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Fossil fuel emissions have been rising as rapidly as Fossil fuel emissions have been rising as rapidly as 
the highest IPCC scenario proposed in 2000the highest IPCC scenario proposed in 2000

10
Actual emissions: CDIAC

SRES (2000) aver. 
growth rates for 

2000-2010:

g p pg p p
G

tC
 y

-1
) 9

Actual emissions: EIA
450ppm stabilisation
650ppm stabilisation
A1FI

A1B: 2.42%/yr 
A1FI: 2.71%/yr
A1T: 1.63%/yr
A2: 2.13%/yr2006

2007

(Avgs.)

2008

C
/y

r
m

is
si

on
s 

(G

7

8
A1FI 
A1B 
A1T 
A2 
B1

y
B1: 1.79%/yr
B2: 1.61%/yr

2005
( g )

si
on

s 
G

tC
C

O
2 E

m

6

7 B1 
B2 Observed growth rate in 

emissions:
1990 1999   0 9%/

E
m

is
s

1990 1995 2000 2005 2010
5

1990-1999:  0.9%/yr
2000-2007: 3.5%/yr

1990 1995 2000 2005 2010

Raupach et al 2007, PNAS; Global Carbon Project 2009, update Slide from Canadell, 2009

YearTo convert from GtC to To convert from GtC to 
GtCOGtCO22 used in negotiations, used in negotiations, 

multiply by 3.67multiply by 3.67



Increasing emissions are increasing the rate of Increasing emissions are increasing the rate of 
increase of the atmospheric COincrease of the atmospheric CO2 2 concentrationconcentration

2.2 ppm/yr
In 2007

The present  
concentration is 
~390 ppm, about 
24% above the 2/0 ppm/yr

value of 315 ppm 
in 1957 when C. 
David Keeling 

began very 
1.5 ppm/yr

careful 
measurements 
and about 40% 

over the 

The rate of rise 
(ppm/yr) is rising1.6 ppm/yr

ppm=parts per million (by volume), or number of 

preindustrial 
concentration 

Source: NOAA�

1.3 ppm/yr

pp p p ( y ),
CO2 molecules in a million molecules of air

That the magnitude of the seasonal cycle has increased suggests that, even with a reduced amount of That the magnitude of the seasonal cycle has increased suggests that, even with a reduced amount of 
vegetation, the higher COvegetation, the higher CO22 concentration is enhancing the seasonal growth of global vegetationconcentration is enhancing the seasonal growth of global vegetation



Increasing concentrations of radiatively active gases and Increasing concentrations of radiatively active gases and 
aerosols are affecting the fluxes of visible and infrared aerosols are affecting the fluxes of visible and infrared 

di ti ti “ di ti f i ” li tdi ti ti “ di ti f i ” li tradiation, exerting a “radiative forcing” on climateradiation, exerting a “radiative forcing” on climate
W m-2

Long-lived (100s of yrs) GHGs include Increased by 20%

Short-lived (<decades) GHGs 
include CH4, O3, and many HFCs

CO2, N2O, and many halocarbons Increased by 20% 
over 1995 - 2005

Sulfate aerosols exert aSulfate aerosols exert a 
direct and indirect (via 

clouds) cooling influence 
of about -1.2 Wm-2

Source: IPCC, 2007

Net positive forcing is 
currently about 1.6 Wm-2



On a decadalOn a decadal‐‐average basis, the world has experienced relatively average basis, the world has experienced relatively 
steadily warming over the last few decadessteadily warming over the last few decadesy gy g

Global Temperature AnomaliesGlobal Temperature Anomalies

Blue dotsBlue dots——annual global anomaliesannual global anomalies
Red barsRed bars——decadaldecadal‐‐average anomaliesaverage anomalies



Arctic sea ice has been retreating significantlyArctic sea ice has been retreating significantly——
then came March 2010then came March 2010——and then May 2010and then May 2010

Arctic sea ice is disappearing at a more rapid rate than 
global climate models have been projecting. We need 

to determine if the acceleration is due to a general

then came March 2010then came March 2010 and then May 2010and then May 2010

to determine if the acceleration is due to a general 
model shortcoming, under-estimated responsiveness 

to GHG-induced warming, increased deposition of 
soot, or reduced sulfate loading due to reductions in 

SO emissions from Russia and EuropeSO2 emissions from Russia and Europe 

M h f i iMuch of sea ice in 
2009 has proven to 
be of poor quality

**While the area appears to have 
recovered, the thick ice of past 

decades has been replaced by thindecades has been replaced by thin 
ice that is unlikely to last through the 

summer and is too thin to allow 
deep winter cooling



Arctic sea ice has become younger and thinnerArctic sea ice has become younger and thinner——
Thick ice used to cover most of the central Arctic, Thick ice used to cover most of the central Arctic, 

but now in summer is limited to a narrow bandbut now in summer is limited to a narrow bandbut now in summer is limited to a narrow band but now in summer is limited to a narrow band 
along Greenland and the Canadian Archipelagoalong Greenland and the Canadian Archipelago



The Greenland and Antarctic Ice Sheets The Greenland and Antarctic Ice Sheets 
are both losing ice, around the edges and through are both losing ice, around the edges and through 

ice streams, somewhat offset by interior thickeningice streams, somewhat offset by interior thickening



Without policies to limit Without policies to limit 
emissions, the continued emissions, the continued 

increase in global increase in global 
population and rising population and rising 
standard of living arestandard of living are

Emissions in 2007 
totaled ~10 PgC—

more than projected 
in the IPCC’s highest standard of living are standard of living are 

projected to lead to projected to lead to 
substantial increases in substantial increases in 
global COglobal CO emissionsemissions

in the IPCC’s highest 
scenario

As a result, the As a result, the 

global COglobal CO22 emissions emissions 

atmospheric COatmospheric CO22
concentration is projected concentration is projected 

to rise from its current to rise from its current 
value of ~385 ppm to at value of ~385 ppm to at 

least 2 to 3 times the least 2 to 3 times the 
preindustrial value by 2100preindustrial value by 2100preindustrial value by 2100, preindustrial value by 2100, 

and possibly higher and possibly higher 
thereafterthereafter



Projections of global average warming after 2000Projections of global average warming after 2000
for different assumptions about emissions of GHGsfor different assumptions about emissions of GHGs

Medium scenario
High scenario

3 4oC

Higher emissions lead to more Higher emissions lead to more 
warming later in 21st century.warming later in 21st century.

Low scenario

2.8oC

3.4oC
These increases are These increases are 
on top of ~0.6on top of ~0.6ooC C 
before 2000before 2000

1.8oC

before 2000before 2000

Near zero emissions lead to further Near zero emissions lead to further 
i f 0 6i f 0 6ooC hC hwarming of ~0.6warming of ~0.6ooC even when C even when 

sulfate aerosols are held sulfate aerosols are held 
constantconstant——this simulation is really a this simulation is really a 
limited geoengineering intervention!limited geoengineering intervention!

Warming of about 0.2Warming of about 0.2ooC per C per 
decade for next two decades decade for next two decades 
for a range of scenariosfor a range of scenarios

g g gg g g



The prevailing view has been that The prevailing view has been that 
limiting COlimiting CO22 emissions is the key toemissions is the key tolimiting COlimiting CO22 emissions is the key to emissions is the key to 

limiting climate change in the 21limiting climate change in the 21stst century century 

Climate Changing 
Gas/Aerosol

Forcing (1750‐2000)
(W/m2)

BAU Forcing (2100)
(TAR, Table 6.14; etc.)

Carbon dioxide (CO2) 1.66 ~5.1Carbon dioxide (CO2) 1.66 5.1

Methane (CH4) 0.48 ~0.9

Nitrous oxide (N2O) 0.16 ~0.4

l bHalocarbons 0.34 ~0.4

Tropospheric ozone (O3) 0.35 ~0.65

Black soot ~0.4 ~0.4

Sulfate direct (SO4) ‐0.4 ‐0.4

Cloud forcing ‐0.7 ‐0.7

TOTAL ~2 3 ~6 75TOTAL 2.3 6.75

Sources: Current forcing from IPCC (2007); BAU Scenario from UN Sci. Experts Group (2007) 



The largest change in forcing from 2000 to 2100The largest change in forcing from 2000 to 2100
is projected to result from the higher COis projected to result from the higher CO22 levellevel ––is projected to result from the higher COis projected to result from the higher CO22 level level 

Contributions from other gases appear to be minorContributions from other gases appear to be minor

Climate Changing
Gas/Aerosol

Forcing (1750‐2000)
(W/m2)

BAU Forcing (2100)
(TAR, Table 6.14; etc.)

TAR Change in BAU Forcing
during 21st Century

AR4 Change in Forcing
during 21st Century

Carbon dioxide (CO2) 1.66 ~5.1

Methane (CH4) 0.48 ~0.9

Nitrous oxide (N O) 0 16 ~0 4

~3.4 2.06 to 5.15

~0.4 ‐0.7 to 0.59

~0 25 0 11 to 0 40

COCO22 forcing forcing 
is dominantis dominant

Nitrous oxide (N2O) 0.16 0.4

Halocarbons 0.34 ~0.4

Tropospheric ozone (O3)  0.35 ~0.65

0.25 0.11 to 0.40

~0.05 ~0.1

~0.5 ‐0.16 to 0.89

Black soot ~0.4 ~0.4

Sulfate direct (SO4) ‐0.4 ‐0.4

Cloud forcing ‐0.7 ‐0.7

~0 ‐0.2 to 0.6

~0 0.12 to 0.24

~0 ‐0.56 to 0.1

TOTAL ~2.3 ~6.75~4.6 ~3.5
BAU Scenario from IPCC TAR (2001) and UN Sci. Experts Group (2007)BAU Scenario from UN Sci. Experts Group (2007); AR4 from IPCC (2007)NonNon--COCO22 shortshort--lived GHGs are estimated to be responsible for ~1.15 W/mlived GHGs are estimated to be responsible for ~1.15 W/m22

----or ~25% of positive forcing over the 21or ~25% of positive forcing over the 21stst century century 



Fossil fuel Fossil fuel 
emissions trends emissions trends 
for developed and for developed and pp
developing nationsdeveloping nations

(Washington Post,(Washington Post, Oct. 5, 2009)Oct. 5, 2009)

The message The message 
conveyed to readers conveyed to readers 
was that the climatewas that the climatewas that the climate was that the climate 

problem is a result of problem is a result of 
growing developinggrowing developinggrowing developing growing developing 

nation emissions nation emissions 



Schematic of effect of Copenhagen Accord Schematic of effect of Copenhagen Accord pledgespledges
on increase in global average temperatureon increase in global average temperature



Limiting the increase in global average temperature to 2°C will require sharp reductions in 
emissions of CO2 over the next several decades:

• For emissions peak in 2011, reduction in CO2e emissions of ~3% per year
• For emissions peak in 2015, reduction in CO2e emissions of ~4% per year
• For emissions peak in 2020, reduction in CO2e emissions of ~5% per year

Use of the CO2e (the CO2 equivalent) concentration incorporates the influences of 
non‐CO2 greenhouse gases by scaling using their 100‐year Global Warming Potentials (GWP), 

thus focusing attention on centennial scale climate change



We cannot take away their hope!We cannot take away their hope!

So, is there a feasible path forward,So, is there a feasible path forward,
or is climate catastrophe inevitableor is climate catastrophe inevitableor is climate catastrophe inevitable, or is climate catastrophe inevitable, 

almost no matter what we do?almost no matter what we do?



Radiative forcing due to GHG emissionsRadiative forcing due to GHG emissions
from 1750 to presentfrom 1750 to present——pp

longlong--lived COlived CO22 increase contributes ~60%,increase contributes ~60%,
whereas shortwhereas short--lived species contribute ~30%lived species contribute ~30%
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The direct (clear sky) and indirect (cloud modifying) The direct (clear sky) and indirect (cloud modifying) 
influences of sulfate aerosols (coming from influences of sulfate aerosols (coming from 

SOSO i i ) ti t d t d th ti i ) ti t d t d th tSOSO22 emissions) are estimated to reduce the recent emissions) are estimated to reduce the recent 
warming influence of GHGs by about onewarming influence of GHGs by about one--thirdthird
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The climate responds to changes in all influences, The climate responds to changes in all influences, 
not just the change in the COnot just the change in the CO22 concentrationconcentration



Over the 21Over the 21stst century, if all emissions went to zero,century, if all emissions went to zero,
net forcing due to prenet forcing due to pre‐‐2000 GHG emissions would drop from peak2000 GHG emissions would drop from peaknet forcing due to prenet forcing due to pre 2000 GHG emissions would drop from peak 2000 GHG emissions would drop from peak 

value by ~2/3, especially because of nonvalue by ~2/3, especially because of non‐‐COCO22 GHGsGHGs
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Adding forcing due to 21Adding forcing due to 21stst century COcentury CO22 emissionsemissions
to 20to 20thth century legacy forcing would raise century legacy forcing would raise 
forcing to well above the  ‘dangerous level’ forcing to well above the  ‘dangerous level’ 

Using B2 emissions scenario

m
2 )

Using B2 emissions scenario, 
so one with quite low emissions, 

with clean technology assumption
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Adding COAdding CO22 and CHand CH44 forcing to 20forcing to 20thth century ‘legacy’ century ‘legacy’ 
forcing takes GHGforcing takes GHG--only forcing even higheronly forcing even higherforcing takes GHGforcing takes GHG--only forcing even higheronly forcing even higher
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Together, the CHTogether, the CH44 and tropospheric Oand tropospheric O33 forcing increments forcing increments 
due to 21due to 21stst century emissions will be very significant, century emissions will be very significant, 

i ll th t f d di ll th t f d despecially over the next few decades especially over the next few decades 
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Reduction in emissions of aerosol precursors is expected to Reduction in emissions of aerosol precursors is expected to 
cause a small positive forcing; the cooling offset is still cause a small positive forcing; the cooling offset is still 

j t d t bj t d t b 0 8 W/0 8 W/ 22 i 2100i 2100 b t l t d diff tlb t l t d diff tlprojected to be projected to be --0.8 W/m0.8 W/m22 in 2100in 2100——but located differently but located differently 
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Forcing from 20th century GHG emissions

included, although 
they may be as or 

more important than 
methane if their 

emissions can be 
separated from 

reflective aerosols



Contribution to forcing  by period of emissionContribution to forcing  by period of emission
(for key GHGs and allowing for removal)(for key GHGs and allowing for removal)(for key GHGs and allowing for removal)(for key GHGs and allowing for removal)

Assuming terms are additive

Over few decade intervals, ongoing CH4 emissions contribute about 
half as much to radiative forcing as ongoing CO2 emissions

Source: Moore and MacCracken, 2009

That methane’s importance is obscured is a result of 
using its 100-year GWP of 22 instead of its 20-year GWP of 75

Assuming terms are additive



Considering species’ lifetimes also makes clear the Considering species’ lifetimes also makes clear the 
important cooling role played by sulfate aerosolsimportant cooling role played by sulfate aerosolsimportant cooling role played by sulfate aerosolsimportant cooling role played by sulfate aerosols

Climate Changing 
Gas/Aerosol

Species Lifetime in 
Atmosphere (years)

Remaining Forcing in 2100 
With Zero Emissions

Carbon dioxide (CO2) Up to thousands 4.6

Change in BAU Forcing due 
to 21st Century Emissions

Change in Potential for 
Making a Difference

~4

Methane (CH4) ~12 ~0

Nitrous oxide (N2O) ~114 0.05

Halocarbons Up to thousands ~0.4

0.9 Much larger contribution

0.35 Much larger contribution

~0.1Halocarbons Up to thousands 0.4

Tropospheric ozone (O3) Mostly, up to ~0.2 ~0

Black soot Mostly, up to ~0.05 0

S lf di (SO ) 0 05 0

0.1

~0.65 Much larger contribution

0.4 Much larger contribution

0 4 H l li i iSulfate direct (SO4) ~0.05 0

Cloud forcing ~0.05 0

TOTAL ~5

‐0.4 Help to limit warming

‐0.7 Help to limit warming

~5.3
f f ff fff f ff ff

Lifetimes from IPCC TAR; Remaining forcings from MAGICC (Wigley)
1. Because of their shorter lifetimes, reducing the emissions of 
short-lived GHGs and soot is important to limiting GHG forcing

2. Loss of the sulfate cooling offset would, in effect, augment positive 2. Loss of the sulfate cooling offset would, in effect, augment positive 
radiative forcing by about 1 W/mradiative forcing by about 1 W/m22——so by roughly a degree of warming.so by roughly a degree of warming.

Offsetting this is one reason that geoengineering may be needed.Offsetting this is one reason that geoengineering may be needed.



Adding the effects of B2 scenario emissions from just OECD Adding the effects of B2 scenario emissions from just OECD 
nations to the ‘legacy forcing’ from the 20nations to the ‘legacy forcing’ from the 20thth century fills thecentury fills thenations to the legacy forcing  from the 20nations to the legacy forcing  from the 20 century fills the century fills the 

‘forcing space’ created by natural removal processes‘forcing space’ created by natural removal processes

U i B2 i i i

)

Using B2 emissions scenario, so 
generally the lowest emission, 

cleanest technology assumption

ng
 (W

/m
2 )

Total forcing stays near 
critical threshold, and 
would exceed critical
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Forcing from 20th century GHG emissions

Clearly, OECD nations must work to reduce contributions of multiple species, especially CO2



OECDOECD--only emissions only emissions 
(so  no CO(so  no CO22 or nonor non--COCO22 emissions from nonemissions from non--OECD nations) OECD nations) 

ld till th E th t lth h l lld till th E th t lth h l lwould still cause the Earth to warm, although more slowlywould still cause the Earth to warm, although more slowly
m
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OECD follows B2

follows B2
For equilibrium global 

warming since 
preindustrial add about

Te
m

p preindustrial, add about 
0.6°C to reference to 
1750 and about 0.5°C 

for ocean lag effect!!

Stopping global warming will require the world to have lower emissions 
than the OECD nations have now and as projected by the B2 emissions scenario



Also, in the absence of OECD emissions, Also, in the absence of OECD emissions, 
projected emissions from only nonprojected emissions from only non--OECD nations OECD nations p j yp j y

would push forcing well above dangerous levelwould push forcing well above dangerous level

)

Note that over next several 
decades the largest contrib tions

ng
 (W

/m
2 ) decades, the largest contributions 

are from methane and ozone 
causing air pollutants
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Temperature rise from nonTemperature rise from non--OECD emissions only OECD emissions only 
takes temperature well above ‘dangerous threshold’takes temperature well above ‘dangerous threshold’takes temperature well above ‘dangerous threshold’takes temperature well above ‘dangerous threshold’

99
0

Full B2

ge
 fr

om
 1 Full B2 

Scenario

tu
re

 C
ha

n

Non-OECD 
(but see note)

For equilibrium global 

Te
m

pe
ra

t

Warming from past 
emissions

warming since 
preindustrial, add 
about 0.6°C to 

reference to 1750 and

Note: This calculation of non-OECD temperature rise mistakenly failed to 
take out OECD contributions due to halocarbons and tropospheric ozone

reference to 1750 and 
about 0.5°C for 
ocean lag effect!!



These results point to three conclusionsThese results point to three conclusions

1 Even if the emissions from non OECD nations1. Even if the emissions from non-OECD nations 
went to zero tomorrow, the projected emissions 
from the OECD nations would cause the 
temperature to rise to >2°C over preindustrial.

2. Even if the emissions from OECD nations went 
to zero tomorrow the projected emissions fromto zero tomorrow, the projected emissions from 
the non-OECD nations would cause the 
temperature to rise to >2°C over preindustrial.

3. We are all in this together and we all must act, 
starting in the very near future.



What is needed is an effective, economical, fair, and What is needed is an effective, economical, fair, and 
equitable basis for emissions reductions equitable basis for emissions reductions 

that would really limit future warmingthat would really limit future warming

•• Recognizing the different situations in:Recognizing the different situations in:g gg g

–– per capita emissions and per capita emissions and 

–– economic development, and economic development, and 

•• Recognizing the principles of:Recognizing the principles of:

–– equity andequity and

–– differentiated responsibility,differentiated responsibility,

A fair and balanced agreement would involve OECDA fair and balanced agreement would involve OECDA fair and balanced agreement would involve OECD A fair and balanced agreement would involve OECD 
and nonand non‐‐OECD nations taking on:OECD nations taking on:

–– differentiated responsibilities, but differentiated responsibilities, but 

–– comparable challengescomparable challenges



To stay below the ‘dangerous forcing’ level, To stay below the ‘dangerous forcing’ level, 
OECD nations need to demonstrate that a OECD nations need to demonstrate that a 

modern nation can prosper with low GHG emissionsmodern nation can prosper with low GHG emissions

Pursue an ‘aggressive’ trajectory ofPursue an aggressive  trajectory of 
emissions reductions for all GHG species:

– CO2: 80% below 2010 values by 2050; 90% by 2100
– CH4: 60% below 2010 values by 2050; 80% by 2100 
( t i US l dfill l f il f l l t d i i dd(note: in US, landfill plus fossil-fuel related emissions add 

to 60%--and agricultural reductions are possible)
– N2O: 50% reduction by 21002

– VOC/CO/NOx: 50% by 2050 and 90% by 2100
– SO2: 80% by 2050; 90% by 2100 (B2 scenario has even 

faster near term cutbacks)faster near-term cutbacks)
– Halocarbons: B2 scenario or better—use for tradeoffs



NonNon--OECD nations must also reduce their emissions.OECD nations must also reduce their emissions.
Strong early efforts on shortStrong early efforts on short--lived GHGs could create roomlived GHGs could create room

in ‘forcing space ’ reducing warming influence fromin ‘forcing space ’ reducing warming influence fromin forcing space,  reducing warming influence fromin forcing space,  reducing warming influence from
less aggressively addressing COless aggressively addressing CO22 emissionsemissions

Two-phase approach for non-OECD nations*:Two phase approach for non OECD nations :
• First, few-decade phase:

– Improve fossil fuel efficiency, without a CO2 emissions cap
B t ff t h l b d N O– Best efforts on halocarbons and N2O

– Aggressive caps on CH4, air pollutants, and black carbon
– End deforestation, move to reforestation
– Set a graduation date to second phase of reducing CO– Set a graduation date to second phase of reducing CO2

• Second phase that nations graduate into when per 
capita CO2 emissions and per capita GDP exceed a 
specific limit: 
– Add a cap on CO2 emissions that collectively cuts projected 

2040 non-OECD emissions in half by 2100, leading to roughly y g g y
equal global per capita emissions by 2100

*Idea further developed in Moore and MacCracken (2009)



The ‘Comparable Challenges’ scenario would limit peak COThe ‘Comparable Challenges’ scenario would limit peak CO22
to ~475 ppm and decrease CHto ~475 ppm and decrease CH44 from ~1800 ppb to ~1200 ppbfrom ~1800 ppb to ~1200 ppb

Emissions Concentrations

CO2-GtC/yr CO2-ppm

CH4-Tg/yr CH4-ppb



Under the Comparable Challenge scenario, Under the Comparable Challenge scenario, 
GHG radiative forcing would stay below 4 W/mGHG radiative forcing would stay below 4 W/m22, , 

i l t t COi l t t CO d blid bli b t d d b l lib t d d b l liequivalent to COequivalent to CO22 doublingdoubling——but reduced by aerosol coolingbut reduced by aerosol cooling
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The aerosol cooling offset is projected to lessenThe aerosol cooling offset is projected to lessen
as a result of the projected reductions of SOas a result of the projected reductions of SO22 emissions, emissions, p jp j 22
especially after 2050, which would cause net forcing to especially after 2050, which would cause net forcing to 

exceed the ‘dangerous’ forcing level of 2.5exceed the ‘dangerous’ forcing level of 2.5--3 W/m3 W/m22
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Sustaining the aerosol cooling offset at its 2010 Sustaining the aerosol cooling offset at its 2010 
value (perhaps intervening by geoengineering*)value (perhaps intervening by geoengineering*)value (perhaps intervening by geoengineering ) value (perhaps intervening by geoengineering ) 
would limit the net forcing peak to ~2.5would limit the net forcing peak to ~2.5--3 W/m3 W/m22

GHG forcing 
offset by aerosols, 

so not felt by

m
2 ) so not felt by 

climate system

ci
ng

 (W
/m

Net forcing felt by 
climate systemia

tiv
e 

Fo
rc

R
ad

For example by; injecting SO2 into the stratosphere, 
cloud brightening in the troposphere, and/or distributing SO2 emissions over ocean areas; 
[see, for example, Royal Society (2009) and MacCracken (2009), Environmental Research Letters] 



By focusing on shortBy focusing on short--lived species as well as COlived species as well as CO22, , 
the Comparable Challenge scenario considered here the Comparable Challenge scenario considered here 

ld li it i t 2ld li it i t 2 2 52 5°°C i d t i lC i d t i lwould limit warming to ~2would limit warming to ~2--2.52.5°°C over preindustrial,C over preindustrial,
too high for many reasons, but appears feasibletoo high for many reasons, but appears feasible
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Further emissions reductions (including perhaps additional geoengineering)
would be needed to further moderate the projected warming



Summary: Limiting global warming to 2Summary: Limiting global warming to 2--2.52.5°°C C 
appears possible with an aggressive approach appears possible with an aggressive approach pp p gg pppp p gg pp
leveraging both longleveraging both long-- and shortand short--lived specieslived species

The OECD (higher per capita GDP and GHG) nations:( g p p )
• have demonstrated that short-lived species can be economically 
controlled--and must move aggressively to do more
• must move expeditiously to show that modern societies can 
prosper without emitting short- or long-lived GHGs (especially CO2)

The non-OECD (lower per capita GDP and GHG) nations:
• can demonstrate their legal commitment to taking action bycan demonstrate their legal commitment to taking action by 
committing to a declining cap on short-lived species (most of which 
must be and are being addressed to limit air and water pollution, 
increase efficiency, etc.); this could be encouraged by using the 20-y, ); g y g
year GDP for CH4, taking strong action on black carbon, etc.
• commit to best practices for reducing emission of long-lived GHGs 
in the near-term, and then graduate to the developed nation 
requirements as OECD nations demonstrate that economies can 
prosper with low per capita emissions.

The temperature increase could then possibly be made lower via geoengineering
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A wide range of technologies have been A wide range of technologies have been 
demonstrated for Methane Mitigation demonstrated for Methane Mitigation gg

Source Key Technologies 

Landfills Methane recovery and combustion (i.e., power 
generation, industrial uses, flaring)  

Coal Mines Methane recovery and combustion, flaring, y , g,
ventilation air use 

Gas/Oil 
Systems 

Use of low-bleed equipment, and better 
management practices 

Livestock Waste Methane collection from anaerobic digestors 
and combustion (power, flaring) 

Ruminant 
Livestock

Improved production efficiency through better 
nutrition and managementLivestock nutrition and management

Rice Production Water management, organic supplements 
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US CHUS CH44 emissions are dropping, and significant emissions are dropping, and significant 
potential exists for further reductionspotential exists for further reductionspotential exists for further reductionspotential exists for further reductions
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• As of 2005, the CH4 partnership programs have successfully reduced US 
emissions 11% below 1990 levels
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• With continued efforts, emissions are expected to remain below 1990 level in 
spite of economic growth through 2020

Source, Paul Gunning, EPA, 2010



US Black Carbon Emissions US Black Carbon Emissions 
are projected to go downare projected to go downare projected to go downare projected to go down
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Biomass Burning Area Sources Industry Mobile Sources Power Fugitive Dust

Based on EPA Regulatory Impact Analysis, http://www.epa.gov/ttn/ecas/ria.html

Speciation of PM2.5 into carbonaceous particles, http://www.epa.gov/ttn/chief/emch/speciation



A range of technologies exist to significantly A range of technologies exist to significantly 
reduce Black Carbon emissionsreduce Black Carbon emissionsreduce Black Carbon emissionsreduce Black Carbon emissions

• Mobile sources

In most countries, black carbon is not being separately targeted, but 
rather addressed through particulate matter (PM) control strategies

• Mobile sources
– Highway diesel rules significantly reduce BC with turn‐over of the 

fleet (by ~2030)
– Non‐road diesel (e.g., farm and construction equipment) rules 

significantly reduce BC with turn‐over of the fleet (by ~2030‐2040)
Recent locomotive & marine diesel rule reduces BC (note that this– Recent locomotive & marine diesel rule reduces BC (note that this 
rule does not cover ocean‐going vessels)

– Voluntary diesel retrofit program
• Point sources

– Federal, State and Local controls over past decades have reduced 
h f th t ti PM i l di BCmuch of the stationary source PM, including BC

– Utilities:  large US coal boilers have near complete combustion & 
high percent particle removal

• Biomass burning
– Fires on agricultural lands are managed in many cases
– Land clearing and construction burning are regulated in some 

cases
• International opportunities:

– Address domestic fuel burning sector (e.g., cook stoves) in Asia, 
Africa and Latin America
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The results presented in this study are The results presented in this study are 
from the MAGICC model offrom the MAGICC model offrom  the MAGICC model of from  the MAGICC model of 

Wigley and Raper (2005, updated to 2008)Wigley and Raper (2005, updated to 2008)
Th d l i b l d l f d thThe model is an energy balance model, focused on the 
treatment of the thermodynamics of the climate system.

The model, used extensively in IPCC studies, includes:
• Treatment of atmospheric radiation, that calculates the 
changes in radiative forcing at the tropopausechanges in radiative forcing at the tropopause
• Treatment of the biogeochemical cycles affecting 
concentrations of CO2, CH4, N2O, halocarbons, pollutant 

i i l di t t h i temissions leading to tropospheric ozone, etc.
• Treatment of the ocean, including an upper ocean and 
deep ocean that introduces a thermal lagp g
• Change in global average temperature is based on 
multiplication by a sensitivity factor, calibrated to GCMs



Projections of increase in surface air temperature for the A1FI (high) Projections of increase in surface air temperature for the A1FI (high) 
emissions scenario for CCSM3.0 (www.ccsm.ucar.edu/)emissions scenario for CCSM3.0 (www.ccsm.ucar.edu/)


