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Abstract The quasi-geostrophic adjustment process of the circulations associated with the Southern Hemisphere Annular
Mode (SAM) is studied by employing the NCEP/NCAR reanalysis daily data. To SAM, which is a planetary scale system
with the space scale along the latitude larger than the Rossby deformation radius, the wind field inclines to change itself so
as to fit the pressure field in the process of geostrophic adjustment. The results show that the evolution of SAM lags behind
the variation of the Ferrel cell anomaly about 2/16 phases, indicating the Ferrel cell changes the geopotential height
anomalies in middle and high latitudes through its meridional transporting of the atmosphere mass. As the changing of the
geopotential height anomalies in middle and high latitudes means the temporal evolution of SAM, SAM’s transition from
positive to negative phases is demonstrated to be driven by the leading mass transportation of Ferrel cell. When the SAM
changes or the meridional geopotential height gradient in middle latitudes changes, it then destroys the geostrophic
equilibrium between the zonal wind field and the geopotential height anomaly in middle latitudes, causing the geostrophic
deviation; then the geostrophic deviation drives the meridional wind filed, changing the anomalous Ferrel cell, and forming
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a self-adjustment internal process cycle.
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Fig. 1 Temporal evolution of the zonal-averaged geopotential height anomaly (color shading), zonal wind anomaly (contours with 0.4 m/s interval), and

vertical meridional cell anomaly (vector) associated with SAM phases (0-16) in the Southern winter (May—-Sep)
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Fig. 2 Temporal evolution of (a) column integrated vertical velocity
anomaly, (b) meridional shear of column integrated vertical velocity anomaly
in area 60°S-70°S and area 35°S-50°S between 1000 hPa and 100 hPa
associated with SAM phases (0-16) in the Southern winter (May-Sep)
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Fig. 3 Temporal evolution of (a) column integrated meridional velocity
shear (a[v]/ap ), (b) vertical shear of column integrated meridional velocity
averaged over 45°S-65°S between 700 hPa and 400 hPa associated with
SAM phases (0-16) in the Southern winter (May-Sep)
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Fig4 Temporal evolution of the zonal-averaged geopotential height anomaly (color shading), mass stream function anomaly (contours with 0.2x10'°%kg/s
interval), and vertical meridional cell anomaly (vector) associated with SAM phases (0-16) in the Southern winter (May—-Sep)
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Fig. 6 Temporal evolution of the zonal-averaged horizontal divergence anomaly (color shading), geopotential height anomaly (contours with 5 gpm interval),

and vertical meridional cell anomaly (vector) associated with SAM phases (0-16) in the Southern winter (May-Sep)
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Fig. 7 Temporal evolution of the zonal-averaged geostrophic deviation force anomaly (color shading), geopotential height anomaly (contours with

5-gpm interval), and vertical meridional cell anomaly (vector) associated with SAM phases (0-16) in the Southern winter (May—Sep)

Kl 8a 45t T A P ERAZE SAM FHAEXTRY. 700~
200 hPa -1 (R e (w22 J) 3 H V)42 OF, fop « XL
Fa AT R I m 2Bk E 1 Ferrel PRUESE 1R Hb 2% i
72 38 D) AR W AROE 1 A 22 ) S L U)AR, R
N AR i 22 0 T B D) AR . AR 8a T LA 3,

TEP LG JEIX,  TF b e i 22 00 3 D) AR A0
Mo Kl 8b 45 H T R F-ERAZE SAM S W H 20 B2 i X
40°S~70°S V¥4 oF, /op R /IN, AT RAEI A (i 22 )
X Ferrel BRI b SORIT SR 0 de R R A F
Hio IIEL 8b Hn] LA BB - Bk A 2% SAM X [ th 4



N A 36 %

766 Chinese Journal of Atmospheric Sciences

Vol. 36

16/0

Phase

12

4.0

- EEEREILDERE
o G E PRI
sod e REmEEEE 4

\&{ . 0Fa/dp
- h-}
001 -

—2.07

—4.0 T

Phase
K8 HIEERRZE (59 J]) SAM H{Exd R 700~200 hPa (a) #4)7: 4k 1 14 e fh 22 TR L VI2E oF, Jop  (Ffir: 107 mes™Pa™) W% i b R AR it
ARFERI (b) 40°S~70°S #2245 [l F34) 11 oF, /op LA K 3 TR Ferrel PRy i s B R B BE AL AH (0~16) JEZASHFAE . T EUM S B AL D) AR FR AR«
mis, ZeEE T YIRS (L1, DM SR LEE) AL 10 msT P, FRE B BHREEAL: 10'kgls
Fig.8 Temporal evolution of (a) column integrated zonal-averaged geostrophic deviation force ( oF, /op , units: 107 m:s?Pa™?), (b) column integrated

zonal-averaged geostrophic deviation force (0F, /dp ) averaged over 40°S—70°S and three different indexes of the anomalous Ferrel cell intensity between
700 hPa and 200 hPa associated with SAM phases (0—16) in the Southern winter (May—Sep). The units of oF,/dp are 107 m-s~2.Pa~*; units of meridional

shear of vertical velocity are m/s; units of integrated vertical shear of meridional velocity (multiplied by —1 for the comparison with other lines) are 107

m-s~--Pa*; units of mass stream function are 10'° kg/s

J& Ferrel IRV 55 AR A0 A L Al 2 3 (1) 18] 457 A4 L
HEEF I NI FR: 0~1 fiAH, FEP3k4ZE SAM X
NS Ferrel IR H N IE, I SZ 21 (1 M
2= Y148 1E, Ferrel 550 Inad; 2~3 f7AH, M
HeAw 2 1A N IR A, Ferrel BRU A ik S 0E
(B I E TR US4 AiAH, HbFEdR 22 TP Hg
JFHfaE, IR Ferrel FRUSE R IR 5 AAH, Hik
T 2= 1 ) A2 T8 B K i, IE 1) Ferrel PR 5k
AR O PiT; 6~8 fiAH, SnIMHbEE MR % 1 D)0
55, Ferrel PRyt ) [n - 0nid; 9~10 f7AH, fiHh
ez V)RR N IE, i Ferrel PR  1A )
ST TFARIGHE s 10~12 7 AH, IFEFE R 22 ) D1 AR 1
5, B Ferrel FRULR s 13~14 74H, 1EM

B 22 S O)ARIE B B, ) Ferrel PRUEST H J88
0 JERns 15~16 fAH, 1E R 2= i b1AR ik F
WSS, A2 JEIMIE Ferrel BRI, it s
K, SAM XN Bk A Ferrel B T
L2 52 30 b 2 Qi 2 g 1D A P o L 9 R R
IEs AALARIG . i ERTIR,  H RS IR ARG T
Ferrel BRI R 0 55 1728 0 B AV AH (0 2 e S o |- 2
FLREZ B T M3 i 22 (R T S 38000

6 ZitSidie

AR SC AR N 7 3 s 3 (1 4 3t 5 0 2 A
JEE, FREFARAT 5t B2 A A I S7 A7 A A 48t 1) 47 B o
FEo T IR S A5 205 Bl Uy ) B AT 2RO



49 IR

P 2P BRECIRAR S P A e ) i A 20 #

No. 4 LI Xiaofeng et al. Analysis of the Quasi-geostrophic Adjustment Process of the Southern Hemisphere Annular Mode 767

WARK T SR B0 AR T 2145 LO, 78 1 .
bR, TR s, MREIR I B T
U 2SN Y, B R IEN . R,
PN | e WS/ T VR o 8 S o 187 [ = W ey A ]
10 5 ok B A FACBR A AR Ak (1) P 35 1 B AR e A S
PINR X, 1R Ferrel S¢i HATE
mAb 5 ) Ffnis e KA I RE ), JF L Ferrel
R 0 R AL AT T SAM B AR K 24
1/16~2/16 fiAH, PS5 Ferrel FRym S ) B (1K,
JTU R (1) 53038 T8 PACPRABE 558 52 110 28 A R4S AH 1) 7 4 1o
TR AR 3] T OB . SAM SR AR Ak Bk h 4
FEHUIX (SR B B S R A2 AR A, SR BRI 1048 fk
Moo — X R A i 2 ) AR, AR S
(1) R 26 22 ) sk >k SCRT LA i) Ferrel PR3 54 1)
Ak, IR E R HRIE IR N 3B 5h )it
Fio R DA AT 2 A .

SAM IE (47D REAHIN, R4 i A B i
fZEFR1R ARIE (B, IiiE (/O 1f Ferrel 37
FWs 1E (8O 11 Ferrel 95 8 K5 E
i (R4 s MR (g, iR
RS, TEARA e Gk, FE i
WD GEID, R RIED TR
BREE Jy4s, PR CARRO I ) A3 (138 W 1
g, 1E (50D ALAHFRREGR R N KA
Wemis i b, AEIRE AIR)Z ) EMERL GRb),
TEF A MR Z ) B> (B, Frtkix (GRiE)
J7 SR BAE S R ) BRI, i )2
e 22 AR M ZRIE (B 8648 F5 i (RiE)
Jr i neE, $ERIE () Ferrel RS 980E
KSR [ CIED (8] Ferrel 3R S5%, SR/ J5, [ GIE)
[ Ferrel IRy HBNE; HE, [ (IE) Ferrel
R PR ERER S Gad) RS s
BE L (R X, FdiEfe i R
IS EBAE kb, R (R KD S8 bl 2 9859,
1E (5D AL AHFROIRAE SR IR o

tut, BATIAK Ferrel FRJ 5 X IV KA
S 1) B0 AE FACTRABE 5 58 5 7 RO A e b 3] T O
BERER, T T PRI 2 BRORBE IR B
B, AR R bR L e T A, R EFOIRAE
P AHAR A 27 22 0 20) 3 PRI SR R AL, 4y
TEUL,  AFRIRAGE I R 5 1] -S4 Gt 2 [] P b A 1
PR, AT UG B PRSI 2 7 5 14 o
DTS LA AT ARG IO R rp, AT 5g 4 B A A B

IEFR 2 (B PR AH R B R B BRI 25 5 . 1X 57
N M AH LA FH A 2 2% 5245 31 1K B RAE 3l ]
H B PR IR 45 B ARIP Y 1) (Yamazaki and Shinya,
1999; Limpasuvan and Hartmann, 2000). SZfr I
FHABLI HE S | 1 Bt R e BRI NAM 1)
WAL MAEAE, T SAM Y4B S 1) 45 4 L
NAM SEII#EEE IR, ASCAALEL SAM 4 Bl 3E4T 1
o AR, ASCHRH I AR FTIOIRBE A I A b
(AL FE T I R A N I e ke SRR ) R, XL
HATFERRA T — D HIR AR 22,

SEHEk (References)

Benedict J J, Lee S, Feldstein S B. 2004. Synoptic view of the North Atlantic
Oscillation [J]. J. Atmos. Sci., 61 (2): 121-144.

Dima | M, Wallace J M. 2003. On the seasonality of the Hadley Cell [J]. J.
Atmos. Sci., 60 (12): 1522-1527.

AR, ZEEE, A 2011, JbFERE ZE Hadley SRR I 12 A e AR
[ KA R, 35 (2): 201-206. Feng Ran, Li Jianping, Wang
Jingcheng. 2011. The principal modes of variability of the boreal summer
Hadley circulation and their variations [J]. Chinese Journal of Atmospheric
Sciences (in Chinese), 35 (2): 201-206.

Feldstein S B. 2003. The dynamics of NAO teleconnection pattern growth
and decay [J]. Quart. J. Roy. Meteor. Soc., 129 (589): 901-924.

Feng R, Li J P, Wang J C. 2011. Regime change of the boreal summer
Hadley circulation and its connection with the tropical SST [J]. J. Climate,
24 (15): 3867-3877.

Gong D Y, Wang S W. 1999. Definition of Antarctic oscillation index [J].
Geophys. Res. Lett., 26 (4): 459-462.

Gupta A S, England M H. 2006. Coupled ocean—atmosphere—ice response
to variations in the southern annular mode [J]. J. Climate, 19 (18):
4457-4486.

Hartmann D L, Lo F. 1998. Wave-driven zonal flow vacillation in the
Southern Hemisphere [J]. J. Atmos. Sci., 55 (8): 1303-1315.

Holton J R. 2004. An Introduction to Dynamic Meteorology [M]. Burlington,
MA: Elsevier Academic Press.

AEP. 2001, AR AREIE 1. AURTFEE M) b AR
H R 4k, 279pp.  Li Jianping. 2001. Atlas of Climate of Global
Atmospheric Circulation I. Climatological Mean State (in Chinese) [M].
Beijing: China Meteorological Press, 279pp.

AT 2005, RS VEE) S P EAURAAL [CI ZEi]. AR
WAy (BA5). dbnt: A% HMtE, 324-333.  Li Jianping. 2005.
Coupled air-sea oscillations and climate variations in China [C]// Qin D K.
Climate and Environmental Evolution in China (in Chinese). Beijing:
China Meteorological Press, 324-333.

Li J P, Wang J X L. 2003. A modified zonal index and its physical sense [J].
Geophys. Res. Lett., 30 (12): 1632.

ZegF, RIEME, SIS 2011, MEERORAS VX AR BLAE T K Hont 3

R AERSEm [M]. Jbst: A HRRAL, 368377, Li Jianping, Wu



N A 36 %

768 Chinese Journal of Atmospheric Sciences

Vol. 36

Guoxiong, Hu Dunxin. 2011. Ocean—-Atmosphere Interaction over the
Joining Area of Asia and Indian—Pacific Ocean and Its Impact on the
Short-Term Climate Variation in China (in Chinese) [M]. Beijing: China
Meteorological Press, 358-377.

AR, ST 2009, B AESEERERRIEH P9 s i E N R [0].
KAFIE, 33 (2): 215-231.  Li Xiaofeng, Li Jianping. 2009. Main
submonthly timescals of Northern and Southern Hemispheres annual
modes [J]. Chinese Journal of Atmospheric Sciences (in Chinese), 33 (2):
215-231.

el 2P, 2010, P9 R R BRERARASOGT B IR R BRI 5 4 A%
FEEEIE [J]. KAURM¥, 34 (6): 1099-1113. Li Xiaofeng, Li Jianping.
2010. Propagation characteristics of atmospheric circulation anomalies of
sub-monthly Southern Hemisphere annular mode [J]. Chinese Journal of
Atmospheric Sciences (in Chinese), 34 (6): 1099-1113.

Limpasuvan V, Hartmann D L. 2000. Wave-maintained annular modes of
climate variability [J]. J. Climate, 13 (24): 4414-4429.

Lorenz D J, Hartmann D L. 2001. Eddy-zonal flow feedback in the Southern
Hemisphere [J]. J. Atmos. Sci., 58 (21): 3312-3327.

Luo D H, Gong T T. 2006. A possible mechanism for the eastward shift of
interannual NAO action centers in last three decades [J]. Geophys. Res.
Lett., 33: L24815.

. 2007, KAFIEAARFAE L 5 ENSO [IC R [D]. MR
IRFE R A8, 434pp. Ma Jie. 2007. Characteristics of
atmospheric meridional circulation and its connections to the ENSO [D].
Ph. D. dissertation (in Chinese), Department of Atmospheric Sciences,
Lanzhou University, 434pp.

Ma J, Li J P. 2008. The principal modes of variability of the boreal winter
Hadley cell [J]. Geophys. Res. Lett., 35: 001808, doi: 01810.01029/
02007GL031883.

Nan S L, Li J P. 2003. The relationship between the summer precipitation in
the Yangtze River valley and the boreal spring Southern Hemisphere
annular mode [J]. Geophys. Res. Lett., 30 (24): 2266.

M, P, 2005, FRFE A ERIRBE S UL FE R K I 6 &
I EDREVERI IR 0 U VERET AER] [0 %Ak, 63 (6):
847-856.  Nan Sulan, Li Jianping. 2005. The relationship between the
summer precipitation in the Yangtze River valley and the boreal spring
Southern Hemisphere annular mode. Il. The role of the Indian Ocean and
South China Sea as an “oceanic bridge” [J]. Acta Meteorologica Sinica (in
Chinese), 63 (6): 847-856.

Nan S L, Li J P, Yuan X J, et al. 2009. Boreal spring Southern Hemisphere
annular mode, Indian Ocean SST and East Asian summer monsoon [J]. J.
Geophys. Res., 114: D02103, doi: 10.1029/20081D010045.

Oort A H, Rasmusson E M. 1970. On the annual variation of the monthly
mean meridional circulation [J]. Mon. Wea. Rev., 98 (6): 423-442.

Oort A H, Yienger J J. 1996. Observed interannual variability in the Hadley
circulation and its connection to ENSO [J]. J. Climate, 9(11): 2751-2767.

Peixoto J P, Oort A H. 1992. Physics of Climate [M]. New York, USA:
American Institute of Physics, 520.

ZFHEE, TR, BIkE, % 2006, BRESHTEOR Hadley PR3 L
[9]. Bl2#umdi, 51 (12): 1469-1473. Qin Yujing, Wang Panxing, Guan

Zhaoyong, et al. 2006. Compariation of Hadley cell in two kinds of
analysis datasets [J]. Chinese Science Bulletin (in Chinese), 51 (12):
1469-1473.

Quan X W, Diaz H F, Hoerling M P. 2004. Changes of the Hadley circulation
since 1950 [C]// Diaz H F, Bradley R S. The Conference on the Hadley
Circulation: Present, Past and Future. Springer, 85-120.

Sun J Q, Wang H J, Yuan W. 2009. A possible mechanism for the
co-variability of the boreal spring Antarctic Oscillation and the Yangtze
River valley summer rainfall [J]. Int. J. Climatol., 29 (9): 1276-1284.

Thompson D W J, Wallace J M. 1998. The Arctic Oscillation signature in the
wintertime geopotential height and temperature fields [J]. Geophys. Res.
Lett., 25 (9): 1297-1300.

Thompson D W J, Wallace J M. 2000. Annular modes in the extratropical
circulation. Part I: Month-to-month variability [J]. J. Climate, 13 (5):
1000-1016.

Waliser D E, Shi Z X, Lanzante J R, et al. 1999. The Hadley circulation:
Assessing NCEP/NCAR reanalysis and sparse in-situ estimates [J].
Climate Dyn., 15 (10): 719-735.

Wang C Z. 2002a. Atmospheric circulation cells associated with the EIl
Nifio-Southern Oscillation [J]. J. Climate, 15 (4): 399-419.

Wang C Z. 2002b. Atlantic climate variability and its associated atmospheric
circulation cells [J]. J. Climate, 15 (13): 1516-1536.

Woollings T, Hoskins B, Blackburn M, et al. 2008. A new Rossby
wave-breaking interpretation of the North Atlantic Oscillation [J]. J.
Atmos. Sci., 65 (2): 609-626.

L[ HE, Tibaldi S. 1988. X TR CTF-HARIIRM —Fil5H 7% [].
Bl B 4, (4): 442-450. Wu Guoxiong, Tibaldi S. 1988. A computational
schemes of mass stream function of the zonally mean meridional
circulation [J]. Science in China (Series B) (in Chinese), (4): 442-450.

Wu Z W, Li J P, Wang B, et al. 2009. Can the Southern Hemisphere annular
mode affect China winter monsoon [J]. J. Geophys. Res., 114: D11107.

Yamazaki K, Shinya Y. 1999. Analysis of the Arctic Oscillation simulated by
AGCM [J]. J. Meteor. Soc. Japan, 77 (6): 1287-1298.

Yeh T C. 1957. On the formation of quasi-geostraphic motion in the
atmosphere [J]. J. Meteor. Soc. Japan, The 75th Anniversary Volume of
the Meteorological Society of Japan: 130-134.

BRAE. 1963a. KA P INEN L FERR I RE (—) Yo WA i 1
BN A% %W, 33 (2 163-174.  Zeng Qingcun. 1963a. The
adaptation and development process in the atmosphere. I. Physical
analysis and the linear theroy [J]. Acta Meteorologica Sinica (in Chinese),
33(2): 163-174.

BRAE. 1963b. KAUHMIE R R R R (2) Atk E [ <
%244, 33 (3): 281-289.  Zeng Qingcun. 1963b. The adaptation and
development process in the atmosphere. Il. Nolinear theroy [J]. Acta
Meteorologica Sinica (in Chinese), 33 (3): 281-289.

B PRAE. 1963c. Pl tof A SV il 2 1) 552 e R0 X ARk £ 45 FH o 2
[9. %244, 33 (1): 37-50. Zeng Qingcun. 1963c. The influence of
disturbance characteristics on adaptation process in atmosphere and the
utilization problem of wind data [J]. Acta Meteorologica Sinica (in
Chinese), 33 (1): 37-50.



