L A 6] 5 12 11

40

(b) —
-
-
30 -
8
[«
8
v
T 20 -
E /
S /
w0k 7/
/ — — u<o0
[ >0
0 | | | |
0 2 4 6 8 10
Speed (m/s)

7 R [RREAS FEAE T T AUNE PG 58 BE () S 6] TR I 1 22 R (b)
(S 2 TR 2 20 AR 2 P XU A DXL 4 175 )

Fig.7 Variations of the amplitude (a) and the zonal distance (b) which the surface

cyclone moves downstream with different basic flows

(solid and dashed lines denote the westerly and easterly basic flow respectively)

5 FESSVHNSRIE T By b I B

Al A K fii G 05 A iR JR AN A T A I BT R
TEZR T 2 DS R v 2028 £ (W, et al, 2003),
FEAF 850 hPa LLF , 8 B n] LLik#]6 C/d,
RO VAL AR R A 70 IR R AT T B AT
ML A AR B EEA 2 . Liu 58 (2004) A 1E 2
R IRV H0 A VR FE 8 9 TR A S O AR AR ) R VE R
B . IX L5 o FRAE B Ve A0 IR R T e AR I X
R S VA TR R S Y M TR S £ R

Rt o AR 4 A B 2K i 2K (15) 45
Q ()l X ()

T < 2o

- (et — 1)
{Q( ¢ (20)

Q () =
0 T > 2

.T7220 o o
S < xr<
X(o) — {cos( Tt) 200°E << x << 240°E
0

40
HoA

€20

A .2 =6000 m, K,, = 1000 m, e KA HIH K 6C/d

AT T B e B G g 55 . 2 6 km Jd/N A 0.5

bt
. R
%’“"‘ \‘_I»%:\ = - _ 0~
;33 J Q() E’J‘I’ li%ﬂis}\u Q() 67><86400Hf0°

IR 10 YL L R 160°—120°W ., Ui T 140°WL 3 LA
AR RTEA AR 7Y P05 D

P 8 Dy AR S A G A AT e S v 06 30 119 1 b
B2 A R ) e L T 5 A AR DA B R A
L PAY 3 3 2= DAy 5 DR ) e T o L T R DL B S Y
R R GE . AERF IR R A T SR o T8
e WA VP (107 E (B 8a) . AR KU AR I I R
Jit@ Hh e b ORI 8 RO S 1] P RS B PG XU ) 2R
# i HL Sz e b e T2 B R R R X Bl R AR I
SO o HY T 4 R 4 SRS V8 DR i I v
THi g i 2946 2 ke NTF 1°C/d. DRI 3 18T S e
Jey BT S M JZ 0 g ARG X T A R A
WAFTELLIA DL .

b T PR A T i b T B e DR L B2
14 e 5 (P 9 o I I B 458 A R KR FP B B IR T
JEE R AT I 26 o AP o ) e A i 4 A AR A I
CHO B2 B CGED 8 B U3



GV W8 A5 - 2 P v s e A Y e )T SR BRI R S A SE

300
@@ \
VN
400\ \ -2 —
"_g \
A | - J
= 500 -\ \ N
2 600 y ]
2 ! \\\
é 700 + 0\6) ] -
NS — - — - — - — -
850, _ \5 ;5:\%_72‘777777:
1000 l=—=1 ‘ ‘
180 140°W 90 45 0
300 — ;
TN
@
400 |- A .
< ATRREN
= 500l R .
= I N
@600* \\ \ X \ ~ ~ -
£ 700 - L — . ]
N S/ ]
850 F - — _ F— ]
1000 —— = 15> | — — 27
180 140°W 90 45 0
300
400 i
[}
[l
£ 500 4
5 600 4
T 700 |
850 L — -7
1000 O
90 45 0

899
300
(b) A
400 - ! .
~ —
& 500 / i ]
= / \
600 | ]
® N
2 700> - ) i
\\ ~ N — - — - - _ _
850 | — - ]
1000 3 Ulﬁ\x\ T
180 140° W 90 45 0

K8 FAW N 0(a), —2 m/s(b).2 m/s(c) i,
S V2 AV 30 0 o b e T o Y T
(BLA7:100 m?/s,6= (15 d) "1,y =0, B WA HX)

Fig. 8 Vertical cross sections of the quasi-geostrophic
stream function for solutions forced by radiation cooling
with = (15 d) ! and y=0 on zonal flows
of u=0(a), =2 m/s (b) and 2 m/s (c)

(unit;10% m?/s. The region of cooling is shaded)

300 : :
I \\ WA\
400k \ W\ .
& -10
Z 00k \\ | \\\\\\\\ |
% 600>~ _ \\\\ B\\\ ]
£ 700 - AN . g
R |
850 ~ \§ =2 ]
1000 —— ©— 0\ = 10— 0 \2 0— "~
180 140°W 90 45 0

9 FEAFN -2 m/s(a) .2 m/s(h) B, 5 BB H RS 44 52 ) (1% i S 4 005 38 1) o 1 5 3t R B0 T B F
(7 . 105 m2/s,0= (15 d) ~1,y =500, 5% WL HK)

Fig. 9 Vertical cross sections of the quasi-geostrophic stream function for solutions forced by radiation

cooling with = (15 d) ' and y=500 on zonal flows of u= —2 m/s (a) and 2 m/s (b)

(unit:10% m?/s. The region of cooling is shaded)

6 ZhigSitie

1 3t SRR 2 VR e A5 b A5 TR 1Y A A A
JE7R T B B TR A K 2l B R R I B 45 R A
VI8 T B AR I | A A K0 K% THI R 42 45 X S R UK
AR e AL AR B B2

45 R WY B A I 0F AR 55 55 38 1) RE A
R A KU S B AR R L ) B ER . 3R
BN b JE SO S — R 45 A LT R S
58 T PR 2 5 P XU SE R A T LS 1) b SR B 1
AR R AL A R 2 L Bl XU R IR I B s 1Y
T A RS IR L 7R KU AU CRe “UliéD
AL T FATE 0O M 5 75 IXURE e R <UD 14
BLFIMAAR DM 3t )= DL BRI

ARV HX RE I A I Wi R A A 2
e A S R W B AR AL R A
SR I AN AE O K O 6 IR 185 0 ) L 5 I8 A i
P HV IR P RGP A A T FL 5 1 B SR BN BN R A
AR SR — R IR 45 4 A SR U DX A 30 = D e X3
i b2 O R SRR I BRI A AR L L M T
AU R LT R Al Y Y 7B AR R R
A AR BT {68 M 1T AR G 0 ) KT 1 B B
R 7R 8% . VR FEHCI. B X RIZ RS A
HL s A T o ok s TR B AN (R T B 4 R 2 IR
JZR G )R RGN .

M T JER AR R A R R BRI AR R L7 XA
WAIE T BA X FRPERAAE . 155G M TR 5
B 2R | PG IXUHRE AR 30 139 1 O 240858 5 FL U 2R () XU



900

b TET AT DA LB R AR 1 O 1) P (RO B 8
Xof FAH R K ZIN AR PG RS A 3« il T A ) U
6] % 8 11 I 2 S AR AH ]

SCHRRERR A Y A AT AR AR R RS T 4
W AFTE— 5 SR B . E i, SR AR 3 A R A AS 3
W TR BN L A A L m) R K S 2W (W Sl
B T Y B8 BED B V8 I 40 A X BE B S BRANAF . A
2 S8 IR I A T BV AR R4 m AR DA B 4 e 5
Bk L 2 I AT SRR B A AR AR A 3
SE H T S AR R A A T 5 e 7 B R A R Y
PP A O "R AR B TR B 5 5 i A 780 R e AR i 1) 1)
A K7 XL T AR SR A S AR V. Ak X
T REA G Sy VG IR 14 IR A o I3 SR IR BT i SCrp
A EELE I Ch AR 5 v A 35T {8 b ThT AR 48 0 ) B XUT
1) % 3 ) X PG DA 2 5 B ST o v 7 30 e 0 A A
— W5

&% ik

Bt R, Xz, SEEME. 2003, 4~6 A 7 B R HOR 005 B E R
B K AN R SCER AL B S . b R 2R (D SR, 33(10) . 997-
1004. Duan A M, Liu Y M, Wu G X. 2005. Heating status of
the Tibetan Plateau from April to June and rainfall and atmos-
pheric circulation anomaly over East Asia in midsummer. Sci
China Ser D; Earth Sci, 48(2): 250-257 (in Chinese)

BITTMR . RICAR. 1993 5 i RS AROIm FA X 7 F £y I i A IR
W2 MR R A B g PR Al 9(1D . 78-84. HuJ
L, Zhu Q G. 1993. Numerical experiments with effects of sen-
sible heating of the Tibetan Plateau on July atmospheric general
circulation and summer monsoon in Asia. J Trop Meteor, 9(1) .
78-84 (in Chinese)

AT, S ME, X0z AR . 2001, 7 5 B % 1 B B 2 1
1R 119 5 TR B, KAFE, 25(6): 809-816. Li W
P, Wu G X, Liu Y M, et al. 2001. How the surface processes

over the Tibetan Plateau affect the summertime Tibetan Anticy-
clone — Numerical experiments. Chinese ] Atmos Sci, 25(6):
809-816 (in Chinese)

XNZ U, XUIME, XF-55. 1999a. % i) AR 25957 im #ouf @l iy 5 T8 B
AAE SR 11 . Rl TR 5 RO R . AR AR, 5T
(4): 385-396. Liu Y M, Liu H, Liu P, et al. 1999a. The
effect of spatially nonuniform heating on the formation and vari-
ation of subtropical high Part [l : Land surface sensible heating
and East Pacific Subtropical High. Acta Meteor Sinica, 57(4) :
385-396 (in Chinese)

XU . 5% e . X)HESE. 1999b. 725 [l 34 53 i B il #5551 B
AL S iR o T e 5 45 0 B AR 5 R I e R B P K P 3

2 2

. KB, 57(5): 525-538. Liu Y M, Wu G X, Liu H, et

K 2016,74(6)

Acta Meteorologica Sinica

al. 1999b. The effect of spatially nonuniform heating on the
formation and variation of subtropical high Part[ll : Condensa-
tion heating and South Asia High and Western Pacific Subtropi-
cal High. Acta Meteor Sinica, 57(5): 525-538 (in Chinese)

S XNZIR. X 1999, 2 W] 3k 34 57 4 xd @ & TR 4
JRAE SR T . REEr . K%M, 57(3): 257-263.
Wu G X, Liu Y M, LiuP. 1999. The effect of spatially nonuni-
form heating on the formation and variation of subtropical high
1. Scale analysis. Acta Meteor Sinica, 57(3); 257-263 (in Chi-
nese)

FEME, XIZUE. 2000, I3 RL L RCRNR] R T e B0 R
R, KARE ., 24(4) ; 433-446. Wu G X, Liu Y M. 2000.
Thermal adaptation, overshooting, dispersion, and subtropical
anticyclone Part [ ; Thermal adaptation and overshooting. Chi-
nese ] Atmos Sci, 24(4): 433-446 (in Chinese)

RLLW]. HME. ERA. 2010, B 8 #4728 1 I P 22 XR i
SEME. HEAS. 29(6): 1452-1463. Yan H M, Yang
H, Wang L, et al. 2010. The impact of surface thermal varia-
tion over Indian Peninsula on Asian monsoon circulation anoma-
ly. Plateau Meteor, 29(6): 1452-1463 (in Chinese)

SRAEE . XNUZUE . 2 [ e 2009a. LR v 3t 7 A5 Y v ) BACHT A0 30 o
TR RE F A T« REAS PR BT R CRFAE 4R AT, KRR, 33
(4); 868-878. Zhang Y N, Liu Y M, Wu G X. 2009a. Station-
ary response of the subtropical circulation to latent heating in a
linear quasigeostrophic model. T : Basic quality and character-
istic analysis. Chinese ] Atmos Sci, 33(4);: 868-878 (in Chi-
nese)

TR, XIMZ IR, S b 2009b. £k M i b A5 TR v ) A4 B 3 X
WP B e 1 R AR RN 5 )R T E R B IS
R KR, 33(5): 891-902. Zhang Y N, Liu Y M, Wu G
X. 2009b. Stationary response of the subtropical circulation to
latent heating in a linear quasigeostropic model. I[ : Boundary
restriction and self-adaptation of basic flow and stratified stabili-
ty. Chinese ] Atmos Sci, 33(5): 891-902 (in Chinese)

Chen P. 2001. Thermally forced stationary waves in a quasigeostro-
phic system. J Atmos Sci, 58(12): 1585-1594

Chen P, Hoerling M P, Dole R M. 2001. The origin of the subtrop-
ical anticyclones. J Atmos Sci, 58(13): 1827-1835

Dickinson R E. 1980. Orographic Effects in Planetary Flows.
GARP Publication Series, No. 23. Geneva: WMO, 450pp.

Duan A M, Li F, Wang M R, et al. 2011. Persistent weakening
trend in the spring sensible heat source over the Tibetan Plateau
and its impact on the Asian summer monsoon. ] Climate, 24
(21): 5671-5682

Duan A M, Wang M R, Lei Y H, et al. 2013. Trends in summer
rainfall over China associated with the Tibetan Plateau sensible
heat source during 1980 —2008. ] Climate, 26(1) . 261-275

Egger J. 1978. On the theory of planetary standing waves. Beitr
Phys Atmos, 51: 1-14

Held T M. 1983. Stationary and quasi-stationary eddies in the extra-



GV W8 A5 - 2 P v s e A Y e )T SR BRI R S A SE

tropical troposphere: Theory// Hoskins B J. Pearce R. Large-
scale Dynamical Processes in the Atmosphere. New York: Aca-
demic Press, 127-168

Holton J R. 2004. An Introduction to Dynamic Meteorology. 4th
ed. San Diego: Academic Press, 251-254

Liu Y M, Wu G X, Ren R C. 2004. Relationship between the sub-
tropical anticyclone and diabatic heating. J Climate, 17 (4):
682-698

Manabe S, Terpstra T B. 1974. The effects of mountains on the
general circulation of the atmosphere as identified by numerical

experiments. ] Atmos Sci, 31(1); 3-42

901

Roads J Q. 1982. Forced, stationary waves in a linear, stratified,
quasi-geostrophic atmosphere. ] Atmos Sci, 39(11) . 2431-2449

Smagorinsky J. 1953. The dynamical influence of large-scale heat
sources and sinks on the quasi-stationary mean motions of the
atmosphere. Quart ] Roy Meteor Soc, 79(341) : 342-366

Webster P J. 1972. Response of the tropical atmosphere to local,
steady forcing. Mon Wea Rev, 100(7) . 518-541

Wu G X, Liu Y M. 2003. Summertime quadruplet heating pattern
in the subtropics and the associated atmospheric circulation.

Geophys Res Lett, 30(5), doi: 10.1029/2002GL016209



