
In trodu c ti on

Arti cle 2 of the Un i ted Na ti ons Fra m ework Conven ti on on Cl i m a te Ch a n ge

(the Fra m ework Conven ti on) agreed to at the Earth Summit meeting in Rio de

Ja n ei ro in 1992 states that the ulti m a te obj ective of the Conven ti on is “to ach i eve

s t a bi l i z a ti on of greenhouse gas con cen tra ti ons in the atm o s ph ere at a level that

would prevent dangerous anthropogenic interferen ce with the cl i m a te sys tem .”

Su ch stabi l i z a ti on should be ach i eved , to para ph rase Arti cle 2, in ways that wo u l d

not disru pt the gl obal econ omy. The goal of this paper is to provi de an overvi ew of

a ra n ge of s t a bi l i z a ti on issues inclu d i n g : the con s tru cti on of s t a bi l i z a ti on pathw ays

for different target s ; the em i s s i ons requ i rem ents to ach i eve stabi l i z a ti on ; and the

cl i m a te con s equ en ces of fo ll owing a stabi l i z a ti on pathw ay as oppo s ed to a no-cl i-

m a te - policy pathw ay. Arti cle 2 em braces all greenhouse gases (GHGs). However,

in terms of its influ en ce on futu re cl i m a te , CO2 is by far the most important GHG.

The pre s ent paper therefore con cen tra tes on CO2, but also con s i ders the role of

n on -CO2 greenhouse gases and su l f a te aero s o l s .

Th ere are strong theoretical re a s on s , su pported by ob s erva ti onal evi den ce , for

su pposing that human influ en ces have alre ady altered the gl obal cl i m a te and wi ll
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con ti nue to do so in the futu re . The cen tral esti m a te of f utu re gl obal-mean warm-

ing over the next 100 ye a rs (in the absen ce of cl i m a te policies) is 3
o

C ,a pprox i m a te-

ly five times the warming that has occ u rred over the past 100 ye a rs . The 90% prob-

a bi l i ty interval for 1990-2100 warming is 1.7-4.9
o

C . Si n ce GHG ch a n ges are

re s pon s i ble for this warm i n g, reducing its magn i tu de requ i res reducing the bu i l du p

of GHG con cen tra ti ons in the atm o s ph ere . S t a bi l i z a ti on of these con cen tra ti on s

wi ll even tu a lly stabi l i ze the cl i m a te sys tem within the limits of n a tu ral va ri a bi l i ty.

The word ‘even tu a lly ’ is important here bec a u s e , due to the oce a n’s strong ther-

mal inerti a , the cl i m a te sys tem on ly re s ponds slowly to ch a n ges in atm o s ph eri c

com po s i ti on . The cl i m a te sys tem wi ll take dec ades to cen tu ries to stabi l i ze after

a tm o s ph eric com po s i ti on is stabi l i zed ; and sea level wi ll con ti nue to rise for cen-

tu ries to mill en n i a .

In the fo ll owi n g, Secti on II provi des back ground inform a ti on abo ut ch a n ge s

in CO2 and equ iva l ent CO2 l evels that might occur in the absen ce of cl i m a te miti-

ga ti on po l i c i e s ,b a s ed on the recent IPCC Th i rd As s e s s m ent Report (TAR) and the

S pecial Report on Emissions Scen a rios (SRES). Secti on III con s i ders em i s s i ons and

con cen tra ti on ch a n ges that are ex pected to occur if no policies are introdu ced to

redu ce futu re cl i m a te ch a n ge (the SRES ‘n o - cl i m a te - po l i c y ’s cen a ri o s ) . Secti on IV

gives a set of policy scen a rios corre s ponding to different CO2 con cen tra ti on stabi-

l i z a ti on pathw ays (or ‘prof i l e s’) with stabi l i z a ti on targets from 350 to 750 ppm ,a n d

derives the em i s s i ons requ i red to fo ll ow these prof i l e s . Secti on V con s i ders the

em i s s i ons and cl i m a te con s equ en ces of these different pathw ays for the specific case

of s t a bi l i z a ti on at 550 ppm . Si n ce futu re cl i m a te ch a n ge is determ i n ed not by CO2

a l on e , but by all greenhouse ga s e s , Secti on VI wi ll con s i der how CO2 and equ iva-

l ent CO2 s t a bi l i z a ti on are rel a ted . F i n a lly, Secti on VII shows how ch a n ges in SO2

em i s s i ons (wh i ch wi ll occur as a byprodu ct of po l i c y - d riven ch a n ges in CO2 em i s-

s i ons) affect the cl i m a te con s equ en ces of CO2 s t a bi l i z a ti on .

E qu iva l ent CO2 Con cen tra ti on s

The Fra m ework Conven ti on does not give any specific stabi l i z a ti on target ( s )

for GHGs. In s te ad , it states that avoiding dangerous interferen ce to the cl i m a te sys-

tem should be a factor (along with miti ga ti on costs) in defining target ( s ) . In other

word s , to define a set of t a r gets for con cen tra ti on stabi l i z a ti on of the va rious GHGs,

we need first determine what level of f utu re cl i m a te ch a n ge wi ll likely lead to
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d a ngerous interferen ce . Working Group 2 of the TAR has tri ed to ad d ress this

probl em , and come up with a threshold for gl obal-mean warming of 2 - 3
o

C above

wh i ch dangerous interferen ce becomes more likely. How, t h en , can we keep futu re

gl obal warming bel ow this threshold?  To answer this, it is nece s s a ry to introdu ce

s ome simple con cepts from cl i m a te scien ce .

Wh en we ch a n ge the com po s i ti on of the atm o s ph ere , we ch a n ge the balance

bet ween incoming (short - w ave) rad i a ti on from the Sun and the out going (lon g -

w ave) rad i a ti on from the Eart h’s su rf ace and atm o s ph ere . The imbalance is call ed

rad i a tive forc i n g. For po s i tive rad i a tive forcing (i.e., an excess of i n coming over

o ut going rad i a ti on) the cl i m a te sys tem acts to re s tore the balance by increasing the

amount of o ut going rad i a ti on , wh i ch it does by warming the su rf ace and atm o s-

ph ere . For a given ch a n ge in atm o s ph eric com po s i ti on the amount of w a rming is

determ i n ed by two factors , the amount of rad i a tive forc i n g, and how sen s i tive the

s ys tem is to a ch a n ge in forcing (the latter is call ed the ‘cl i m a te sen s i tivi ty ’ ) . It is

com m on practi ce to use the forcing for a do u bling of CO2 as a baseline and def i n e

the cl i m a te sen s i tivi ty as the equ i l i brium warming for a CO2 do u bl i n g.

An o t h er useful con cept is that of ‘equ iva l ent CO2 con cen tra ti on’. In cl i m a te

s c i en ce , rad i a tive forcing is a pri m a ry unifying va ri a bl e , s i n ce all pertu rb a ti ons to

the cl i m a te sys tem can be ex pre s s ed in terms of rad i a tive forc i n g, and because the

forc i n gs from different sources can be com bi n ed ad d i tively. Thu s ,i f we ch a n ge the

con cen tra ti ons of a nu m ber of d i f ferent ga s e s ,t h eir ef fect on the cl i m a te (at least at

the gl obal-mean level) is determ i n ed by the sum of t h eir indivi dual forc i n gs . For

a ny given total forcing there wi ll be a corre s ponding ch a n ge in CO2 con cen tra ti on

that gives the same forc i n g. This is call ed the ‘equ iva l ent CO2 con cen tra ti on’.

S t a bi l i z a ti on of the cl i m a te sys tem means stabi l i z a ti on of the equ iva l ent CO2

l evel . This can on ly be ach i eved practi c a lly if we stabi l i ze the con cen tra ti ons of a ll

a n t h ropogenic GHGs. If a ll gases bar CO2 could be stabi l i zed at their pre s ent con-

cen tra ti on level s ,t h en CO2 would be our on ly con cern and the equ iva l ent CO2 s t a-

bi l i z a ti on level (or ‘t a r get’) would be prec i s ely the same as the stabi l i z a ti on target

for CO2 a l on e . If ,h owever, n on -CO2 GHGs were stabi l i zed at levels above pre s en t ,

t h en the target for CO2 would have to be lower to com pen s a te for the ad d i ti on a l

rad i a tive forcing arising from these ga s e s .
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No - Cl i m a te - Policy Back gro u n d

To provi de a con text for stabi l i z a ti on requ i rem en t s , this Secti on gives futu re

proj ecti ons of CO2 em i s s i ons and con cen tra ti on s , and equ iva l ent CO2 con cen tra-

ti on s , u n der a no-cl i m a te - policy assu m pti on (of ten erron eo u s ly referred to as

“business as usu a l ”, s i n ce many tech n o l ogical and other ch a n ges are alre ady

a s su m ed ) . This inform a ti on is based on the SRES scen a rios and uses appropri a te

formu l ae and atm o s ph eric com po s i ti on ch a n ges from the TA R .

The SRES em i s s i ons scen a rios are based on four different narra tive “s toryl i n e s”

( l a bel ed A 1 ,A 2 , B1 and B2) that determine the driving forces for em i s s i ons (pop u-

l a ti on growth and dem ogra phic ch a n ge , s oc i oecon omic devel opm en t , tech n o l ogi-

cal adva n ce s , etc.)  Bri ef ly, the A/B disti n cti on corre s ponds to an em phasis on : ( A )

m a rket force s ; or (B) su s t a i n a ble devel opm en t . The 1/2 disti n cti on corre s ponds to :

(1) high er ra tes of econ omic growt h , and econ omic and tech n o l ogical conver gen ce

bet ween devel oping and more devel oped nati on s ; versus (2) lower econ om i c

growth ra tes and a mu ch more heterogen eous worl d .

The SRES data com prise a set of 35 com p l ete em i s s i ons scen a rios for GHGs,

for “re active ga s e s” that influ en ce or con trol the build up of GHGs (CO, N Ox a n d

VOC s ) , and for SO2 . S O2 is important because it produ ces su l f a te aero s o l s ,s m a ll

p a rti cles that have an important cooling ef fect on the cl i m a te . Perhaps the most

i m portant thing to note abo ut SO2 em i s s i ons in the SRES scen a rios is that they

i n corpora te the ef fects of em i s s i ons con trols directed tow a rds reducing po lluti on

f rom acidic prec i p i t a ti on and improving urban air qu a l i ty. As a con s equ en ce , S O2

em i s s i ons in the SRES scen a rios gen era lly decline over the 21st cen tu ry, and are

mu ch lower than in earl i er scen a rios (wh i ch did not account for these factors ) .

Fu rt h er inform a ti on abo ut the role of S O2 em i s s i ons is given in Secti on VII bel ow.

F i g u res 1 and 2 give the ra n ge and mean (ac ross scen a rios) of fossil CO2 em i s-

s i ons and CO2 em i s s i ons from land-use ch a n ges (pri m a ri ly defore s t a ti on ) . Th e

ad d i ti onal defore s t a ti on curve shown in Figure 2, e s s en ti a lly a smoo t h ed and sim-

p l i f i ed vers i on of the mean, is a standard proj ecti on that is used in all the stabi l i z a-

ti on calculati ons de s c ri bed bel ow.

F i g u re 3 shows the corre s ponding ra n ge and mean for futu re CO2 con cen tra-

ti on ch a n ge s , both with and wi t h o ut the inclu s i on of cl i m a te feed b acks on the car-
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FIGURE 1:SRES RANGE OF FOSSIL CO2 EMISSIONS

FIGURE 2:SRES NET DEFORESTATION EMISSIONS

Ra n ge and mean of fossil CO2 em i s s i ons (fossil fuel com bu s ti on plus cem ent produ cti on) for the IPCC

SRES em i s s i ons scen a ri o s .

Ra n ge and mean of n et land-use ch a n ge CO2 em i s s i ons for the IPCC SRES em i s s i ons scen a rios (pri-

m a ri ly defore s t a ti on ) . The thin curve (STAB) is a simplified vers i on of the mean used in inverse stabi-

l i z a ti on calculati on s .
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bon cycl e . It shows that, for many of the SRES em i s s i ons scen a ri o s , CO2 con cen-

tra ti ons are sti ll increasing ra p i dly at the end of this cen tu ry. At the low en d ,h ow-

ever, a nu m ber of s cen a rios show CO2 con cen tra ti ons stabilizing or nearly stabi l i z-

ing by the end of the cen tu ry even in the absen ce of s pecific cl i m a te policies (vi z . ,

s even of the ei ght scen a rios in the B1 gro u p, and one from the A1 gro u p ) . This is

a re sult of the soc i oecon omic assu m pti ons made for these scen a ri o s : the B1 gro u p

a s sumes a strong em phasis on su s t a i n a bi l i ty in the futu re toget h er with strong eco-

n omic growth (all owing re s o u rces to be directed tow a rds envi ron m ental issu e s )

and rapid tech n o l ogical devel opm ent  (including non - fossil en er gy tech n o l ogi e s )

and their wi de dissem i n a ti on .

F i g u re 4 shows the full SRES rad i a tive forcing proj ecti ons ex pre s s ed in equ iv-

a l ent CO2 term s . Because of the influ en ces of n on -CO2 GHGs and the gen era l

decline in SO2 em i s s i ons (wh i ch leads to po s i tive aerosol rad i a tive forc i n g ) , equ iv-

a l ent CO2 con cen tra ti ons are mu ch high er than those for CO2 a l on e . At the low

en d ,h owever, s t a bi l i z a ti on is sti ll ach i eved in the absen ce of cl i m a te po l i c i e s .

E m i s s i ons Requ i rem ents for CO2 St a b i l i z a ti on

We now con s i der what em i s s i ons are requ i red to ach i eve stabi l i z a ti on of CO2

con cen tra ti on at a ra n ge of d i f ferent ‘t a r get’ l evel s . Th ere are two met h ods that may

be used to determine these em i s s i on s . In the firs t , the ‘forw a rd met h od ’, an en er gy -

econ omic In tegra ted As s e s s m ent (IA) model is used . The starting point is a spec i-

f i ed con cen tra ti on stabi l i z a ti on target and a no-cl i m a te - policy ‘b a s el i n e’ em i s s i on s

s cen a rio (e.g. , one of the SRES scen a ri o s ) . G eogra ph i c a lly- and sector- s pecific po l i-

cies to redu ce CO2 em i s s i ons (or en h a n ce sinks) are then progre s s ively introdu ced

i n to the baseline scen a rio unti l , by trial and error, the ori ginal no-policy con cen-

tra ti on proj ecti on is tra n s form ed to one in wh i ch CO2 con cen tra ti on stabi l i zes at

the spec i f i ed target . An example using this met h od wi ll be given in Secti on V I I .

The second met h od ,i llu s tra ted in Secti on IV, is the ‘ i nverse met h od ’. Here ,t h e

s t a rting point is also a spec i f i ed con cen tra ti on stabi l i z a ti on target , but the pathw ay

by wh i ch it is re ach ed is also spec i f i ed . The em i s s i ons are then determ i n ed direct-

ly by running a carbon cycle model in inverse mode (i.e., using the con cen tra ti on s

as input and obtaining the em i s s i ons as outp ut , in con trast to the forw a rd mode

wh ere em i s s i ons are the input and con cen tra ti ons are the outp ut ) . The invers e

m et h od requ i res spec i f i c a ti on of the full con cen tra ti on pathw ay to stabi l i z a ti on ,
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FIGURE 3:IPCC SRES CO2 CONCENTRATIONS

FIGURE 4:IPCC SRES EQUIVALENT CO2 CONCENTRATIONS

Ra n ge and mean of proj ected CO2 con cen tra ti ons for the IPCC SRES em i s s i ons scen a ri o s . The dashed

lines ign ore cl i m a te feed b acks on the carbon cycl e .

Ra n ge and mean of SRES rad i a tive forcing ex pre s s ed as equ iva l ent CO2 con cen tra ti on (i.e., as the con-

cen tra ti on for CO2 a l one that would give the same rad i a tive forcing from 1990 as the total for all ga s e s

in the em i s s i ons scen a ri o ) .
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wh i ch , in tu rn , requ i res spec i f i c a ti on of a no-policy baseline scen a ri o, a date at

wh i ch em i s s i ons begin to dep a rt sign i f i c a n t ly from the basel i n e , a target con cen tra-

ti on level and ach i evem ent date , and an ‘a n ch or poi n t’ bet ween the dep a rtu re and

s t a bi l i z a ti on dates that fixes the overa ll con cen tra ti on pathw ay or prof i l e . For any

given target , t h ere are a nu m ber of d i f ferent pathw ays that con cen tra ti on ch a n ge s

m ay fo ll ow in order to re ach the target , as wi ll be shown bel ow.

The pri m a ry example of su ch con cen tra ti on - s t a bi l i z a ti on profiles is the set of

WRE profiles (T. M . L . Wi gl ey, R . Ri ch el s , J. A .E d m on d s , Na tu re 379, 2 4 0 - 2 4 3 ,1 9 9 6 ) .

An updated set of WRE profiles is shown in Figure 5, using the median of the SRES

fossil em i s s i ons scen a rios (den o ted the ‘ P 5 0 ’ s cen a rio) as the no-cl i m a te - po l i c y

b a s el i n e . F i g u re 6, wh i ch shows the implied total anthropogenic CO2 em i s s i on s ,

dem on s tra tes that while em i s s i ons can increase in the immed i a te futu re and sti ll

a ll ow even tual con cen tra ti on stabi l i z a ti on , in the lon ger term em i s s i ons mu s t

dec rease to levels su b s t a n ti a lly bel ow those prevailing tod ay. E m i s s i ons must con-

ti nue to dec rease with time for cen tu ries bec a u s e , as the ocean and terre s trial car-

bon pools acc u mu l a te carbon , so the magn i tu des of the flu xes into these poo l s

dec re a s e s . This con ti nuing dec rease in the magn i tu de of the total sink for atm o s-

ph eric CO2 requ i res a com pen s a ting dec rease in the source (anthropogenic em i s-

s i ons) to maintain a stable level in the atm o s ph ere .

Sen s i tivi ty to St a b i l i z a ti on Pa t hw ay

The em i s s i ons re sults in Figure 6 are specific to the ch o s en con cen tra ti on

p a t hw ay from the pre s ent to the stabi l i z a ti on point and are qu i te sen s i tive to the

details of the pathw ay. In the pre s ent analys i s , this sen s i tivi ty is ex p l ored in two

w ays , by ch a n ging the assu m ed baseline scen a ri o, and by ch a n ging the dep a rtu re

d a te . These wi ll be illu s tra ted here by using the 550 ppm stabi l i z a ti on case.

F i rs t , I con s i der baseline em i s s i ons proj ecti ons that are sign i f i c a n t ly bel ow or

a bove the SRES median (P50) case. At the low en d , I assume that the baseline is a

pertu rb a ti on of the P50 case in wh i ch policies are introdu ced to meet the ori gi n a l

em i s s i ons targets of the Kyo to Pro tocol thro u gh fossil CO2 redu cti ons alon e . At the

h i gh en d , I use the upper bound of the SRES set (Figure 1). Secon d , to ex p l ore the

ef fect of a later dep a rtu re from the P50 basel i n e , I use 2020 (inste ad of 2010) as the

dep a rtu re date . These mod i f i c a ti ons lead to four different con cen tra ti on pathw ays ,

a ll ach i eving stabi l i z a ti on at 550 ppm in 2150, s h own in Figure 7. In mid-cen tu ry
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FIGURE 5: REVISED WRE STABILIZATION PROFILES

FIGURE 6: EMISSIONS FOR REVISED WRE STABILIZATION PROFILES

Up d a ted WRE con cen tra ti on stabi l i z a ti on prof i l e s . Con cen tra ti ons fo ll ow the P50 baseline scen a rio unti l

2 0 0 0 ,2 0 0 5 ,2 0 1 0 , 2015 or 2020 for stabi l i z a ti on levels of 3 5 0 ,4 5 0 ,5 5 0 , 650 or 750 ppm re s pectively. Th e

d i a m onds indicate the date at wh i ch stabi l i z a ti on is ach i eved .

Total CO2 em i s s i ons (fossil plus net land-use) requ i red to fo ll ow the updated WRE con cen tra ti on sta-

bi l i z a ti on profiles shown in Figure 5. The diamonds indicate the date at wh i ch stabi l i z a ti on is ach i eved .
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(2050) they span a rel a tively wi de ra n ge (approx i m a tely 45 ppm) of con cen tra ti on

po s s i bi l i ti e s .

F i g u re 8 shows the implied total anthropogenic em i s s i ons com p a red with the

P50 scen a ri o. Depending on the con cen tra ti on pathw ay, t h ere is a wi de ra n ge of

em i s s i ons tra j ectori e s , with peak em i s s i ons va rying by more than 40 percent (from

9 . 3 G t C / yr in 2045 to 13.2GtC/yr in 2026 – GtC means gi ga tonnes of c a rbon equ iv-

a l en t , with ‘gi ga’ meaning 10
9

and tonnes meaning metric ton s , 10% larger than U. S .

ton s ) . Al t h o u gh I have not attem pted to assess these differen ces in terms of m i ti-

ga ti on costs (wh i ch must be baseline depen den t ) , it is likely that the lower em i s-

s i ons tra j ectories wi ll entail high er costs initi a lly, t h en lower costs around the max-

i mum em i s s i ons points (because of the less rapid tra n s i ti on from rising to fall i n g

em i s s i on s ) , and similar costs beyond this (because the ra tes of em i s s i ons decline are

s i m i l a r ) . O f co u rs e , the rel a tive costs wi ll also depend on how the futu re is dis-

co u n ted , and on the tech n o l ogies ava i l a ble to ach i eve a redu cti on in em i s s i on s . Th e

tech n o l ogy issue is com p l ex :a l t h o u gh the high em i s s i ons case pre s ents a bi gger and

m ore immed i a te tech n o l ogical ch a ll en ge , the lower initial miti ga ti on costs may

a ll ow gre a ter inve s tm ent in fo s s i l - f ree tech n o l ogies in order to meet this ch a ll en ge .

Convers ely, the more aggre s s ive em i s s i ons targets in the lower em i s s i ons tra j ectory

cases might spur inve s tm ent and re s e a rch into tech n o l ogies that wi ll make later

redu cti ons easier.

A less con troversial point is the differen ce bet ween the two cen tral (P50 base-

line) cases. While these have very similar em i s s i ons tra j ectori e s , it is almost cert a i n

that the 2020 dep a rtu re case would entail lower miti ga ti on costs than the 2010

dep a rtu re . Wh et h er or not this is preferred depends on the differen ces in averted

cl i m a te ch a n ge damage s . To assess these (in a ra t h er ad hoc way ) , F i g u re 9 shows

the gl obal-mean tem pera tu re proj ecti ons for the four different con cen tra ti on pro-

files using the same cl i m a te model as em p l oyed in the IPCC TA R . The tem pera tu re

d i f feren ces bet ween the two P50 baseline cases are en ti rely negl i gi ble (and far

beyond detecti on given the magn i tu de of n a tu ral cl i m a tic va ri a bi l i ty ) . Thu s , on the

ben efits side , it is unlikely that these two cases can be disti n g u i s h ed ; while there are

almost cert a i n ly clear differen ces in terms of m i ti ga ti on co s t s . This would argue in

f avor of fo ll owing the 2020 dep a rtu re prof i l e . Wh et h er or not this con ten ti on is

valid depen d s , of co u rs e , on a more det a i l ed econ omic assessmen t , and on wh et h er

an appropri a te ad d i ti onal inve s tm ent is made in tech n o l ogy in order to more co s t -

ef fectively meet the ch a ll en ge of the (very sligh t ly) more rapid mid-21st cen tu ry

em i s s i ons redu cti ons that are a con s equ en ce of the later dep a rtu re date .
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FIGURE 7: DIFFERENT PATHWAYS TO STABILIZATION AT 550 PPM

Al tern a tive con cen tra ti on pathw ays ach i eving stabi l i z a ti on at 550 ppm in 2150. The bold curve

(P50(2010)) is as in Figure  5, fo ll owing P50 until 2010. P50(2020) is similar, but fo ll ows P50 until 2020.

M AX fo ll ows the SRES scen a rio that has the highest con cen tra ti ons to 2010. K YOTO fo ll ows a scen a ri o

wh ere all co u n tries meet their em i s s i ons goals under the ori ginal Kyo to Pro toco l , wh i ch leads to CO2

con cen tra ti ons sligh t ly lower than P50.

Total CO2 em i s s i ons (fossil plus net land-use) requ i red to fo ll ow the 550 ppm stabi l i z a ti on prof i l e s

s h own in Figure 7.

FIGURE 8: TOTAL CO2 EMISSIONS: DIFF. PATHWAYS TO 550 PPM
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An o t h er re sult that obtains from Figure 9 is the slow ra te at wh i ch tem pera-

tu res in the P50 stabi l i z a ti on cases fall bel ow those in the no-policy case, a con s e-

qu en ce of the massive thermal inertia of the oce a n s . Even in 2050, t h ree or fo u r

dec ades after the date in wh i ch CO2 l evels in the stabi l i z a ti on case begin to diver ge

f rom the no-policy basel i n e , the signal of the re s ponse to the miti ga ti on policy is

s ti ll less than 0.2
o

C , a differen ce that would not be detect a ble above the ‘n oi s e’ of

n a tu ral cl i m a tic va ri a bi l i ty. By this ti m e , in order to fo ll ow the stabi l i z a ti on path-

w ay, very large inve s tm ents would have to have been made – and yet the ‘retu rn’ on

these inve s tm ents would not be vi s i bl e . Con ti nu ed inve s tm ent is going to requ i re

m ore faith in cl i m a te scien ce than curren t ly appe a rs to be the case.

E qu iva l ent CO2 St a b i l i z a ti on

The above examples con s i der on ly stabi l i z a ti on of CO2. In order to stabi l i ze

the cl i m a te , we requ i re stabi l i z a ti on of equ iva l ent CO2 con cen tra ti on s . The differ-

en ce bet ween these two is determ i n ed by the rad i a tive forcing ef fects of n on -CO2

gases and aero s o l s , and by how mu ch we can ach i eve in terms of s t a bilizing this

forc i n g.

F i g u re 10 shows the ra n ge of n on -CO2 forc i n gs in the SRES scen a ri o s . O ut to

2070 there are some scen a rios in wh i ch this con tri buti on to total forcing is negl i gi-

bl e . In these cases, total forcing is ef fectively the same as CO2 forc i n g, s o, i f t h i s

trend were maintained , s t a bi l i z a ti on of CO2 would also lead to equ iva l en t -CO2

(and cl i m a te) stabi l i z a ti on . On the other hand, t h ere are scen a rios in wh i ch there

is a large absolute com pon ent of forcing arising from non -CO2 s o u rce s . In these

c a s e s , CO2 s t a bi l i z a ti on wi ll sti ll leave us with increasing forcing and the cl i m a te

s ys tem wi ll not be stabi l i zed .

Cl e a rly, the role of forcing from non -CO2 s o u rces depends on the parti c u l a r

s cen a rio being con s i dered . We can, h owever, obtain a gen eral pictu re of its impor-

t a n ce by con s i dering its avera ge va lue (middle curve in Figure 10). To qu a n tify the

role of n on -CO2 gases and their influ en ce on the ch oi ce of CO2 s t a bi l i z a ti on target ,

l et us su ppose that the CO2 s t a bi l i z a ti on profiles in Figure 6 repre s ent profiles for

equ iva l en t -CO2 s t a bi l i z a ti on . Let us furt h er su ppose that the target for equ iva l en t -

CO2 s t a bi l i z a ti on is spec i f i ed . Wh a t , t h en , is the likely target for just CO2 a l on e ,

a s suming we do nothing to redu ce futu re non -CO2 forcing?  
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FIGURE 9: TEMPERATURE FOR DIFFERENT PATHWAYS TO 550 PPM

FIGURE 10: NON-CO2 FORCINGFOR SRES SCENARIOS

G l obal-mean tem pera tu re ch a n ges for the 550 ppm stabi l i z a ti on profiles shown in Figure 7, using be s t -

e s ti m a te cl i m a te model para m eters (including a cl i m a te sen s i tivi ty of 2 . 6oC ) .

Ra n ge and mean of a n t h ropogenic forcing from all sources except CO2 for the IPCC SRES em i s s i on s

s cen a ri o s .
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What this CO2 t a r get might be , using the avera ge va lue for non -CO2 forc i n g,

is shown in Figure 11 for equ iva l en t -CO2 s t a bi l i z a ti on targets of 3 5 0 , 550 and 750

ppm . The ef fect of n on -CO2 forcing leads to CO2 t a r gets that are far bel ow the

ori ginal equ iva l en t -CO2 t a r get s : the 750 ppm equ iva l en t -CO2 t a r get tra n s l a tes to a

t a r get of a round 540 ppm for CO2 a l on e , 550 ppm tra n s l a tes to around 400 ppm ,

and 350 ppm tra n s l a tes to around 250 ppm . Ach i eving any of these target s , e s pe-

c i a lly the latter two, is a daunting task. The on ly po s s i ble soluti on is to redu ce the

m a gn i tu de of f utu re non -CO2 forc i n g.

The logical next qu e s ti on ,t h en , is ‘ what is the po ten tial for reducing non -CO2

forc i n g ? ’ Pa rt of this forcing is due to su l f a te aero s o l s . To redu ce su l f a te aero s o l

forc i n g, h owever, would requ i re increasing SO2 em i s s i ons level s , wh i ch would ex ac-

erb a te other envi ron m ental probl em s . Th ere is some po ten tial for reducing the

forcing due to those haloc a rbons that are not con tro ll ed under the Mon tre a l

Pro tocol (these ga s e s , the HFCs, PFCs and SF6, a re inclu ded in the Kyo to Pro toco l ) ,

but the scope here is rel a tively small since these gases con tri bute on ly a small

amount to futu re rad i a tive forc i n g. Ni trous ox i de (N2O) is also covered by the

Kyo to Pro toco l , but the long atm o s ph eric lifetime of this gas (wh i ch means that the

re s ponse to any redu cti on in em i s s i ons wi ll be slow) and uncert a i n ties in the scope

for reducing N2O em i s s i ons mean that it is not a strong candidate . This leave s

m ethane (CH4) , the re active gases (wh i ch con trol the build up of tropo s ph eri c

ozon e , a powerful greenhouse ga s ) , and absorbing (carbon aceous) aerosols as

po ten tial con tri butors to reducing futu re rad i a tive forcing incre a s e s .

The scope for redu ced forcing via redu cti ons in em i s s i ons of c a rbon aceo u s

aerosols is high ly uncert a i n . At pre s en t , the IPCC TAR esti m a tes that this is a very

s m a ll con tri butor to forc i n g, so even el i m i n a ting these aerosols would have on ly a

m i n or ef fect . ( Some scien ti s t s , h owever, bel i eve the current carbon aceous aero s o l

forcing is su b s t a n ti a lly high er than the TAR esti m a te ; e . g. , J. E . Ha n s en , M . Sa to,

Pro c . Na t . Ac a d . S ci . 9 8, 1 4 7 7 8 - 1 4 7 8 3 ,2 0 0 1 )

Methane forcing under the SRES scen a rios is shown in Figure 12, while forc i n g

due to the ef fects of re active gases is shown in Figure 13. For most of the SRES em i s-

s i ons scen a ri o s , these Figures show that proj ected ch a n ges in methane and re active

gas em i s s i ons wi ll cause warm i n g, a l t h o u gh their com bi n ed influ en ce on futu re cl i-

m a te is qu i te small (around 10%) rel a tive to that of C O2. However, t h ey do acco u n t

for a significant fracti on of total non - C O2 forcing — on avera ge abo ut 50%. Thu s ,
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FIGURE 11: EQUIVALENT VS TRUE CO2 STABALIZATION PROFILES

FIGURE 12:CH4 FORCING FOR SRES SCENARIOS

Requ i red CO2 con cen tra ti on pathw ays for equ iva l ent CO2 s t a bi l i z a ti on at 350, 550 and 750 ppm ,a s su m-

ing non - C O2 forcing fo ll ows the mean SRES re sult shown in Figure 10.

Ra n ge and mean of m ethane rad i a tive forcing for the IPCC SRES em i s s i ons scen a ri o s . The forcing va l-

ues here ign ore the ef fects of re active gas em i s s i ons ch a n ges on methane con cen tra ti on , wh i ch are

i n clu ded in Figure 13.
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toget h er, t h ey could be used to halve the gap bet ween the CO2 and equ iva l en t - C O2

c u rves in Figure 11. This re su l t , of co u rs e , is meant to give on ly a gen eral idea of t h e

po ten tial for redu cti ons in non - C O2 gases to con tri bute to cl i m a te stabi l i z a ti on .

The actual po ten tial is high ly depen dent on the assu m ed no-policy baseline sce-

n a ri o, and bet ter qu a n ti f i c a ti on requ i res a scen a ri o - by - s cen a rio analys i s .

The Ef fect of CO2- S O2 Co u p l i n g

If , as a re sult of cl i m a te miti ga ti on po l i c i e s , CO2 em i s s i ons were to be redu ced

t h ro u gh redu ced com bu s ti on of fossil fuel s ,S O2 em i s s i ons would also be redu ced ,

s i n ce most su ch fuels contain su l f u r. The con s equ ent redu cti on in su l f a te aero s o l

forcing would lead to a warming ef fect that wo u l d , at least part ly, of fs et the ef fect of

redu ced CO2.

FIGURE 13: REACTIVE GAS FORCING FOR SRES SCENARIOS

Ra n ge and mean of rad i a tive forcing arising indirect ly from em i s s i ons of the re active gases (CO, N Ox

and VOCs) for the IPCC SRES em i s s i ons scen a ri o s . This is the sum of re active - gas ef fects on tropo s-

ph eric ozone forcing and the lifetime of m ethane and (a very small ef fect) hyd rogen - containing halo-

c a rbon s .



The ex tent of this of fs et ting ef fect is illu s tra ted in Figures 14 and 15. It is like-

ly to be stron gest in scen a rios that have the highest SO2 em i s s i on s ; s pec i f i c a lly,

those in the A2 scen a rio gro u p. I qu a n tify it here on ly for one scen a rio from that

group (the A2 ‘m a rker ’ s cen a rio used in the IPCC TA R ) , wh i ch is prob a bly an

ex treme case (at least in absolute term s ) . To do so, I com p a re rad i a tive forcing and

tem pera tu re ch a n ges for the ori ginal A2 scen a rio with those for a mod i f i c a ti on of

this scen a rio in wh i ch CO2 em i s s i ons have been redu ced to fo ll ow the 550 ppm

CO2 con cen tra ti on - s t a bi l i z a ti on prof i l e . By using the forw a rd met h od to deter-

mine these em i s s i on s , de s c ri bed earl i er, one also obtains the attendant ch a n ges in

S O2 em i s s i on s . Both the CO2 and SO2 ch a n ges are then used to calculate the ef fect s

of s t a bi l i z a ti on at 550 ppm on futu re forcing (Figure 14) and warming (Figure 15).

These re sults can then be com p a red with those for the case in wh i ch on ly CO2

ch a n ges are con s i dered to qu a n tify the SO2 i n f lu en ce .

For the first three dec ades (CO2 redu cti ons bel ow the baseline case begin in

2 0 1 0 ) , the nega tive influ en ce (i.e., w a rming) of the redu cti on in SO2 em i s s i ons is

com p a ra ble to (and of fs ets) the po s i tive ef fect (cooling) of redu ced CO2 l evel s .

Su b s equ en t ly, the SO2 ef fect con ti nues to produ ce a significant of fs et com p a red to

the case wh ere SO2 em i s s i ons are assu m ed not to ch a n ge . By 2100, the dec rease in

S O2 em i s s i ons assoc i a ted with a carbon redu cti on policy of fs ets abo ut half of t h e

ef fect of redu ced CO2 con cen tra ti on s .

While this re sult is on ly for on e , a r g u a bly ex treme scen a ri o, the qu a l i t a tive

re sults derived for it wi ll app ly in gen era l : the SO2 em i s s i ons redu cti ons that nec-

e s s a ri ly accom p a ny po l i c y - d riven redu cti ons in CO2 em i s s i ons have the po ten ti a l

to apprec i a bly mask the anti c i p a ted re s ponse to these redu cti on s .

To furt h er confuse the stabi l i z a ti on issu e , it should be noted that the of fs et ti n g

i n f lu en ce of s t a bi l i z a ti on - rel a ted SO2 em i s s i ons ch a n ges may make it even harder

to detect the cl i m a te ef fects of a CO2 em i s s i on s - redu cti on po l i c y. For CO2 redu c-

ti ons alon e , the po l i c y - re s ponse cl i m a te signal is rel a tively well def i n ed . Wh en SO2

em i s s i ons ch a n ges are also invo lved , h owever, because of the mu ch larger uncer-

t a i n ties su rrounding the ef fects of su l f a te aerosol forc i n g, the signal wi ll be less well

def i n ed , wh i ch wi ll hamper detecti on . ( It wi ll ,h owever, h ave a more com p l ex spa-

tial ch a racter, wh i ch may aid detecti on.)  In any even t , both the CO2 and SO2 s i g-

nals (i.e., the ch a n ges in cl i m a te arising spec i f i c a lly from the em i s s i ons redu cti on

po l i c i e s ) , and their su m , wi ll be small for many dec ades and so almost certain to be
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FIGURE 14: SRES A2: CO2 TO 550 PPM, WITH & WITHOUT (ESO2)

FIGURE 15:SRES A2: CO2 TO 550PPM, WITH & WITHOUT (ESO2)

E f fect on rad i a tive forcing of ch a n ges in SO2 em i s s i ons likely to fo ll ow from po l i c y - d riven redu cti ons in

C O2 em i s s i ons because of t h eir com m on sources (for the SRES A2 marker scen a ri o ) . The upper curve

is for the ori ginal (RAW) A2 scen a ri o. The lower curve shows the forcing that would occur if C O2 em i s-

s i ons were to fo ll ow the updated WRE550 stabi l i z a ti on pathw ay, but with no con comitant ch a n ges in

S O2 em i s s i on s . The middle curve shows the ef fect of the latter ch a n ge s .

As for Figure 14, but for gl obal-mean tem pera tu re ch a n ges using be s t - e s ti m a te cl i m a te model para m e-

ters (including a cl i m a te sen s i tivi ty of 2 . 6oC ) .
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ob s c u red by the back ground noise of n a tu ral cl i m a tic va ri a bi l i ty. As noted above ,

even after a con s i dera ble ef fort to redu ce CO2 em i s s i on s , the con s equ en ces of t h i s

ef fort wi ll not be immed i a tely app a ren t .

Con clu s i on s

S t a bi l i z a ti on of a tm o s ph eric C O2 con cen tra ti ons wi ll even tu a lly requ i re

redu cti ons in CO2 em i s s i ons to far bel ow pre s ent level s . Al t h o u gh redu cti ons do

not have to begin immed i a tely, given the magn i tu de of the redu cti ons even tu a lly

requ i red it would be pru dent to begin work now on devel oping mechanisms and

tech n o l ogies that can move us aw ay from our current heavy depen den ce on fo s s i l

f u el s . The tech n o l ogical ch a ll en ge of m eeting futu re en er gy demands largely

t h ro u gh fo s s i l - f ree sources is a form i d a ble on e .

In terms of the timing of a significant dep a rtu re from a basel i n e , n o - cl i m a te -

policy em i s s i ons scen a ri o, the ef fects of a ‘del ay ’f rom 2010 to 2020 are negl i gi ble in

terms of the redu cti on in futu re cl i m a te ch a n ge , but po s s i bly significant for miti ga-

ti on (em i s s i ons redu cti on) co s t s . A later dep a rtu re from the baseline would there-

fore appear to have some adva n t a ge s , provi ded the time is used ef fectively to devel-

op the requ i red fo s s i l - f ree tech n o l ogi e s .

The con cen tra ti on stabi l i z a ti on profiles out l i n ed here have been for CO2

a l on e . However, because the ulti m a te goal is cl i m a te stabi l i z a ti on , these should be

con s i dered as equ iva l ent CO2 s t a bi l i z a ti on prof i l e s . Si n ce futu re increases in forc-

ing from non -CO2 s o u rces appear inevi t a bl e , the corre s ponding CO2 s t a bi l i z a ti on

l evels may be su b s t a n ti a lly bel ow the equ iva l ent CO2 l evel s : for ex a m p l e , an equ iv-

a l ent CO2 t a r get of 550 ppm tra n s l a tes to a CO2 s t a bi l i z a ti on target of a round 400

ppm if forcing from non -CO2 s o u rces is assu m ed to fo ll ow an avera ge tra j ectory.

Redu cti ons in methane and re active gas em i s s i ons appear to of fer the best po ten ti a l

for reducing the pre s su re on CO2 redu cti on s . It should be noted ,h owever, that po l-

luti on con cerns rega rding tropo s ph eric ozone (wh i ch were not ex pre s s ly con s i d-

ered in the devel opm ent of the SRES scen a rios) wi ll likely lead to redu cti ons in

re active gas em i s s i ons indepen dent of a ny cl i m a te po l i c i e s .

As a final poi n t , it was shown that the ex pected cooling re s ponse to CO2 em i s-

s i ons redu cti ons co u l d , for 3 or 4 dec ade s , be com p l etely masked by the ef fect of

con comitant redu cti ons in SO2 em i s s i on s . This masking, toget h er with the slow
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re s ponse of the cl i m a te sys tem to any em i s s i ons ch a n ge s , wi ll make it difficult to

detect the ef fects of su ch ch a n ge s , prob a bly for many dec ade s . Dem on s tra ting the

ef f i c acy of m i ti ga ti on policies wi ll therefore pre s ent a con s i dera ble ch a ll en ge for sci-

en tists in order to convi n ce policy makers and the public that the pred i cti ons of

t h eir cl i m a te models are rel i a bl e .


