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A B S T R A C T

If coo lin g  due to present-day levels o f  atm ospheric aerosol Is suppressing global tem peratures, future reductions in 

aerosols em issions w ould  a llow  the full greenhouse gas induced warming to be realised. The many uncertainties in 

aerosol physics and chem istry mean thai a large range o f  present-day aerosol cooling  is possib le w hich cou ld  im ply a 

large clim ate sensitivity, extrem ely large future warming and the increased risk o f  catastrophic con seq uences.

D espite large uncertainties in aerosol physics and chemistry, observed spatial and temporal patterns o f  past tempera­

ture change allow quantitative assessm ent o f  the strength o f  present-day aerosol coo lin g . Such observational constraints 

provide a probabilistic framework in w hich  to assess the likelihood or extrem ely large w arm ing if  a very large su p ­

pression o f  global warm ing by aerosols w ere to be removed. T h e  likelihoods o f  future warm ing extents are calculated  

assum ing four scenarios o f  future anthropogenic em issions. W hile such results are still subject to uncertainty, they 

indicate that future w arm ing b y  the end o f  the 21st century is likely to be between the extrem es im plied  by very strong or 

very w eak present-day aerosol cooling. It is very likely that present-day aerosol coo lin g  is suppressing a m ajor portion 

o f  current greenhouse warm ing.

1. Introduction

A  change in radiative forcing due to raised  levels o f  atm ospheric 
greenhouse gas concentrations (m ost notably  C O 2 ) results in 
a  generally w arm er clim ate. O bservations indicate an increase 

in  global average surface tem perature o f  0.74 ± 0 .1 8  °C when 

calculated as a linear trend o v e r the period betw een 1906 and 
2005 (Brohan et ah , 2006), co rresponding  to a period when at­
m ospheric g reenhouse gas concen trations have been  increasing 

and causing a  perturbation to E arth ’s  radiative balance. R adia­
tive forcing is also influenced by o ther factors; a fte r well m ixed 
greenhouse gases, the m ost im portant anthropogenic, forcing is 

due to changes in concentrations o f  atm ospheric aerosols. T he net 
effect o f  sulphates, d u s t and o th er aeroso ls is to e x ert a negative 
radiative forcing  w hich acts to reduce n ear surface tem peratures 

w hereas carbonaceous aerosols can exert a positive forcing by 
absorbing incom ing solar radiation and heating th e  lower atm o­
sphere. In addition to  the direct effect o f  aerosols on the E arth’s 
radiation balance, aerosols also have an ind irect effect by chang­

ing cloud properties. T here  are  a variety o f  such indirect effects

*  C orresponding author, 
e-m ail; peler.stoll@ m etoffice.gov.uk  
DOI; 10.1111 /j .l6 0 0 -0 8 8 9 .2 0 0 7 .0 0 3 2 9 .x

76

including the cloud albedo effect w hereby increasing aerosol 
concentrations can m ake clouds brighter, the cloud  lifetim e ef­

fec t w hereby aerosols could change p recip ita tion  efficiency, and 
the sem i-direct effect w hereby absorp tion  o f  so la r  radiation by 
absorbing aerosols can  lead to  evaporation  o f  cloud droplets. 

A s a consequence o f  the com plexity  o f  p rocesses involved there 
rem ains a  large uncertain ty  in aerosol forcing (A nderson et al., 
2003).

Such large uncertain ty  in th e  net radiative forcing  fo r the pe­
riod  between pre-industrial and present in turn  im plies a very 

large uncertainty in estim ates o f  c lim ate  sensitivity  (Gregory 
et al., 2002; A ndreae et al., 2 005 , M eehl et al., 2007) and conse­
quently a large uncertainty in p red ic tions o f  fu tu re w arm ing for 

a  particular scenario o f future anthropogenic forcings (Hegerl 
e t al„ 2007; M eehl e t  ah, 2007). A ndreae et al. (2005) dem on­
stra te  this p recise problem  u sin g  a “b o x ” g lobal heat balance 

equation and considering  a 21st cen tu ry  in w hich  greenhouse 
gases continue to r ise  th roughout the period but aerosol pollu­
tion decreases during the la tter h a lf  o f  th e  century. They com pare 
tem peratures sim ulated by their sim ple h e a t balance m odel, when 
it is run w ith  a range o f  clim ate sensitiv ities and current aerosol 

forcing values, w ith p ast observed  tem peratu re changes. They 
show  what good agreem ent betw een  p as t m odelled  and observed 
tem perature changes im plies fo r  fu tu re w arm ing, assum ing that
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the time evoiiuion o f  radiative forcing from sulphate  aerosols 
is proportional to p ast em issions o f  SO;? and fu tu re em issions 
as sp ed  lied in a range o f  em issions scenarios from  the IP C C ’s 
Special R eport on E m issions S cenarios (SR ES, N akicenovid and 
Sw art, 2000). They argue that i f  radiative cooling  d ue  to aeroso ls 
is zero, then luting t h e ir heat ha lance m odel to the current tem per­
ature record im plies a relatively low w arm ing o f  about 2K  over 
the nex! century  for the SRES A 2 scenario. If, on th e  o ther hand, 
current aerosol cooling is suppressing  w arm ing corresponding  to 
a very high clim ate sensitivity, they calculate that future global 
m ean tem perature increases cou ld  be m o re  than 6K  over the next 
century for the sam e em issions scenario . A ndreae et al. (2005) 
m ake no attem pt to assign  likelihoods to  either o f  these extrem e 
cases, but how  p lausib le  each fu tu re could be is c learly  a critical 
question.

T his question can be addressed  by exam ining the observed pat­
terns o f  tem perature change across the surface o f  the Earth. An- 
thropogcnically  induced changes to atm ospheric aerosol concen­
trations exhibit strong geographica! variation w hereas CO 2  in ­
creases are w eil m ixed, fn add ition , the tim e history over the last 

century  o f aerosol em issions is different from  that o f  greenhouse 
g as  em issions and o f  natural fo rcings associated w ith  explosive 
volcanic eruptions and changes in so lar irradiance. Coupled A t­

m osphere O cean  G eneral C irculation M odels (A O G CM s) can  be 
used to determ ine th e  likely contribution  o f  individual a n th ro ­
pogenic and natural forcings to  observed patterns o f  tem perature 
change. This ín done by sim ulating  the pattern o f  tem perature 
response to each individual fo rcing  in isolation. T h e  observed 

and  m odelled patterns o f  change are com pared to  each o th er 
in a regression procedure. T his expresses the observed changes 

as a linear su m  o f  sim ulated  changes resulting from  external 
(both natural and hum an induced) fo rcings and also  changes 
due to internal variability. Such  a  regression  procedure (called 
'o p tim al de tec tion’; e .g . sec ID A G , 2006) is app lied  in this p a­
p e r  to estim ate, in a p robab ilis tic  sense, the likely range o f  past 
and future balance o f  g reenhouse w arm ing and aeroso l cooling. 
T h is  procedure allow s the sca lin g  o f  pa tterns to tak e  account o f  
th e  possibility that th e  clim ate m odel m ight under- o r overesti­
m ate the real-w orld transien t clim ate response  to th e  relatively 
w ell-know n g reenhouse gas fo rc ing  o r that the clim ate m odel 
m igh t under- o r  overestim ate th e  relatively poorly-know n aeroso l 

forcing.
T h e  response to natural fo rc ings is included explicitly  in our 

analysis, thus allow ing fo r  the possib ility  that past tem perature 
changes m ight not have been prim arily  d riven by anthropogenic 

forcings. O u r approach differs from  A ndreae et al. (2005) in  
th is respect, w ho  considered  on ly  anthropogenic factors. Even 
i f  anthropogenic factors dom inate (w hich , unlike A ndreae e t al., 
wc. do  not assum e a  prio ri) a  co rrec t understanding o f  th e  e f­
fects o f  anthropogenic effects cou ld  require inclusion o f  natural 
facto rs in the analysis. A nother im portan t com ponent o f  our re­
gression  procedure is an estim ate  o f  the clim ate’s internal vari­
ab ility  w hich is obtained  from  a long con tro l sim ulation o f  the

clim ate m o d e l in w hich ex ternal forcings are held constant. It 
is im portant to ensure that th is m odel-based  estim ate o f  internal 
variability is validated against an observed estim ate o f internal 
variability  and found to be n o t inconsistent, as is  the case for the 
m odel-based estim ate o f  in ternal variability  used here (e.g. see 
Hege r l e t  a h , 2007).

2. Analysis

A n optim al detection analysis com pares the observed evolution 

o f  20th cen tu ry  tem perature w ith  spatia l and tem poral patterns of 
tem peratu re change from  A O G C M  sim ulations driven by differ­
en t com ponents o f  radiative forcing. It is such analyses that led 
die IPC C  Fourth A ssessm ent lo conclude, ‘M ost o f  the observed 
increase in global average tem peratu res since the mid-20th cen­
tu ry  is v e ry  likely d ue  to the observed increase in anthropogenic 
g reenhouse gas concen tra tions.’ (IPC C , 2007). T h is m ethod of 
m atching  sim ulated  and observed  patterns o f  tem perature change 
allow s es tim ates o f  relative likelihoods o f  d ifferent m agnitudes 
o f  the net aerosol forcing to  be  m ade, that take account o f  the 

effects o f  o th e r  forcings, including  natural forcings. U sing this 
m ethodo logy  w hich  exploits the constraints provided by Ute ob­
servational record, the greenhouse w arm ing trend over th e  last 

century is found to  be less than  1.3 'C  with 95%  confidence 
(Stott et al., 2006) and aerosol cooling  less than 0.8 "C, im ply­
ing a  ran g e  o f  aerosol forcing betw een -  1.4  and  - 0 .4  W rrr  

(5 -9 5  percen tile  range, Stott e t al., 2006), corresponding to a 
transient clim ate response (T C R ) o f  1.5-3.1 C . (TOR is the 
m easure o f  the transient surface temperature- response to green­
house gas forcing and  is defined as the change in global surface 
tem perature, averaged over a 20-yr period , centred at the time 
o f  CO 2  doubling , that is at y e a r  7 0  in a  \ % per y ea r com pound 
carbon d io x id e  increase experim ent). T h is  uncertain ty  estim ate 
is po ten tially  sub ject to  additional, unquantified uncertainties 
d ue  to any  model erro rs that are not. fu lly  accounted for by  the 
optim al detection m ethodology, such  as might resu lt front m iss­
ing processes o r m issing  forcings in th e  clim ate m odel sim ula­
tions, P atterns o f response  to forcings m issing from  m odels could 
project o n to  the m o d el’s  patterns o f response, to aerosol forcings 
w hich cou ld  lead to e rro rs  in the attributed  trends. A iso, different 
m odels w ill have d ifferen t pa tte rn s o f  response and  this pattern 
uncertain ty  is  not accounted fo r  in these results, although Stott 
et. a!. (2006) d id  explore the uncertain ty  o f  derived aerosol forcing 
to  m odelling  uncertain ty  in th ree  clim ate m odels and found that 
the 5 -9 5  percen tile  ranges lay  betw een - i . 5  and - 0 .3  W r a '2, 
N o te  that g ro ss  system atic m odel errors are accounted lo r  in the 
optim al detec tion  m ethodology  by  sca lin g  model patterns o f re­
sponse to particu lar forcings up and dow n so as to  be consistent 
w ith  the observed p atte rn s o f  response.

Despite th ese  additional unquantified  uncertainties, our es­
tim ate  is broadly  consistent w ith  inverse estim ates o f  aerosol 
forcing  u s in g  d ifferen t techn iques (A ndronova and Schlesinger, 
2001 ; K nutti e t al., 2003; F orest e t  al., 2006). T h e  IPC C Fourth
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F ¡$ . 1. C om parison betw een  the 

ob servation ally  constrained probabilistic 

pred ictions o f  future g lob a l mear, 
tem perature (relative to  19 8 0 - i 9 9 9 , grey 

v a lu e s )  fo llow ing  four SRES scenarios and 

s im p le  clim ate m odel predictions assuming 

n o  present-day aerosol coo lin g  (b lue curve) 

a n d  strong present-day aerosol coolin g  

(correspon d in g to  a present-day aerosol 

fo rc in g  o f  — 1.7 W m  2 , red curve). 
Probabilistic predictions represent the 

p o ss ib le  range o f  decadal mean temperatures 

ob served  in future relative to the forced  

temperatures in the 1980—1999 period and 

in clu d es an estim ate o f  future natural 

variability.

A ssessm ent R eport concluded from  such  inverse estim ates that 
the likely range fo r  the net aerosol forcing  w as betw een - 1 .7  and 

—u.l W m  2 a slightly  b roader range than tha t found by  Stott 
et ai. (2006) since it accounts for th e  p robability  o f  o th er forc­
ings projecting on to  the m o d els’ pa tte rn s o f  response (Hegerl 
et al., 2007). N evertheless, the overall consistency o f  these re ­
sults dem onstrates that, as expected, the scaling  procedure used 
in an optim al detection analysis co rrec ts for g ross m odel error 
in tile overall m agnitude o f  aerosol fo rcing  and m agnitude o f  the 
transient clim ate response.

This observationally  based  constrain t on th e  contributions of 
greenhouse gases, aerosols and o th er factors to past climate 
change (including natural forcings d u e s  to ch ang ing  so la r irra­
diance an d  stratospheric aerosols from  explosive volcanic erup­
tions) can be used to  generate constrain ts on  like ly  w ann ing  rates 
into the fu tu re by assum ing that a m ode! that over- o r  underesti­

m ates th e  clim ate response to  pasi forcing  will continue to  do  so 
by the sam e fraction in the fu ture (A llen  et a l., 2000; S to tt and 
K ettleborough, 2002 ; K ettleborough e t al., 2007). This m ethod­
ology has been dubbed A SK  (A llen, S tott, K ettleborough) and 
the m ethod is reviewed and com pared  to  an alternative approach 
using large ensem bles o f in term edia te  com plexity  m odels by 

Stott and Forest (2007), w hile  the assum ptions inherent in this 
procedure and the errors associated w ith  u sin g  a  linear relation­
sh ip  to relate  past and future w arm ing  are  d iscussed in d eta il by 
K ettleborough et. al. (2007).

In F ig . 1 we p resen t su c h  probabilistic p redictions o f  global 
m ean tem pera tu re  (b ased  on  an analysis o f  the H adCM 3 cli­
m a te  m odel) fo r fo u r  o f  th e  SRES em issions scenarios, B l ,  B2, 
A l  F I, A 2  (N akicenovic and  Sw art 2000). T h e  grey shadings 
in F ig. 1 show  u n ce rta in ty  ranges o f  fu tu re  w arm ing follow­
ing each  scenario  deriv ed  using  the A SK  approach. T hese have 
b een  derived  fro m  an an a ly s is  o f  th e  observed decadal-m ean 
near-surface tem pera tu re  changes o v e r the 1900-21)00 period. 
A  lin ear reg ression  is c a rr ie d  out betw een th e  observed patterns 
o f  tem perature ch an g e  a n d  a  linear sum  o f  sim ulated changes 
from  w ell m ixed  an th ropogen ic  g reenhouse gases, o ther an­
th ropogen ic  fac to rs  (do m in a ted  by the effec ts o f  tropospheric 
aeroso ls) and  natu ra l fac to rs . The sam e scaling  factors, that when 
app lied  fo  the m o d e l s im u la tions o f p as t ch anges provides a  large 
scale tem pera tu re  re sp o n se  that is consisten t w ith the observed 

patterns o f  decad a l-m ean  tem peratu re response  over the 20th 
century, arc then app lied  to  th e  m odel p red icted  patterns fo r the. 

2 1 st century. W e assum e that it is not possib le  to forecast de- 
term in istically  fu tu re  n a tu ra lly  forced ch anges (due fo changes 
in ou tpu t from  th e  sun  a n d  from  explosive volcanic eruptions) 
and therefo re  on ly  th e  an th ropogenicaily  to rced  com ponent is 
p red ic ted  d eterm in istica lly  fo r  each scenario  o f  em issions. Extra 
sou rces o f  variance  are ad d ed  to the anthropogenicaily  forced 
w arm ing , uncertain ty  d ue  to  internal variability  and uncertainty 
due to n a tu ra lly  fo rced  changes, the la tter b e in g  estim ated  from 
s im u la tio n s o f  p as t tem pera tu re  change inc lud ing  natural factors
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Fig.'2. Sam e a s  Fig. I but exclu d ing  some 

sou rces  o f  uncertainty considered  in 

ob servâtionully constrained probabilistic 
predictions o f  future g lob a l mean 

temperature sh ow n  in F ig. ! .  Predictions 

now  represent uncertainty in the underlying  

forced  temperature response o f  1 he climate 
sy stem  (see text).

o )  S R E S  s c e n a r io  A_i F 1 

î (icjn cu rren t aerosol forcing 

Zero c u rre n t aerosol iorcinoj

Sj§ confidence

I  905! confidence 

i j- |3  8 0 “! confidence

; _____  _ _ ________ ___ .____ j
2900 9 0 9 0  9 0 4 0  2050 2 0 8 0  2100

re o  r

c '  SRES scen a r io  31
6

i
t

S' T

2C00 2 0 2 0  2 0 4 0  2060 ..OSO 2100
Year

.b )_ S R “ S  ^ c e n c f ;c  a2

i i !___  i
2 0 0 0  2020 2040 2 060  2080 2190 

fo  nr

d) SRES sc e n a r io  32
3  "     !

209 0  2020 2040 206 0  2080 2100
Year

only. F u rther details o f  th e  p rocedure  are g iven in S to tt and Forest 
(2007).

T h e  probab ilistic  A S K  based estim ates o f  future w arm ing  are 
com p ared  in F ig . 1 w ith  the sim ple model p ro jections o f  A ndreae 
et a l. (2005) fo r  the ca se  in w htch there is  no curren t aeroso l 
co o lin g  effect (b lue cu rv e , Fig. 1) and th e  case in w hich  th e re  is 
a  s tro n g  cu rren t aerosol cooling  effect (red curve, F ig , i ), F o r th is 
com parison  w e  repeat the s im ple clim ate m odel s im u la tions o f  
A n d reae  e ta !. (2005). b u t exclude  carbon cycle feedbacks, w h ich  
are  likely  to increase w arm ing  rates but w hose exact m agn itudes 
rem a in  h igh ly  uncertain  (Friedlingstein e t  ai., 2006).

B o th  the p robab ilis tic  predictions and the sim p le  c lim ate  

m o d el s im u la tions are exp ressed  as tem perature anom alies r e la ­
tive to  the period  1980-2000 . T h e  red and blue curves co rre spond  
io p resen t d ay  aerosol forcing  o f  —1.7 W m -2 and zero  re sp e c ­
tively, as in A ndreae  e t  al. (2005), and the- future aeroso l ra d ia ­
tive- fo rcing  f ro m  the respective SR ES scenarios th rough  the 2 1 s t 
c e n tu ry  arc th e n  scaled  to  be consistent w ith  these p resen t-day  
aeroso l fo rc ings.

R e la tiv e  to the period  1980-1999 . o u r p robabilistic p re d ic ­

tions a re  for tem pera tu res to rise  by the end o f th is  cen tu ry  to 
b e tw e e n  3.0 an d  6.9 C  (5 -9 5  percen tiles) fo r th e  A l  F1. S R E S  
sc en a rio , be tw een  2,5 and  5.6 '  C  fo r the A 2  scenario , b e tw een  
1,2 and  3.3 °C  fo r the B Í  scenario , and betw een 1,6 and 3 .7  °C  
fo r  th e  B 2  scenario . F o r all scenarios, by 2100  the sim ple m odel 
s im u la tio n s  co rre spond ing  to z e ro  present-day aeroso l coo lin g

Tellus 60B (2008). 1

(b lu e  cu rves, Fig. J) fall below  the 5%  confidence limits from  
th e  p robab ilistic  predictions constrained  by observed spatial and 
tem poral tem peratu re data. T h is finding is consistent with detec­

tio n  o f  the response to  aerosol forcing in the optim al detection 
analysis (S to tt e t al., 2006) and  therefore the h igh  likelihood of 
a  non-zero  p resent day  aerosol cooling.

T he A S K  predictions show n in  Fig. 1 (grey plum es) include 
variations o f  decadal tem peratures about the underlying an ­
th ropogen ica ily  forced response due to internally and naturally 
fo rced  variability  w hereas the red  and blue sim ple model curves 
d o  not inc lude  these ex tra  sources o f uncertainty. T herefore to 
m a k e  the A S K  predictions m o re  com parable w ith  the sim ple 
m o d el p redictions, in  F ig. 2 w e recalcu late  the A S K  probabilis­
tic  p red ic tio n s but exclude the extra sources o f  uncertain ty  due 

to  natural decadal variability abo u t the underly ing  anthropogeni­
ca ily  fo rced  response. Note that in  both  Figs. 1 and  2  the ASK 
p red ic tio n s include uncertainty due to o n ly  hav ing  a  sm all n u m ­
b e r  o f  fu tu re  m odel p ro jections from  w hich to estim ate the un­
derly ing  fo rce d  response.

T h e  resu ltan t predictions show n  in F ig. 2 are very  sim ilar to 
th o se  show n  in Fig. 1 tow ards the end o f  the century and g ive al­
m o s t the sa m e  rates o f  tem peratu re rise by 2100. H ow ever the dif­
ferences b etw een  the tw o b ecom e larger earlier in  the century as 
th e  ratio  o f  natural internal and fo rced  variability  becom es larger 
re lative io th e  signal o f  anthropogenic tem perature change. The 
sim p le  m o d el sim ulations corresponding to high aerosol forcing
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(red lines, Fit-. 2 ) fo r  the S R E S A 1F 1 and A?, scenarios fall w ithin 
lite inner confidence range of th e  probabilistic predictions 
for a lm ost the cm  i re century, although towards the end o f  the cen­
tury they becom e increasingly  unlikely (see Fig, 2a and b ). A fter 
the m iddle part o f  the 21st century aerosol pollution is reduced 
rapidly under these scenarios and the warm ing therefore accel­
erates as the m ask ing  effect o f  aerosols is rem oved, revealing the 
consequences o f  a high transient clim ate response io increased 
greenhouse gas forcing. G iven that the ocean heat uptake effi­
ciency is reasonab ly  well constrained  by observations o f  ocean 
heat con ten t (L ev itas et al„ 2 005). future extrem e w arm ing levels 
are largely associated  w ith h igh  clim ate sensitivity. By the end o f 
the century, for these  tw o scenarios, the sim ple model sim ulation 
corresponding to the very h igh  clim ate sensitivity case becom es 
m ore unlikely  than  it is earlie r in the century.

In the B 1 and B 2  scenarios there is less early 21st century com ­
pensation o f  greenhouse w arm ing  by aerosol cooling than in  the 
A I FI and A2 scenarios and therefore a  greater initial sp read  o f  
the blue and red curves fo r  the B I and B2 scenarios. For these 
scenarios, both sim p le  m odel predictions corresponding to the 

strong and no aeroso l cooling cases lie outside the 95%  confi­
dence range from  the G C M -based probabilistic predictions by 

the second ha lf o f  the century. Thus, observational constraints 
on the likely range o f  c lim ate sensitivity indicate that the very 
high c lim ate  sensitiv ity  case corresponding to  the red lines in 
Fig. 2c and d is unlikely. D ifferences between em ission scenarios 
o f  the position o f  the. sim ple m odel predictions within the GCM  
plum e (particu larly  when com paring  A1FI and A2 against BÍ 
and B2) suggest structural variation betw een the sim ple model 

and the G CM ; fo r  exam ple differences in the representation o f 
ocean heat uptake in the tw o  m odels. W hereas ocean heat, up ­
take is very  crudely  m odelled in the- simple m odel approach, the 
A SK  predictions are  based on a clim ate m odel thai includes a 
fully coupled  ocean  mode! and therefore represents m any m ore 
processes. T his suggests that the system atic sh ifts o f the predic­

tions derived using  the sim p le  m odel (coloured lines) and  the 
ASK ranges for rap id  rates o f  forcing increase (A ÍFI and  A 2 
scenarios) could be related to different ocean d iffusivities in the 
sim ple and com plex  clim ate m odels G enerally, especially  la ter 

in the century, th e  anthropogenicaily  forced com ponent o f  fu ­
ture w arm ing is p red icted  to  lie  betw een the tw o sim ple m odel 
extrem es show n in the red and blue curves in Fig. 2, although 
over the nex t few decades u n d er the B I and B 2 scenarios, natural 
variability could lead  to tem peratures lying outside this narrow 
range, and under th e  A lF j and A2 scenarios future w arm ing over 

the next few decades could be greater than suggested  by either 
o f  the tw o  sim ple m odel extrem es.

3. Discussion and  sum m ary

A ndreae e t al. (2005) used a  sim ple box-m odel o f  g lobal heat 
balance and a ra n g e  o f  S R E S  em ission scenarios to  assess 
the possible consequence o f  uncertain ty  in present-day aerosol

forcing. M ore form al o p tim a l detec tion  m ethods use  G CM s 
io extract clim ate c h a n g e  signais in die observed tem perature 
record co rre spond ing  to d ifferen t a tm ospheric  forcings (includ­
ing aerosols). T h is  m eth o d o lo g y  prov ides p robabilistic estim âtes 
o f  current aerosol fo rc in g  strengths and  uncertainties in projec­
tions o f  future w arm ing .

Here w e have co m p ared  the s im p le  m odel projections o f  
A ndreae e t al. (2005) w ith  such o b se rv â tionally constrained 
GCM  pro jec tions o f  g lo b a ! tem perature fo r the 21st century, 
corresponding fo four S R E S  scenarios o f  future anthropogenic 
em issions. In all cases, th e  observational record indicates that 
future w arm ing is e x p ec ted  to  be. sign ifican tly  h igher than would 
b eex p ec te d  for ze ro  p resen t-d ay  aeroso l forcing  (at 95 ‘T confi­
dence level). T h e  sim p le  m odel p ro jection  corresponding to the 
high p resen t day  aeroso l fo rcing  case is seen to be plausible for 
the S R E S  A I FI and  A 2 scenario s d u rin g  the first half o f  the 21 St 
century, a  period w hen  a e ro so l coo ling  continues to counteract 
much g reenhouse w arm in g . H ow ever for the SRES B Í and B2 

scenarios the p ro b ab ilis tic  estim ates indicate that the sim ulations 
by the sim p le  m odel that correspond  to the very  strong present- 
day aerosol fo rc ing  case  b ecom e increasingly  unlikely during the 

course o f  the nex t century . O verall, observational constraints in­
dicate that the tran sien t c lim a te  response and present-day aerosol 

forcing arc likely to lie  betw een  the tw o  extrem es considered by 
A ndreae ei al. (2005).

O ur assu m p tio n  that a  m odel that over- o r under-estim ates the 
clim ate response  to  p ast fo rc in g  will con tinue to do so by a sim i­
lar frac tion  in fu tu re  is lik e ly  to becom e less robust the m ore the 
forcings stab ilise  and th e re fo re  the m o re  approxim ate becom es 

the sim p le  linear re la tio n sh ip  betw een errors in past and future 
w arm ing (K ettleborough  e t a l.,2007). Also, any A SK -based esti­
m ate o f  fu tu re  w arm in g  b ased  on a sing le  m odel, as this analysis 

is, will have unquantified  uncertain ties arising  from inadequa­
cies in th e  m odel used . T h e  scaling  procedure will correct for 

gross m o d el error, fo r  ex am p le , an u nderestim ate or overestim ate 
in the m o d e l o f th e  aeroso l forcing , but if there  arc large errors 
in the patterns o f  re sp o n se  to  aerosol forcing  or if  forcings are 
m issing in the m o d el, th en  additional uncertainties will result. 
Notable om issions from  th eH ad C M 3  m odel sim ulations used in 
this a n a ly s ts  are fo rc in g s  d ue  to carbonaceous aerosols and land 
use c h an g es , birth o f  w hich  could hav e  significant effects, par­
ticularly a t reg ional scales. O n e  study has found  that the pattern 
o f  near-surface tem p era tu re  response to  sulphate aerosols could 
be very' sim ilar, b u t o p p o site  in s ign , to the pattern o f  response 
to carbonaceous aeroso ls (Jones et al., 2005), in which case our 
analysis would d e riv e  approxim ately  cite correct net response to 
sulphate and carbonaceous aeroso ls in  the past, and to the extent 
that th e  ra tio  o f  th ese  fo rc in g s docs no t ch an g e  in fu ture, ap­
proxim ate ly  the c o rre c t net pred ictive response. However, these 

assum ptions are  on ly  likely  to  hold, even approxim ately, at the 
global scale. T here fo re  fo r b o th  global and regional tem perature 
p red ictions it w ill b e  necessary  to m ore fu lly  evaluate uncertainty 
in future by  inco rp o ra tin g  m ore m odels in to  the analysis that
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include a g rea te r range o f  fo rcings and processes. N evertheless, 
an initial attem pt to d o  ¡isis lo r  three clim ate m odels by Stott 
et at. (2006). and lo com pare  w ith  interm ediate com plexity  m od­
els by Stott and Forest (2007). show s that probabilistic p red ic­
tions o f global m ean w arm ing are approxim ately, to  first order, 
m odel independent, ind ica ting  thai the observational record pro­
vides robust inform ation  on likely  fu ture warm ing.

A ndreae et al. (2005) used a .simple m odel to illustrate that 
aerosols muy have reduced  the past w arm ing that would o ther­
w ise have been observed , and that strong present-day aerosol 
cooling w ould im ply severe im pacts from  a rapid ly  w arm ing 

world in fu ture. W e have extended such  analysis using G C M  
sim ulations constrained  by  patterns o f  observed clim ate change, 
and have been able io p lace  the results o f  A ndreae et al. (2005) 
in a  p robabilistic fram ew ork. W e conclude  that curren t aerosol 
cooling  has suppressed  the full extent o f  greenhouse w arm ing, 
which once realised  w ill yield larger w arm ing than would o ther­
w ise have been expected . O ur p robab ilis tic  predictions show that, 
under the om issions scenarios considered  here, future warm ing 
by the end o f  the 21st century  is likely to  lie betw een the ex ­
trem es im plied by very strong o r  very w eak present-day aerosol 
cooling.
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