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Simulation and Projection of Hadley Circulation in Coupled Climate Models
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Abstract In order to address the possible change of the Hadley circulation in response to global warming in the
future, the ability of coupled climate models in simulating the temporal and spatial features of Hadley circulation is
assessed by a comparison with the observation during 1970 = 1999. On this basis. three models which can well re-
produce the spatial structure and the temporal change of the intensity and expansion of Hadley circulation are select-
ed as the ensemble to project its possible change under the A1B scenario. The projection results show that the
Northern Hemispheric Hadley circulation tends to weaken in four seasons but with weaker change in spring during
the late 21st century (2070 - 2099) as compared to the period 1970 - 1979. The Southern Hemispheric Hadley cir-
culation will also weaken in winter and summer, while its change in spring and autumn is not significant. In addi-
tion, except a southward shift in summer, the Hadley circulation in the Northern Hemisphere will exhibit a north-
ward expansion in the other three seasons during the late 21st century. The Hadley circulation in the Southern Hem-
isphere will move poleward in all seasons. Moreover, the upward shift of the Hadley circulation in the vertical may

appear in both hemispheres in a warmer climate.
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Fig. 2 Taylor diagram of the spatial pattern of the Hadley circulation; (a) Winter; (b) spring; (¢) summer; (d) autumn. The square in

the diagram denotes the reference point (NCEP/NCAR), and each letter represents one model (see Table 1). The radial distance from the

model point to the origin is proportional to the standard deviation of the modeled pattern relative to the observed one. The root mean

squared difference is shown by the distance from the model point to the reference point. The correlation between the model and the obser-

vation is given by the cosine of the azimuthal angle of the model point
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Table 1 Coefficients of the linear trends of the NHCI and SHCI during 1970 - 1999 simulated by models

NHCI SHCI

vz [ K= B HE A7 e
b BCCR _BCM2 _0 0.23% 0.48% 0.10 0.03 0. 25
c CGCM3. 1 _ T47 —0.15 —0.32 —0.21* —0.35* —0. 14~
d CGCM3. 1 _T63 0.42~ —0.41 —0.01* —0.23* 0. 85
e CNRM _ CM3 0.13* 0.17* —0.18~ —0.27* —0.70"
f CSIRO _ MK3 _0 0.31" 0.22% —0.49" 0.18 —0. 36"
g CSIRO _MK3 _5 —0.22 0.73* —0.73" —0.04" —0.55"

GFDL _CM2 _0 —0.13 —0.13 0. 14 0.18 —0.53"
i GFDL _CM2 _ 1 —0.06 —0.81 —0.04% —0.33" —0.23"
] GISS _ AOM —0. 60 —0.06 0. 00 0.08 0.11
k GISS _EH —0. 66 —0.23 0.03 —0.07* 0.03

GISS _ER —0.01 0.24* 0.11 0.07 0. 34
m IAP _ FGOALS _1.0g 0.97* 0.14* 0.17 —0.09" 0.55
n INGV _ ECHAM4 —0.82 —0.45 —0.15* 0.07 0. 35
o INMCMS3. 0 —0.38 —0.03 —0.03" 0.07 0. 04
p IPSL _ CM4 —0.16 0.31 —0.01 —0. 34 0. 65
q MIROCS3. 2 _ hires 0.14~ 0. 06 —0.03 —0. 40 0. 60
r MIROCS3. 2 _ medres —0.03 0.15* —0.54" —0.09% —0.56%
s MPI _ ECHAMS5 —0.15 0.41 0.10 —0.08 —0.04
t MRI _ CGCM2. 3. 2a 0.58% —0. 64 0. 26 0.36 0.22
u NCAR _ CCSM —0.54 —0.03 0.43 0.41 0.01
v NCAR _ PCM1 —0.45 —0.38 0. 09 0. 39 —0.25
w UKMO _ HADCM3 —0. 84 —0.37 —0.00 0. 00 0. 29
X UKMO _ HADGEM1 —0.37 —0.22 —0.24* 0. 00 —0.39

ZHES (MME) 0.08* 0.38* —0.47*% —0.05* —0.54~%

* F275 5 NCEP/NCAR A —3 ey,
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Table 2 Coefficients of the linear trends of the NHCE and SHCE during 1970 - 1999 simulated by models

NHCE SHCE

1R SN 7 &= X7 % HZE &=
b BCCR _BCM2 _ 0 0.04% 0.14 —0.04* 0.15 —0.20"
c CGCM3.1_ T47 —0.51 —0.08* —0.43" —0. 04" —0. 60"
d CGCM3. 1_T63 0.19* —0.64* —0.19* —0.16" —0.30*
e CNRM _ CM3 0.19* —0.64* —0.67* —0.76" —1.25*
f CSIRO _ MK3 _ 0 0.01* —0.93* —0.16* —0.61" —0.25"
g CSIRO _ MK3 _5 0.29% —0.06* —0.30" —0.01" —0.17"

GFDL _CM2 _0 —0.02 —0.07* 0. 02 0. 30 0. 00
i GFDL _CM2 _ 1 —0.02 —0.07" 0. 02 0. 30 0. 00
j GISS _ AOM —0. 04 0. 64 0.14 —0.35 —0.05"
k GISS_EH 0. 02" 0.68 —0.70" —0.01" 0.48

GISS _ER —1.29 —1.22" —0.58" —0.43" —0.11"
m IAP _FGOALS _1.0g 0. 56 —0.64" 0. 30 0. 39 —0.19"
n INGV _ ECHAM4 —0.27 —1.19" —0.47" —0.37" 0.39
o INMCMS. 0 —0.76 —0. 62" —0. 82" —0.51" —0.66"
p IPSL _ CM4 0. 05" —0.22" 0.72 —0.07 0.01
q MIROCS. 2 _ hires —0.02 —1.04" 0.23 —o0.21 —0.59*
r MIROC3. 2 _ medres 0.59* —0.73" —0.59" —0.01 0.19
s MPI _ ECHAMS5 —0.09 —0.79* —1.01" 0.01 0.36
t MRI _ CGCM2. 3. 2a 0.87* —0.04* —0. 14" —0.11* —0.10*
u NCAR _ CCSM —0.01 —1.09* 0.01 0.21 0.28
v NCAR _ PCM1 0.22% —0.83* —0.19* 0.61 —0.17"
w UKMO _ HADCMS3 2.13* —0.88* —0.70* 0.23 —1.13*
x UKMO _ HADGEM1 0.11% —0.12* —0.14* —0.47" —0.94*

MME 0.17* —0.55* —0.38* —0. 46" —0.56"

* F275 5 NCEP/NCAR A —3 ey,
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Fig. 5 MME simulation of climatology of the mass streamfunction (contour) under the A1B scenario for the periods (a—d) 2020 - 2049
and (e—h) 2070 - 2099, and its differences (shading) relative to the period 1970 - 1999: (a, e) Winter; (b, f) spring; (c, g) summer;

(d, h) autumn
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Fig. 6 Time series (solid line) and linear trend (dashed line) of NHCI (left column) and SHCI (right column) projected by MME simu-

lation under the A1B scenario: (a, e) Winter; (b, f) spring; (c, g) summer; (d, h) autumn



3 JaWeE . AR GAXT Hadley PR RRBTRIA R L T
No. 3 ZHOU Botao. Simulation and Projection of Hadley Circulation in Coupled Climate Models 349
31 —34
(a) (O]
735_
3 @
= 30 T 36k
Z 0]
—37}F
29 1 1 1 1 L 1 1 1 —38 I I I 1 1 I 1 )
2010 2020 2030 2040 2050 2060 2070 2080 2090 2010 2020 2030 2040 2050 2060 2070 2080 2090
Year Year
29 —32
(b) (H
281 —33r
m —34t
% 27 § 34
Zz 206 »vn —35F
25F —36r
24 1 1 I 1 1 1 1 1 —37 I I 1 1 I 1 1 1
2010 2020 2030 2040 2050 2060 2070 2080 2090 2010 2020 2030 2040 2050 2060 2070 2080 2090
Year Year
37 —27
(€3]
35k —28k
33
m B —29F
O 31} O
jan) = —30
Z 29t v
27F -3l
(©) _
25 1 Il 1 1 1 Il 1 1 32 1 1 1 1 1 1 1 1
2010 2020 2030 2040 2050 2060 2070 2080 2090 2010 2020 2030 2040 2050 2060 2070 2080 2090
Year Year
39 —29
384 @ ()
_30-
o 37t
% 36 6 —31
z 5 - =
34
3k 33F

32 1 1 1 1 1 1 1 1
2010 2020 2030 2040 2050 2060 2070 2080 2090
Year

4 1 1 1 1 1 1 1 1
2010 2020 2030 2040 2050 2060 2070 2080 2090
Year

K7 [ 6, {H% NHCE (£%]) 1 SHCE (£%1))
Fig. 7 Same as the Fig. 6, but for NHCE (left column) and SHCE (right column)

CSIRO_MK3_0 #4850 iy = 2 SHCT 2y 55 1) 17 #a 3
Fh, HARBIZE RS MME M —3L,

K 7 S 2010 ~2099 4= MME #54 1) Hadley
Wi a8 As . ol i, NHCE 4 2=, &/
ZRIAk R 2 W I (OSYRIfERE) ., TER %
i EW AR OSWMERD , Akt Ek
Hadley B iEETEA 2. FH MK GBS M)
M7 1o 35k, (H A 5 2= 210 o 38 7 1) IR 4.
SHCE 7£ 4 M Z T 3 R B 2 % Gl
95 HIFEIE) » FoR AR F 2F 3K Hadley BRIt
W B b 5 e . BB Hadley Ry
NFAEER K AR A — 3, ME— AR Z A2
B CNRM_CM3 #5240 (1) 4 28 NHCE £ BlAR 55 1
iy kN

5 ZRFie

FIH 23 Ak R e B A7 AR AR 5t
(20C3MD) FIASKRIR = ARHE G 5t (AIB) T
RZE R, JF45 4 NCEP/NCAR FAMT 7k, PF
fili T &A% Hadley B3 B 28 FRAE A BI0L 8% RE .
JEAE I Al b WAL T R ok Hadley 243 19 7T fig
HAE

SEREW, REBE ARSI T 4
AZET Y Hadley R 07 (8] B 28 HAT AR 4T (4
e Jy, BB Hadley 36 25 [0 73 A 5
NCEP/NCAR A X R B KT 0.7, T HXT &
7= Hadley PRy ()23 [ Z5 ARSI B i, AR AR



< 5K

350 Climatic and Environmental Research

B OB 5K 174
Vol. 17

FRZ. Ak, AFEEXS Hadley #0358 5 £50F
TR O T A2 R ) 20 18 RE ) AE A B 2% S
I HRHMICAS T Hadley A8 R AS LA

FEXT BN 2 B B ALPE AL i 36l b, BEECT
XF Hadley Py as [ 2544 . 5 45 550R 3 A5 50
PRy 3 s (CNRM_CM3, CSIRO
_MK3_0, CSIRO_MK3_5) i1 Z#i5E & Hifh.
A R BoR, ARSI RET =T, NHCI
TE 4 M EW R TGS SHCIEAEME FA
AT ETHESR . MAEFF S Z G
B, NHCE fE& %, HEMKERIY 8 E/
B, MEEZFE R FEN TGS SHCE 1& 4
NETREO RER B Wi, MIET
1970~1999 4F, FAH 22K B, Jt2F#k Hadley
PRy BE ] RE S . AL SR AE B 2R 10 AR E Ty
mcAE b, FE AR AT A Iy 1 9 s pE ok
Bk Hadley PR 580 BE 712 2= FUE =Kok T H.
HMBRAE 4 D FT ey . s, Pt
LBk Hadley PR7ETE H 7 1704 M2 F2
.

AR ETERVT Hadley P %) A1B 1 5 T i
AN R, AR AR 5T Had-
ley AU Y I 28 AR BRI 222 o) = rh i) AR AL
il i ARAE 3BT . & T2 Hadley P19 5 B FIE
TALIPLIE O A — S5, H R TE S — 1Y 45
W —LEETEdE TR R A R B X
Uit T B2 T i 2 3 Hadley BRI ) i 3 Jy 1) 4™
A EE R A (Haigh et al. , 2005; Lorenz and
DeWeaver, 2007), Aif, Lu et al. (2007) 1AA,
Hadley Rt [a) 45t 1] 97 5K 5 P %0 i J2 e BE 22
IR, 115 Rl AT Hh DX T e B 1 i ¢
FREY) . AIRAR R AT SO0 8 B AT L X )
FERE I, S RHE AR E 10 ) X A% 3l AT 3
B Hadley PRy 2k 1 il b 7 1004 5K . [WIEE . #0)
e FE AL 50 Hadley PRSRIE . #F0 €
Rt Gz i, Hadley P9 5% B985 Cnsg)
(Mitas and Clement, 2006; Gastineau et al. ,
2008), [Hth, ATB 5T B P i A e
BY¥E I (Frierson, 2006) W] fE2&FER K Hadley
BRI U8 55 A [0 AR b T [l 9K B — SRR . S5 Ab
ViR RE G W RE Hadley PR L. F
WZR AW FEA BT Hadley 3 nas (815

4, 2008) N [w) # # J5 M) i B (Polvani and
Kushner, 2002) . MiZ gk ik, 784 BKAZ R 5
T FE RAMIKE (Eyring et al. , 2007), ¥
231t Hadley PRyl 55, IF7E— & B E B s
Hadley #yi a4 e, 44K, Hadley ¥
Xof Tk 2 A g e o AL O S A B AR R
WZHEHFREw, XEA RS EE#R—D
e

BT TR B, A SCIES e S Y Y
A Ak R U TPCC ALB 5 5t F AR A
R — R AT REAG . MY ET AR 2 05T
KE ., XFIAEIAFER KA E T, E8A]
PURZE N SR B iR = R HEBUE A
et DA GERA AN 45, wt B HT K
M, B A AT e, B Y e &
PP e . . —SUERE R R E
Winixt Hadley 5 42 16 B A W] 2 % g (Polvani
and Kushner, 2002; Haigh et al. , 2005), #X1Mi H
H B AMIRAL 1 i 2% i J2 A 54 A
(Miller et al. , 2006 £, 2008), MM
= AT U T 58 1 A [m] s 2 3 s =X Tl 1Y)
ZR M5 LFRE A —3 (Mitas and Clemet,
2005) . F34h, AS[EULI %S K8 78 1) Hadley 33
A AR —3, Flin, NCEP/NCAR F43#r %%
BHRCH O AR TR (ERA40) 7ERF 3k
AT KR 22 5. XM ERSBURILT
4F Hadley FR i 0 S000 285 R 58 BE A2 A A AE 2L 70 AN [F]
(Mitas and Clemet, 2005; ZHFHES, 2006), It
Sh, NCEP/NCAR. ERA40 il i) S 5 48 5 95 b
#R¥E7R I L4k 4 ZF Hadley B 2858 (Chen
et al, 2002; Wielicki et al., 2002; Mitas and
Clemet, 2005; JEK#EMF 22, 2006), {HXFp
A5 a4 AE NCEP-DOE F43 7 5Ok H1 154 3 {4
P (Mitas and Clemet, 2005). Hit, {8 A A
FRFE I A Rk AT R DA PT i 2 52 ey 310485 2 1Y)
TEIBC, DA 23 25 PRSP R ANBA A2 o il T X 2 i)
I BEA I AN W 5 5 A 28 e A XN 5 i 42 4K
i L DX 22 i) IR UL

SZ XAk (References)

Bjerknes J. 1966. A possible response of the atmospheric Hadley



33 JaWeE . AR GAXT Hadley PR RRBTRIA R L T
No. 3 ZHOU Botao. Simulation and Projection of Hadley Circulation in Coupled Climate Models 351

circulation to equatorial anomalies of ocean temperature []].
Tellus, 18: 802 - 829.

Chang E K M. 1995. The influence of Hadley circulation intensity
changes on extratropical climate in an idealized model [J]. J. At-
mos. Sci. ,» 52: 2006 — 2024.

Chen J Y. Carlson B E, Del Genio A D. 2002. Evidence for
strengthening of the tropical general circulation in the 1990s [J].
Science, 295: 838 - 841.

Eyring V, Waugh D W, Bodeker G E, et al. 2007. Multimodel
projections of stratospheric ozone in the 21st century [J]. J.
Geophys. Res. . 112: D16303, doi:10. 1029/2006]JD008332.

Frierson D M W. 2006. Robust increases in midlatitude static sta-
bility in simulations of global warming [J]. Geophys. Res.
Lett. , 33: 1.24816, doi:10. 1029/2006G1.027504.

Fu Q, Johanson C M, Wallace ] M, et al. 2006. Enhanced mid-
latitude tropospheric warming in satellite measurements [ ] ].
Science, 312; 1179.

Gastineau G, Le Treut H, Li L. 2008. Hadley circulation changes
under global warming conditions indicated by coupled climate
models [J]. Tellus, 60A; 863 - 884.

S E, WAL 2R 4 2008, &2 Hadley FRfIE 315 KR A
AR RDITE U] R EM (ARRERD, 30 (2):
148 = 154. Guo Shichang, Dai Min, Li Qiong, et al. 2008. Ac-
tivity of the Hadley circulation and its correlations with the at-
mospheric ozone variation during the winter season [J]. Journal
of Yunnan University (Natural Sciences Edition) (in Chinese) .
30 (2): 148-154.

Haigh J D, Blackburn M. Day R. 2005. The response of tropo-
spheric circulation to perturbations in lower-stratospheric tempe-
rature [J]. J. Climate, 18: 3672 — 3685.

Hou A Y. 1998. Hadley circulation as a modulator of the extrat-
ropical climate [J]. J. Atmos. Sci. , 55: 2437 — 2457.

Hu Y, Fu Q. 2007. Observed poleward expansion of the Hadley
circulation since 1979 [J]. Atmospheric Chemistry and Physics.,
7. 5229 -5236.

Kalnay E, Kanamistu M, Kistler R, et al. 1996. The NCEP/
NCAR 40-year reanalysis project [ J]. Bull. Amer. Meteor.
Soc. » 77 437 -471.

Kobayashi C. Maeda S. 2006. Phase shift of the seasonal cycle in
the Hadley Circulation in recent decades [J]. Geophys. Res.
Lett. , 33: 122703, doi:10. 1029/2006GL027682.

Li Chongyin. 1990. Interaction between anomalous winter monsoon
in East Asia and El Nino events [J]. Advances in Atmospheric
Sciences, 7: 36 —46.

Lorenz D J, DeWeaver E T. 2007. Tropopause height and zonal
wind response to global warming in the IPCC scenario integrations
[J]. J. Geophys. Res. , 112; D10119, doi:10. 1029/2006JD008087.

LuJ. Vecchi G A, Reichler T. 2007. Expansion of the Hadley cell
under global warming [J]. Geophys. Res. Lett., 34 106805,
doi; 10. 1029/2006G1.028443.

Miller R L, Schmidt G A, Shindell D T. 2006. Forced annular var-
iations in the 20th century Intergovernmental Panel on Climate
Change Fourth Assessment Report models [J]. J . Geophys.
Res. , 111: D18101, doi: 10. 1029/2005JD006323.

Mitas C M, Clement A. 2005. Has the Hadley cell been strengthe-
ning in recent decades? [J]. Geophys. Res. Lett. , 32: 1.03809,
doi:10. 1029/2004G1.021765.

Mitas C M. Clement A. 2006. Recent behavior of the Hadley cell
and tropical thermodynamics in climate models and reanalyses []].
Geophys. Res. Lett. » 33: 101810, doi:10. 1029/2005G1.024406.

Oort A H, Yienger J J. 1996. Observed interannual variability in
the Hadley circulation and its connection to ENSO [J7]. J. Cli-
mate, 9: 2751 - 2767.

Polvani L. M, Kushner P J. 2002. Tropospheric response to strato-
spheric perturbations in a relatively simple general circulation
model [ J]. Geophys. Res. Lett., 29: 1114, doi: 10.
1029/2001GL.014284.

SEIE, FA%, BIKH, . 2006, BIFPEAT R Hadley 21
s (7], Bl2@E 4. 52 (12): 1469 - 1473. Qin Yujing,
Wang Panxing. Guan Zhaoyong. et al. 2006. Comparison of the
Hadley cells calculated from two reanalysis data sets [J]. Chi-
nese Science Bulletin (in Chinese), 52 (12): 1469 — 1473.

Quan X W, Diaz H F, Hoerling M P. 2004. Change of the tropical
Hadley cell since 1950 [M] // Diaz H F, Bradley R S, Eds.
The Hadley Circulation: Past, Present, and Future. New York:
Cambridge University Press, 85— 120. 22

Seidel D J, Randel W J. 2007. Recent widening of the tropical belt:
Evidence from tropopause observations [J]. J. Geophys. Res. ,
112; D20113, doi:10. 1029/2007JD008861.

Tanaka H L, Ishizaki N, Kitoh A. 2004. Trend and interannual
variability of Walker, monsoon, and Hadley circulations defined
by velocity potential in the upper troposphere [J]. Tellus, 56A:
250 - 269.

Tanaka H L, Ishizaki N, Nohara D. 2005. Intercomparison of the
intensities and trends of Hadley. Walker. and Monsoon circula-
tions in the global warming projections [J]. Scientific Online
Letters on the Atmosphere, 1: 77 - 80.

Taylor K E. 2001. Summarizing multiple aspects of model perfor-
mance in a single diagram [J]. J. Geophys. Res., 106: 7183
- 7192.

Wielicki B A, Wong T M, Allan R P, et al. 2002. Evidence for
large decadal variability in the tropical mean radiative energy
budget [J]. Science, 295.: 841 — 844.

T, AR, FANHE. 2008, A% R Gk U bk 7 3h i A L
[J]. HERPEZEAR, 51 (2): 337 -351. Xin Xiaoge, Zhou Tian-
jun, Yu Rucong. 2008. The Arctic oscillation in coupled climate
models [J]. Chinese Journal of Geophysics (in Chinese), 51
(2): 337-351.

JRWeE . E4x%E. 2006, Hadley FRUR 4 BRFIAEABRAS AL RFAE K L
SRR (] HEkP =, 49 (5): 1271 - 1278,



< 5K

352 Climatic and Environmental Research

B O 17%

Vol. 17

Zhou Botao, Wang Huijun. 2006. Interannual and interdecadal
variations of the Hadley circulation and its connection with tropi-
cal sea surface temperature [J]. Chinese Journal of Geophysics
(in Chinese), 49 (5); 1271 -1278.

JAPH . E2ZE 2007, Hadley AT HA B R B IUCR
[J]. Bl2gm@R, 52 (18): 2194 - 2198. Zhou Botao, Wang Hui-
jun. 2008. Relationship between Hadley circulation and sea ice
extent in the Bering Sea [J]. Chinese Science Bulletin, 53 (3):
444 - 449,

Zhou Botao, Wang Huijun. 2006. Relationship between the boreal

spring Hadley circulation and the summer precipitation in the
Yangtze River valley [J]. J. Geophys. Res.. 111: D16109,
doi; 10. 1029/2005JD007006.

Zhou Botao, Cui Xuan. 2008. Hadley circulation signal in the tropi-
cal cyclone frequency over the western North Pacific [J]. J.
Geophys. Res. , 113; D16107, doi:10. 1029/2007]JD009156.

Zhou Botao, Wang Huijun. 2008. Interdecadal change in the con-
nection between Hadley circulation and winter temperature in
East Asia [J]. Advances in Atmospheric Sciences, 25 (1) 24 —
30.



