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“Reaching and sustaining net-zero global anthropogenic CO2 emissions 
and declining net non-CO2 radiative forcing would halt anthropogenic 
global warming on multi-decadal timescales.” 

• https://apps.ipcc.ch/report/sr15/fig1/index.html

• Note both net-zero CO2 AND declining non-CO2 forcing are necessary 
to halt warming on multi-decadal timescales.

• Essential that we record of the implications of internationally 
transferred mitigation outcomes for CO2 as well as total GHGs.

• This is particularly relevant to Article 6 discussions.

https://apps.ipcc.ch/report/sr15/fig1/index.html


“The maximum temperature reached is then determined by 
cumulative net global anthropogenic CO2 emissions up to the time 
of net zero … and the level of non-CO2 radiative forcing in the 
decades prior to the time that maximum temperatures are reached”

1 W/m2 ≈ 1000 GtCO2

“Vertical axes in panels c and d are scaled to 
represent approximately equal effects on GMST.”

Remaining carbon budget: 
(2+35/2) years x 42 GtCO2/yr
= 819 GtCO2



How do we equate a radiative forcing pathway 
with cumulative CO2 emissions?
• We do this already for CO2:

– CO2 emissions diagnosed from 
concentration-driven CMIP5 historical, 
RCP & 1%/year simulations.

• Convert effective radiative forcing to 
concentration:

o 𝐹 𝑡 = $%&
'() *

log .(0)
.2

o 𝐶 𝑡 = 𝐶4 exp
'() * $(0)

$%&

• Use a carbon cycle model to calculate 
emissions 𝐸 𝑡 required to give 𝐶 𝑡 .
– Wigley, 1998, “Forcing Equivalent Index”
– Tokarska et al, 2018, is similar in 

principle, but relies on identical TCRE in 
1%/year and scenario runs.

TCRE



The Generalized Impulse Response (GIR) model

𝑛 = 4 GHG pools, state-dependent scaling on time-constants:

o
;<=(0)
;0

= 𝑎?𝐸(𝑡) −
<=(0)
A(0)B=

and 𝐶 𝑡 = 𝐶4 + ∑?E4F 𝑅?(𝑡)

General concentration-forcing relationship:

o 𝐹 𝑡 = 𝑓4 ln
.(0)
.2

+ 𝑓J 𝐶 𝑡 − 𝐶4 + 𝑓* 𝐶 𝑡 − 𝐶4
Linear thermal response with 𝑚 = 2 or 3 timescales:

o
;OP(0)
;0 =

QP$ 0 ROP(0)
;P

and 𝑇 𝑡 = ∑?EJT 𝑆?(𝑡)

Integrated airborne fraction linear in temperature 𝑇, atmospheric 
accumulation 𝐺X, and cumulative emissions 𝐺:

o 𝛼 𝑡 = 𝑔4 sinh [2\[] ^ 0 R^_ 0 \[` a 0 \[_ ^_ 0
bc
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This is the only bit not lifted directly from AR5 Chapter 8



Aside on model name and history…

• FAIR (Finite-Amplitude Impulse Response) model 
introduced for CO2 only by Millar et al (2017)

• Michel pointed out FAIR exists, so renamed FaIR.
• Leeds stole FaIR and added lots of MAGICC 😞.
• RCMIP insisted on distinct names, so renamed GIR 😡.
• Generalized to all gases by varying 𝑎?, 𝑓? & 𝑟? only:

– Linearizing gas interaction terms in forcing equation 
introduces negligible error under mitigation scenarios.

– Accounts for changing airborne fractions without externally-
imposed time-varying “natural emissions”.

– Leach et al, GMD, 2019/20



Because this is the kind of thing we want to avoid

• Time-varying natural 
emissions of methane and 
nitrous oxide in FaIR1.3 and 
MAGICC (Smith et al, 2018).

• These can affect current 
trends & implied carbon 
budgets.

• RCMIP should ban fudges 
like this. If a model doesn’t 
get historical concentrations 
right, own up or fix it.



Annual and cumulative CO2 emissions in ambitious 
mitigation scenarios

Cumulative CO2 emissions 
from 2018



Cumulative CO2 and CO2-forcing-equivalent 
emissions & non-CO2 radiative forcing

Cumulative CO2 emissions 
from 2018

Non-CO2 radiative forcing 
change from 2018

Cumulative non-CO2
CO2-fe emissions from 2018



Cumulative CO2 and CO2-forcing-equivalent 
emissions & non-CO2 radiative forcing

1000 GtCO2

1 W/m2



Cumulative CO2-fe emissions x Transient Climate 
Response to Emissions (TCRE) = future warming

Example TCRE:
0.5oC per 1000 GtCO2-fe

Cumulative CO2
emissions x TCRE 
≠ future warming



An objective interpretation of the remaining carbon 
budget: cumulative CO2 emissions consistent with 
achieving a long-term temperature goal

• Future warming = TCRE × cumulative CO2-fe emissions

• 𝑇bghi = 𝑇Fgj + 𝑇𝐶𝑅𝐸 ×∑𝐸0g0hi
kl

• ∑𝐸.m% =
anopq R aros

a.<t
− ∑𝐸FgFR.m%

kl

• To be relevant to a specific LTTG, 𝑇bghi must be 
defined using the temperature metric that will be used 
to determine whether that goal has been met.



Unfortunately, there are multiple ways of defining 
global average temperature

• Global Mean Surface Temperature (GMST), blend of near-
surface air temperature over land and sea ice near-surface 
water temperatures over oceans:
– Traditionally used by WMO and IPCC observations chapters.
– Used in the Structured Expert Dialogue that informed Paris 

negotiations: “On the global average temperature, the IPCC reported 
an increase of 0.85oC since 1880” (based on GMST).

• Global Mean Surface Air Temperature (GSAT), near-surface air 
temperature over land, ice and oceans:
– Used to plot AOGCM model results in AR5.
– Not directly observed.
– Increasing approximately 10% faster than GMST in models.

• Differences first discussed in depth by IPCC in SR1.5, Ch. 1.



Which can make things seem complicated

• Rogelj et al (2019): 
– carbon budgets should be defined using “a 

single consistent metric.”

• Tokarska et al (2019): 
– GMST “not suitable for future warming 

projections or carbon budgets” because of 
changing sea-ice cover (but also show this is 
not a major issue for mitigation scenarios).

– GSAT “used to inform AR5 carbon budgets” 
(true of CMIP5-based numbers, not TCRE).

– Suggest future governments will decide if the 
LTTG has been met using a combination of 
observed GMST to 1986-2005 and inferred 
GSAT (GMST multiplied by a model-based 
GSAT/GMST ratio) from then on.



There are also two ways of dealing with non-CO2
forcing in carbon budgets

• Subtracting future non-CO2
warming ∆𝑇FgFR.m% from 
𝑇bghi (Rogelj et al, 2019)
– Correction depends on TCRE
– Requires a representative 

sample of future non-CO2
forcing



There are also two ways of dealing with non-CO2
forcing in carbon budgets

• Subtracting future non-CO2
warming ∆𝑇FgFR.m% from 
𝑇bghi (Rogelj et al, 2019).
– Correction depends on TCRE
– Requires a representative 

sample of future non-CO2
forcing

• Subtracting future non-CO2
CO2-fe emissions from total 
CO2-fe budget
– Makes trade-offs clear
– Does not require sampling over 

policy choices

Cumulative CO2-fe emissions from today (Gt CO2-fe)



This matters, because we don’t have a random 
sample of future non-CO2 forcing

Cumulative CO2 emissions 2018-2100 (GtCO2)
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Carbon budgets to peak 1.5oC warming with Tnow , 
Tgoal and best-estimate TCRE defined by GMST
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1.05oC warming 
to 2018
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Carbon budgets to peak 1.5oC warming with Tnow , 
Tgoal and best-estimate TCRE defined by GMST

1.05oC warming 
to 2018

+ 0.45oC = 1000 GtCO2-fe – 250 non-CO2 = 750 GtCO2



Carbon budgets to peak 1.5oC warming with Tnow , 
Tgoal and best-estimate TCRE defined by GMST



Carbon budgets to peak 1.5oC warming with Tnow , 
Tgoal and best-estimate TCRE defined by GMST

Best estimate TCRE based 
on historical warming and 
cumulative CO2-fe 
emissions to 2018

“2oC-lower” 
scenarios have a 
better-than-even 
chance of peak 
warming <1.5oC 
if there is no 
increase in TCRE 



Carbon budgets to peak 1.5oC warming with Tnow , 
Tgoal and best-estimate TCRE defined by GSAT



Conclusions

• CO2-forcing-equivalent emissions provide an 
objective interpretation of carbon budgets in multi-
gas scenarios that is based on a physical model.

• Warming is proportional to cumulative CO2-fe 
emissions, so either:
– We define warming using GSAT, in which case AR5 & the 

Structured Expert Dialogue contained the wrong estimate 
of the current level of warming relative to pre-industrial.

– We define warming using GMST, in which case we need to 
reclassify “well-below 2oC” scenarios as having a better 
than even chance of limiting peak warming to 1.5oC.


