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[i] A consisten t w eaken ing  and po lew ard  expansion  o f  the 
H adley  circu lation  is d iagnosed  in the clim ate change 
sim ulations o f  the TPCC A R 4 project. A ssociated  w ith  this 
w iden ing  is a  po lew ard  expansion  o f  the subtropical dry 
zone. S im ple scaling  analysis supports the no tion  that the 
po lew ard  extent o f  the H adley cell is set by the location 
w here  the therm ally  driven  je t first becom es baroclin ically  
unstable. T he expansion  o f  the H adley  cell is caused by an 
increase in the subtropical static stability, w hich  pushes 
po lew ard  the baroclin ic  instability  zone and hence  the outer 
boundary  o f  the H adley cell. Citation: Lu. J.. G. A. Vecchi. 
and T. Reichler (2007). Expansion of the Hadley cell under global 
w arm ing. Geophys. Res. Lett., 34, L06805, doi: 10.1029/ 
2006GL028443.

1. Introduction

[2] T he H adley  cell (H C ) p lays a  p ivotal ro le  in the 
earth ’s clim ate by transporting  energy and angu lar m om en
tum  po lew ard  and by o rgan iz ing  the three d im ensional 
tro p ica l a tm o sp h e ric  c ircu la tio n . T he  lo ca tio n s  o f  the 
large-scale sub trop ical dry zones and the m ajo r trop ical/ 
subtropical deserts o f  the g lobe  are largely determ ined  by 
the subsid ing  branches o f  the H C . T hus, understand ing  how  
the structure and intensity  o f  the H C  and the associated 
subtropical dry zones m ay  change under the g reenhouse  gas 
(G H G )-induced  g lobal w an n in g  is a  topic o f  substantial 
interest.

[3] T he detailed  response  o f  the H C  to increasing G H G  is 
com plex, as the H C  is influenced by m any  factors, invo lv 
ing tropical heating  p rocesses [e.g., M itas an d  C lem ent, 
2006], the a tm ospheric  stab ility  [e.g., Schneider, 1977], 
ex tra-tropical eddy dynam ics [e.g.. Walker an d  Schneider, 
2006], and total a tm ospheric  m o istu re  [F rierson e t al.,
2006], To date, studies o f  the long term  behav io r o f  the 
H C , and the extent to w hich  G H G  forcing is relevan t rem ain  
inconclusive. A tm ospheric  reanalyses show  a statistically  
s ig n if ic a n t in te n s if ic a tio n  o f  th e ir  H a d le y  c irc u la tio n  
th roughout the second  part o f  the 20th century  [M itas and  
Clem ent, 2005], H ow ever, this in tensification  is no t found 
in the raw insonde data, no r in m ost 20th century  sim ulations
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using both coupled  or a tm osphere-only  general circu lation  
m odels (G C M s) [M itas an d  Clem ent, 2005, 2006], M ean 
w h ile , s im p le  p h y s ic a l a rg u m e n ts  [e .g ., B etts , 1998; 
Knutson an d  M anabe, 1995; Field an d  Soden, 2006] pred ict 
a slow dow n o f  the overall tropical overtu rn ing  circu lation  
under g lobal w arm ing . Such a  slow dow n seem s to be a 
robust feature in G C M s [Vecchi an d  Soden, 2007], and has 
been  identified  in observationa l analyses o f  the W alker 
circu lation  [ Vecchi e t al., 2005; Zhang an d  Song, 2006],

[4 ] H o w ev er, it rem a in s  to be  seen  w h e th e r  it also  
pro jects onto  the zonally  averaged  part o f  the circulation. 
A nalysis o f  the satellite  observations indicates a  po lew ard  
expansion  o f  the H C  over the past 27 years [Fit e t al., 2006], 
T he extent to w hich  this observed w iden ing  o f  the H C  is 
prim arily  a response  to G H G  w an n in g  is no t clear and 
w arran ts further investigation .

[5] H ere, w e investigate the response  o f  the H C  to g lobal 
w arm ing  using  21st century  increasing  G H G  scenarios from 
the Fourth  A ssessm ent R eport (A R 4) o f  the In tergovern 
m ental Panel on C lim ate C hange (TPCC). T he d iversity  o f  
the num erical schem es and param eterizations o f  the A R4 
m odels p rov ides a  unique fram ew ork for understanding  the 
response  o f  the H C  to G H G  increases. In  this study w e 
show  that there is a  robust po lew ard  expansion  and w eak 
en ing  o f  the H adley  c ircu lation  across all m odels, and w e 
identify  a  possib le  m echanism  for th is behavior.

2. Data and Methods
[o] G ridded  global m on th ly  p rec ip ita tion , evaporation , 

surface air tem perature , su rface w ind , tem perature, m erid i
onal w in d , and  5 0 0 h P a  p re ssu re  v e lo c ity  (0 *50 0 ) w ere  
re tr ie v ed  from  th e  A R 4 a rch iv e  w e b s ite  (av a ilab le  at 
h ttp ://w w w -pcm di.lln l.gov ), and annual m eans w ere  form ed 
for the analysis. M ost o f  ou r analysis w as based on ou tpu t 
from the A2 scenario  w hich  is at the upper end o f  G H G  
em ission  (the C O 2 concentration  reaches 800 ppm  at the end 
o f  the 21st century), tw o  less aggressive scenarios w ere  also 
explored (A 1B  w ith  C 0 2 stab ilization  at 720ppm  and B1 
w ith  C 0 2 stab ilization  at 550pm ). O nly the first ensem ble 
m em ber o f  each o f  the 1 4 -1 5  m odels (depending  on the 
availab ility  o f  the variab les) w as used. To identify  the 
clim ate change response, w e com pared the first and last 
tw enty  years o f  the 21st century, i.e., (2 0 8 1 -2 1 0 0 )  m inus 
(2001- 2020 ).

[7] To determ ine  the po lew ard  edges o f  the H C , w e 
com puted  the zonal-m ean  m ass flux stream  function  (if/) 
by vertically  in tegrating  the zonal-m ean  density -w eigh ted  
m erid io n a l w ind  co m p o n en t from  the top  m odel level 
dow nw ard . W e first de term ined  the m axim um  o f  the abso 
lute va lue  o f  th is stream  function at 500  h P a  (y/500), and 
then  identified the edges o f  the H C  as the first latitude 
po lew ard  o f  the m axim um  at w hich iff500 becam e zero. An 
a lte rn a tiv e  defin itio n  o f  the H C  edge as the transition
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latitude from zonal-m ean  surface easterlies to w esterlies w as 
also tested , and did no t influence the principal conclusions 
o f  th is study. T herefore, only  the resu lts from the 1//500 based  
defin ition  are p resen ted  here. T he edge o f  the subtropical 
dry zone in each hem isphere  w as identified  as the latitude 
w here  the zonal m ean  precip ita tion  m inus evaporation  (P-E)  
field crosses zero po lew ard  o f  the subtropical m inim um .

[s] T heories o f  the H adley circu lation  suggest that the 
m erid ional ex ten t o f  the H C  should  scale w ith  the heigh t o f  
the tropopause  [H eld  an d  H ou, 1980] (T he general c ircu la
tion o f  the atm osphere , 2000 Program  in G eophysical F lu id  
D ynam ics, W oods H ole O ceanographic Institu tion , W oods 
H o le , M a s sa c h u se tts , a v a ila b le  at h ttp :/ /g fd .w h o i.e d u / 
p roceed ings/2000 /P D F vol2000 .h tm l). T his he igh t w as com 
pu ted  from  tem perature  da ta  as the low est p ressu re  level at 
w hich  the lapse rate  decreases to 2°C /km , fo llow ing the 
algorithm  o i' R eich ler e t al. [2003] and the World M eteoro
log ica l O rganization  [1957] definition.

[9] To account for the d ifferent clim ate sensitiv ities o f  
each m odel, at tim es w e norm alized  the various quantities 
by  th e  co rre sp o n d in g  ch an g es  in g loba l m ean  surface  
tem perature  o f  each m odel.

3. Results

[ 10] W e first exam ine the response  o f  g lobal hydro log ical 
cycle in scenario  A 2 by looking  at the field o f  precip ita tion  
m inus evapora tion  (P -E , F igure 1); for clarity, areas o f

(a)
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F ig u re  1. (a) M ulti-m odel ensem ble m ean  P -E  in the A2 
scenario. Shading  indicates the d ifference betw een  the first 
and the last 20 years o f  the 21st century  and the b lack  line 
denotes the O-isopleths averaged  from 2001 to 2020. The 
zonal m ean  averaged  over 2 0 0 1 -2 0 2 0  (b lack) and 2 0 8 1 
2100 (red) is show n; units are m m /day. (b) N u m ber count 
o u t o f  the total 15 m odels that sim ulate a m oisten ing  (i.e., 
A  (P-E)  >  0) at each grid  point.

■2 .5 ------------------------ 1------------------------ 1------------------------ 1------------------------ 1------------------------ 1------------------------
- 1.5 -1  - 0.5 0  0.5 1 1.5

southward displacement of the Hadley Cell boundaries(°lat) northward

F ig u re  2. T he b reakdow n by m odels and  scenarios o f  the 
d isp lacem ent o f  the northern  (w arm  co lors) and southern  
(cold  colors) edges o f  the subtropical dry zone (y-axis) 
versus that o f  the H C  (x-axis). T he circles, hexagram s, and 
triang les denote the changes (2 0 8 1 -2 1 0 0  m inus 2 0 0 1 
2020) estim ated from the A 2, A  IB , and B1 scenarios, 
respectively. The open sym bols denote  the m ulti-m odel 
ensem ble m ean  values. T he cross on  each circle show s the 
95%  confidence interval o f  the estim ated  displacem ents 
using S tuden t's  t-test.

negative clim atological P -E  are hatched. T he overall char
acteristic o f  the m ulti-m odel ensem ble m ean  hydro log ical 
response  to g lobal w an n in g  is a  re in forcem ent o f  the g lobal 
clim atological background  pattern  [H eld  an d  Soden , 2006], 
In add ition , there is a  general tendency for a  po lew ard  
expansion  o f  the subtropical dry zone (areas encircled  by 
the 0 isopleths o f  P-E). C oun ting  the num ber o f  m odels that 
sim ulate a positive P -E  change (F igure lb ) ,  one  can see that 
the overall pattern  o f  P -E  change is robust across m ost 
m o d els  and  tha t th e  m odel n u m b e r co u n t b ea rs  g rea t 
resem blance to the trend pattern  itself.

[ 11] T he po lew ard  expansion  o f  the subtropical dry zone 
is strongly  tied to the po lew ard  expansion  o f  the H C  (see 
F igure 2). B ased on the 38 sim ula tions from the three 
scenarios (A 2, A 1B , B l) ,  about 85%  (72% ) o f  the spread 
in the po lew ard  d isp lacem ent o f  the subtropical dry zones in 
the southern  (northern) hem isphere  can be exp lained  by a 
linear relation  to the d isp lacem ents o f  the ou ter boundaries 
o f  the H C. T he ensem ble m ean  response  o f  the A 2 scenario  
(open  circle) show s that the edges o f  the subtropical dry 
zone d isp lace po lew ard  by ~ 1 °  in each hem isphere . A 
sim ilar po lew ard  expansion  can be found in the subtropical 
dow nw ard  u,!500 field (no t show n). T he m agn itude  o f  the 
expansion  is a  function  o f  the G H G  forcing, w ith  sim ilar but 
w eaker expansions found in scenarios A 1B  (hexagram s) 
and B l (triangles).

[ 12] A no ther im portan t aspect o f  the H C  response  to 
g lobal w an n in g  is the reduction  o f  its in tensity  (auxiliary  
m aterial F igure S I ) .1 T he m odels show  a tendency for a H C

'A uxiliary m aterials are available in the HTML. doi:10.1029/ 
2006GL028443.
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w eak en in g  at ra tes  be tw een  0 -4 % /K , w ith  a m ean  o f  
1.2% /K. It is im portant to no te  that these m odels pro ject a 
slow dow n o f  the en tire  trop ical overtu rn ing  c ircu lation , 
p a rticu la rly  th e  W alke r c ircu la tio n  [ Vecchi a n d  S oden ,
2007], in a  m anner consisten t w ith the C lauss ius-C lapeyron  
scaling  by H eld  an d  Soden  [2006], M eanw hile , w eaken ing  
o f  the H C  (~ 1 % /K ) is substantially  sm aller than  tha t o f  the 
W alker circu lation  (~ 5 % /K ) [ Vecchi an d  Soden , 2007] for 
reasons y e t to be understood. In terestingly , a  sim ilar anisot- 
rop ism  is also  found in the reduction  o f  the zonal m ean  and 
the zonally  asym m etric  com ponen ts o f  the tropical convec
tive m ass flux [H eld  an d  Soden , 2006],

4. Possible Mechanisms for HC Expansion
[ 13] Tw o alternative v iew s on the con tro ls o f  the H C  have 

guided m uch o f  the understanding  o f  the w idth  o f  the H C. 
O n one  hand , nearly  inv isc id  theory  for ax isym m etric  
c ircu lation  (no eddies) [H eld  an d  H ou , 1980] pred icts that 
the m erid ional ex ten t o f  the H C  scales as

<Ph
(  g i l t  A/, 
\ i l 2a2 0q

(1)

w here H, is the heigh t o f  the tropical tropopause , 00 is global 
m ean  tem p era tu re , A/, is th e  eq u a to r-to -p o le  su rface  
potential tem perature  d ifference in rad iative equilib rium , 
and o ther param eters have their conventional m eanings. 
T his scaling  relation , w hich suggests no dependence  on 
static stability, is derived by assum ing  tha t (1) the zonal 
w ind in the upper b ranch o f  the H C  is angular-m om entum  
conserv ing  and (2) the H C  is energetically  c losed , so that 
the d iabatic  heating  in the ascen t reg ions is balanced  by the 
d iabatic  coo ling  in the descen t reg ions. T he second view  
sees the w idth  o f  the H C  as being  determ ined  by the 
po lew ard  extent to  w hich the angular-m om entum  conserva
tion  con tinues until the  resu lting  vertical shear becom es 
baroclin ically  unstab le  (availab le  at h ttp ://g fd .w ho i.edu / 
p roceed ings/2000 /P D F vol2000 .h tm l). So lv ing  the equation  
betw een  the angu lar m om entum  conserv ing  zonal w ind and 
the baroclin ically  critical zonal w ind y ie lds an alternative 
scaling  for the w idth o f  the H C:

0H  °C
n i i ,, y  
l u )

(2a)

i f  using  the tw o-layer m o d e l's  criterion  [P h illip s , 1954] for 
instability, or

ipH oc
N i l ,

(2b)

i f  using  a m ore general criterion  based on the E ady grow th 
rate, both im ply ing  a  positive proportional re la tionsh ip  w ith 
NHe. T he E ady grow th rate  is used here in the vertical 
averaged  sense, i.e., fu /N H e, w here  u is the zonal w ind 
d ifference betw een  the upper and low er troposphere, H e the 
local tropopause  height, N  the  vertically  averaged B runt- 
V aisala frequency, indicative o f  the tropospheric  gross static 
stability. I f  the scaling  relation  (1) applies to  the H C  
expansion  under G H G  forcing, varia tions o f  the H C  w idth

should be  proportional to the tropical tropopause height. On 
the o ther hand, if  the scaling  (2) applies, one m ay expect the 
ex ten t o f  the H ad ley  c ircu lation  to  be  sensitive to  the gross 
stability  and the tropopause  heigh t near the polew ard 
boundary  o f  the circulation .

[ 14] F irst, to  test the extent to  w hich  scaling  relation  (1) 
contro ls the m o d e ls ' H C  expansion  through chang ing  the 
tropical tropopause  heigh t (T T H ), w e p lo t for each m odel 
the change in T T H  during  the 21st cen tury  against that o f  
the H C  ex ten t, the form er being  estim ated as the negative 
o f  the pressu re  anom alies at the tropopause  and averaged 
w ith in  20° to the equator, and the latter defined  as the 
d istance betw een  the southern  and northern  edges o f  the 
H C . B oth quan tities w ere norm alized  by the increase o f  
the global m ean  tem perature  seen in the individual m odels 
during  the 21st century. C om paring  d ifferen t m odels, the 
individual long -tenn  trends in H C  ex ten t show  only a  sm all 
correlation  to  the trends in T T H  (F igure 3a). In fact, w ith in  
each m odel, the detrended  annual m ean  tim e series o f  T T H  
and H C  ex ten t tend  to  be an ti-coue la ted , in stark con trast to 
the p o sitiv e  co rre la tio n s  o f  the  tim e  series w ith  trend  
(F igure 3b). T his h in ts that d is tinct m echanism s govern  
the long-tenn  w iden ing  o f  the H C  under g lobal w an n in g  
and its interannual variability . A dditional com posite  ana ly 
sis using  the sim ulations from G FD L  CM 2.1 m odel (not 
show n) reveals that, at interannual tim e scales, anom alously  
high T T H  is associated  w ith El N ino-like cond itions —  
stronger and narrow er than  norm al trop ical heating  and 
m ore in tense H adley  overtu rn ing  circulation . T his is co n 
sistent w ith p rev ious findings [Chang, 1995; S eager e t al., 
2003] that the m ore  accentuated  tropical convective  heating  
during  El N ino  usually  d rives a stronger and narrow er H C. 
T he con trac tion  o f  the H ad ley  cell u nder the El N ino  
cond ition  m ay  be  interpreted as the consequence  the in ten
sified subtropical je t, w hich attracts equatorw ard  the critical 
latitudes o f  the eddy propagation  and the associated  eddy- 
driven  subtropical subsidence near the ou ter boundary  o f  the 
H adley  cell descen t [Seager e t a l., 2003; G. C hen , personal 
com m unication , 2006],

[is] T he ex tratropical tropopause  heigh t (E T H , averaged 
over 3 5 ° -5 5 ° ) ,  is found to  be closely  related to  the varia tion  
o f  the H C  ex ten t no t only w ith in  each m odel (F igure 3d), 
bu t also in the com parison  o f  the long -tenn  trend am ong 
m odels (F igure 3c). A  sim ilar re lationsh ip  has been  found 
betw een  the H C  ex ten t and the gross stability. Indeed , the 
E T H  is very  strongly  correlated  w ith the local gross stability  
(w ith con 'e la tions o f  ~ 0 .9 5 )  w ith in  m ost m odels exam ined 
and hence can  be though t o f  as a good proxy  o f  the ETH . 
T he change in m id-latitude tropopause heigh t (or stability) 
no t only  exp lains over 60%  o f  the variance  in the spread o f  
the H C  w iden ing  across the A R 4 m odels, bu t also  accounts 
for the consensus H C  expansion  at a  ra te  o f  1.2° per lO hPa 
rise  in the E T H  in the A 2 scenario. T he re levance o f  the 
E T H  to the H C  ex ten t in the natural clim ate variab ility  can 
also  be read ily  d iscerned  from  their co rre la tions o f  the 
detrended tim e series in F igure 3d.

[)(>] F rom  th is analysis , one is tem ped  to  argue that 
scaling  relation  (2) is a  be tter m odel for the ex ten t o f  the 
H C . T he H C  exten t in the p resen t-day  clim ate  m ay be 
interpreted as be ing  lim ited by the latitude at w hich the 
therm ally  d riv en  w ind  becom es b a ro c lin ica lly  unstab le , 
ra ther than  by the energetic  c losure o f  the therm ally  driven

3 o f 5

http://gfd.whoi.edu/


L06805 LU F.T AL.: I IADLF.Y CELL EXPANSION L06805

(a) (c)

ai0_

II—
LU

(b)
expansion of the HC (°lat/K) expansion of the HC (°lat/K)

u
0.5

o
).5

R - f t  - f l -  f l -  f t " H ' f l - n -  r r f t  ~ ~  f l -
■ t j - y - f c l .........

S' *?=' Nv' «J>' K?--

F ig u re  3 . The re la tionsh ip  o f  ( a - b )  the to p ic a l  (2 0 °S -2 0 °N ) tropopause he ig h t (T T II); ( c - d )  Hie extra-trop ical ( 3 5 ° S -  
55°S  and 3 5 ° N -5 5 ° N )  tropopause  he ig h t (E T II) w ith  tlie ex ten t o f  the IIC  for 14 m odels from  the A2 scenario . P ositive 
tropopause  he ig h t va lue  rep resen ts rise  o f  tropopause. F igures 3a and 3c show  the d ifferences b e tw een  (2081 -2 1 0 0 )  and 
(2001 -2 0 2 0 ) , no rm alized  b y  the correspond ing  change in  the g lobal m ean  tem perature . T he red  dots denote  the m ulti
m odel ensem ble m ean  values. F igures 3b and  3d show  the correlation  coefficients be tw een  the fu ll (b lue bars) and 
detrended  (sandy  bars) tim e series o f  the IIC  ex ten t and T T II (F igure 3b) and E T II (F igure 3d). T he horizon ta l lines 
ind icate  the P  =  0.05 confidence level o f  the correlation  for each  m odel based  o n  S tu d en t’s t-test. D uring  the com puta tion  o f  
the confidence levels, the reduc tion  o f  effective degrees o f  freedom  due to  the au tocorrelations o f  the tim e series has been  
considered  fo llow ing  fo rm ula  (30) by  B retherton e t al. [1999], T he solid  (dotted) lines are estim ated  from  the fu ll tim e 
series con tain ing  t e n d  (detrended  tim e series).
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cell. U nder g lobal w arm ing  conditions, rising  tropospheric  
static stability, w h ich  is an  estab lished  consequence  o f  m oist 
therm odynam ics, stabilizes the sub trop ica l je t  s te a m s  a t the 
polew ard flank  o f  th e  I lad ley  C ell to  w hat is requ ired  by  
baroclin ic  instab ility  considerations (see aux iliary  m aterial 
F igure  S2), and  consequen tly , th e  I la d le y  C ell ex tends 
polew ard.

5. Concluding Remarks

[i 7] In  response  to  increased G IIG  forcing, w e find a 
ro b u st w eaken ing  and po lew ard  expansion  o f  the Ilad ley  
c ircu lation  in  sim ulations o f  the 2 1 st cen tury  clim ate taken  
from  the A2 scenario  o f  the IPC C  A R4 project. In  accord 
w ith  the m ovem en t o f  the IIC , the sub trop ica l d iy  zones 
also  expand  polew ard . F urther analysis suggests th a t the 
consensus o f  the IIC  expansion  in  th e  A R4 m odels is 
unlikely  to o rig inate  from  to p ic a l  processes, despite  the 
fact tha t trop ical heating  is effective in d riv ing  th e  varia tion  
o f  the IIC  a t in terannual tim e scales, and  tha t it accounts for 
sign ifican t part o f  the in ter-m odel variab ility  in  IIC  expan
sion  (no t show n). W e find th a t ex tratrop ical tropopause 
heigh t, w h ich  is a good  proxy  o f  the gross static stability, 
varies in  concert w ith  the w id th  o f  the IIC  on  b o th  the 
in terannual and  longer tim e scales. T he increase in  the gross 
stab ility  n ea r the s u b to p ic s  ac ts  to  suppress baroclin ic

instability , w h ich  is a critical factor con tro lling  the lim its 
o f  th e  o u te r b o u n d a rie s  o f  th e  IIC . T he ex tra tro p ica l 
stab ilization  inhibits the b reakdow n o f  the therm ally  driven 
cell, a llow ing  it to  reach  h ig h er latitudes, as a resu lt the 
edges o f  th e  IIC  expand  polew ard.

[is] T he  co n c lu s io n  o f  th e  dy n am ics co n tro llin g  the 
po lew ard  expansion  o f  the IIC  based  on  this sim ple scaling  
an a ly s is  can  o n ly  b e  ta k e n  to  b e  ten ta tiv e , g iv en  th e  
assum ption  o f  conservation  o f  angu la r m om en tum  and  that 
on ly  the annual m eans have  b een  analyzed . F urther analysis 
is underw ay exam in ing  th e  seasonality  o f  these  scaling  
re lationsh ips and the effect o f  re lax ing  the assum ption  o f  
an g u la r m o m en tu m  co n se rv a tio n , and  w ill b e  rep o rted  
elsew here.

[ 19] T he la titud inal d istribu tion  o f  the low er tropospheric  
w arm ing  in  the A2 scenario  runs show s rem arkab le  qua li
ta tiv e  re sem b la n ce  to o b se rv a tio n a l estim ates  from  the 
m icrow ave sound ing  unit (M SU ) data ga thered  over the 
period  1 9 7 9 -2 0 0 5  [Fit e t a l., 2006], b o th  sharing  features 
such  as a local m in im um  w arm ing  n ear th e  equator, a local 
m ax im um  w arm ing  in  the s u b to p ic s , and  am plified  w arm 
ing  in  the N orthern  H em isphere h igh-latitudes. Fu e t al.
[2006] estim ated th e  am oun t o f  latitud inal w iden ing  o f  the 
IIC  over the period 1 9 7 9 -2 0 0 5  as ~ 2 °  latitude. O ver the 
sam e period  th e  increase in  g lobal tem peratu re w as abou t 
0 .5°C , so tha t the w iden ing  o f  the IIC  am ounts to  ~ 4 °
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latitude per degree w an n in g . T his is m uch g reater than w hat 
w e find in the sim ulations o f  the A R 4 A2 scenario  (~ 0 .6 °  
latitude/K ). T hus, the observed  expansion  o f  the H adley 
circu lation  during  the late 20th century  m ay, to a large 
degree, be attribu ted  to factors o ther than the G H G -induced  
g lobal w an n in g , such as ozone dep letion  and /o r natural 
clim ate variability . It is also possib le  that the contribu tion  
from the G H G  forcing m ay be larger than the ensem ble 
m ean  suggests, g iven  the large spread betw een the ind iv id
ual m odel sim ulations (F igure 3).
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