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Carbon, Life, & Energy
• Photosynthesis uses 

energy from the sun to 
convert inorganic air (CO2) 
to living biomass!

• Most of this energy is 
released through 
respiration (back to CO2) 
when plants are eaten by 
animals, bacteria, people

• 1/7 of all CO2 every year!



Fossil Fuels

Some of  the stored solar energy in biomass 
can be preserved in fossilized remains



Hydrocarbons, Energy, and CO2

We dig this stuff (“fossil fuels”) up and burn it, 
harvesting the stored energy to power civilization
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The “Missing Sink”
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Burning 100%

Atmospheric
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Land 
Carbon 
Uptake



Land Carbon Sink?
• Plants eat CO2 for a 

living (photosynthesis) 
…

• Does adding CO2

to the air make them 
bulk up?

• Just like adding 
Girl Scout cookies 
to my house!



CO2 “Fertilization”
• Adding CO2 does make plants grow faster in 

laboratory or greenhouse conditions, but

• That doesn’t necessarily explain missing sink!



All Things Must Pass

• Plants die. 

• Eventually ~ everything is eaten by microbes, 
which respire 100% of the carbon back to CO2



Longstanding Imbalance
• When we say there is a carbon sink on 

land, we’re saying that over many decades

“Plants are growing
faster than they’re dying”

• Not true everywhere, but it’s 
true of the Earth as a whole!

• Since good measurements began in the 
1950’s, growth minus decay has been 
~ 25% of fossil fuel combustion



• Increasing plant growth 
(photosynthesis) over time 
due to rising atmospheric CO2

• Eventually, respiration 
increases too because 
there’s more dead stuff to 
decay (but it takes awhile)

• As long as CO2 is rising, 
growth rate > death rate
in any given year
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Nitrogen 
Fertilization

• Atmospheric N2 is triply-
bound so chemically and 
biologically inert

• Natural N-fixation by lightning 
and by specialized microbes, 
linked to very tight N cycling 
in biosphere

• Manufacture of  fertilizers
uses energy to fix N

• Combustion burns air!



Changing Land Use
• No forest in New England in 1850

• Demise of  family farms in 20th Century

• Regrowth of  woodlands & forests

• Every molecule derived from CO2



Boreal Warming & Greening
• Arctic is warming 

more than twice 
as fast as the 
world as a whole

• Many places have 
50% longer 
growing season 
than 50 years ago

• Shrubs invade 
tundra, forest 
spreads north



The 
Oceans



Carbonic Acid
• CO2 dissolves in water to 

make carbonic acid

• That’s why beer goes with 
pizza and Chardonnay 
goes with Brie

• Dissolves twice as well in 
cold water as warm water

• That’s why beer & soda go 
flat when they warm up

• Cold polar ocean soaks up 
CO2, warm tropical oceans 
release it



Dark and Deep
• Brightly colored equipment, fish, and 

corals at snorkel depths (10 – 20 feet)

• Red and orange go first, then yellow 
and green

• Below 50 feet, everything is 
progressively dimmer shades of blue

But the oceans are 13,000 feet deep!



really cold too!



Oceans Have Layers

• Warm buoyant “raft” floats at surface
• Cold deep water is only “formed” at high latitudes
• Very stable, hard to mix, takes ~ 1000 years!
• Icy cold, inky black, most of the ocean 

doesn’t know we’re here yet!
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Observing the Deep Ocean



Global Ocean Survey Samples

Observing the Deep Ocean



Dissolved 
Fossil CO2

• Millions of direct 
measurements of dissolved 
CO2 in the oceans

• Fossil CO2 remains trapped 
near the surface where 
warm water floats

• Deep water doesn’t know 
we’re here yet!



Climate Futures on 
the Back of an 

Envelope



Equilibrium Climate Sensitivity
• For 125 years, we’ve 

known that gases 
absorb radiation in 
proportion to the log 
of their concentration 

• Tested in the lab, 
outdoors, from 
towers, balloons, 
aircraft, satellites

ECS ~ 3 C

!T = 3 log(CO2 /280)
log(2)

3o C of Warming Per Doubling of CO2



Atmospheric CO2
on the Back of an Envelope

Global fossil fuel emissions ~10 GtC/yr
~ 25% dissolves into oceans ~ 2.5 GtC/yr
~ 25% turns into land biomass ~ 2.5 GtC/yr
~ 50% remains in the air ~ 5 GtC/yr

5 GtC/yr in the air 
~ 2.5 ppm CO2 per year



Emissions
• Global CO2 emissions are about 10 GtC/yr

• One GtC means one Gigaton Carbon
= 1 billion tons of carbon = 109 tons of carbon

= 1012 kg of carbon = 1015 g of carbon

• One Gigaton (1012 tons) and one Petagram (1015 grams) are 
exactly the same thing!

• When carbon is burned (reacted w/ oxygen to make CO2), 
1 GtC + 2.7 GtC makes 3.7 GtCO2



Where Has All the Carbon Gone?
• Into the oceans

– Solubility pump (CO2 very soluble in cold water, but rates 
are limited by slow physical mixing)

– Biological pump (slow “rain” of organic debris)

• Into the land
– CO2 Fertilization

(plants eat CO2 … is more better?)

– Nutrient fertilization
(N-deposition and fertilizers)

– Land-use change
(forest regrowth, fire suppression, woody encroachment … 
but what about Wal-Marts?)

– Response to changing climate
(e.g., Boreal warming)



Emissions -> Concentration
• Carbon sinks currently remove about half of CO2

emissions

• The other half remains in the atmosphere 
for a REALLY LONG time

• So 10 GtC/yr of emissions is only 5 GtC of CO2 increase

• Every GtC adds about 0.5 ppm of CO2 concentration

• So 10 GtC/yr of emissions adds about 
2.5 ppm/yr of atmospheric CO2



Concentration -> Warming
• Equilibrium Climate Sensitivity is about 

3 CELSIUS PER DOUBLING of CO2
• Complicated. Not linear. Logarithmic!

• Before fossil fuels, CO2 was about 280 ppm (~ yr 1800)

• WARMING = 3 C * log(CO2/280) / log(2)

• EXAMPLE: How warm if CO2 reaches 500 ppm ?
– WARMING = 3 C * log(5002/280) / log(2) = 2.5 C



Global Warming 
on the Back of an Envelope

To limit Eventual Global Warming to DT
Must limit CO2 = exp(0.231 * DT + 5.635)

Examples
Limit warming to 3.0 oC; Limit CO2 to 560 ppm
Limit warming to 2.5 oC; Limit CO2 to 499 ppm
Limit warming to 2.0 oC; Limit CO2 to 445 ppm 
Limit warming to 1.5 oC; Limit CO2 to 396 ppm (oops)

BUT CO2
IS ALREADY 417 ppm!

SO HOW IS 1.5 STILL ALIVE?



Sink Saturation
• Land – very vulnerable, very uncertain!

– Only CO2 fertilization has “legs”

– N-deposition and Regrowth are transient

– Boreal warming may switch to a huge source!

• Ocean – slow & safe for near-term, 
scary for the long term
– Limited by rate of physical mixing into deep ocean 

against buoyancy

– As surface water warms, mixing will slow

– Thousands of years to reach equilibrium!

– Acidification chemistry limits total uptake



Simple Conceptual Model
• Preindustrial equilibrium: 

Historically, there were no 
carbon sinks
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Simple Conceptual Model
• Preindustrial equilibrium: 

Historically, there were no 
carbon sinks

• As atmospheric CO2 
increased, carbon flowed 
into the surface ocean and 
land ecosystems

• As emissions slow and 
cease, DpCO2 will fall

• If/when emissions reverse, so 
will the sinks

Atmosphere

Surface 
Ocean

Plants

Deep 
Ocean

Soils

DpCO2 < 0



Historical 
Sources & 

Sinks of CO2

Sources:
• Fossil fuel combustion ~ 90%
• Deforestation ~ 10%

Sinks:
• Atmosphere ~ 50%
• Oceans ~ 25%
• Land ~ 25% (varies!)  

Where it 
came from

Where 
it went



UMD) simulate a sink/source transition for the land
carbon flux. The source arising in the UMD simulation
is mainly due to the fact that this model already simu-
lates a very weak land carbon uptake in the uncoupled

simulation (uptake of 0.3 GtC yr!1 for the 1990s and 1
GtC yr!1 by 2100). These two models are also the ones
that simulate the larger atmospheric CO2 concentration
by 2100, as the land is a source of CO2 at that time. This

FIG. 1. (a) Atmospheric CO2 for the coupled simulations (ppm) as simulated by the HadCM3LC (solid black),
IPSL-CM2C (solid red), IPSL-CM4-LOOP (solid yellow), CSM-1 (solid green), MPI (solid dark blue), LLNL
(solid light blue), FRCGC (solid purple), UMD (dash black), UVic-2.7 (dash red), CLIMBER (dash green), and
BERN-CC (dash blue). (b) Atmospheric CO2 difference between the coupled and uncoupled simulations (ppm).
(c) Land carbon fluxes for the coupled runs (GtC yr!1). (d) Differences between coupled and uncoupled land
carbon fluxes (GtC yr!1). (e), (f) Same as (c), (d), respectively, for the ocean carbon fluxes.
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Coupled Carbon Cycle Climate 
Model Intercomaprison Project 

(C4MIP) 

• All run from 1850-2100 forced by identical 
fossil fuel emissions (IPCC SRES scenario A2)

• Huge differences in behavior of  land and 
ocean carbon cycles!

• Some tradeoffs between land and ocean

• Identical emissions produce 300 ppm 
difference in CO2 by 2100 due to differences 
in carbon cycle behavior!

11 different 
climate models 
also including 

land and ocean 
carbonAmazon 

collapse

3
0

0
 p

p
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Wow!

Friedlingstein et al (2006)



CMIP5

Warming is linear with cumulative emissions across 
many models with many different sensitivities! 

Emergence of TCRE

Slope = TCRE

TCRE differs 
among models CMIP6: Bigger spread



Transient Climate 
Response to Emissions

TCRE

warming

cumulative 
emissions

CO2
increment

“Definition”



TCRE Spans Scenarios

2 C per 
1000 GtC

• Fits historical data & 
scenarios from RCP2.6 all 
the way up to RCP8.5!

• SIMPLE RECIPE:

– Sum all historical emissions 
(in GtC not GtCO2)

– Warming = 2 C per 1000 GtC



“Zero Emission 
Commitment” 

ZEC
• Intercomparison of 

ESMs forced with zero 
emissions ZEC-MIP

• NO  WARMING “IN 
THE PIPELINE”



Use TCRE to Define an 
“Allowable Emissions Budget”

• Cumulative emissions to 
date are about 600 GtC

• If TCRE = 2C / 1000 GtC, 
there are 400 GtC
remaining emissions 
before we hit 2 C

• Only about 100 GtC can 
still be emitted to limit 
warming to 1.5 C

2 C per 
1000 GtC



TOWARDS A NET-ZERO EMISSIONS

Net-zero emissions
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An illustrative example of setting 

net-zero emission targets 

within a given carbon budget

Matthews et al. 2020 Nat Geosci.

PERSPECTIVE
https://doi.org/10.1038/s41561-020-00663-3

1Department of Geography, Planning and Environment, Concordia University, Montréal, Canada. 2Institute for Atmospheric and Climate Science, ETH 
Zürich, Zürich, Switzerland. 3Australian–German Climate and Energy College, The University of Melbourne, Melbourne, Victoria, Australia. 4School of Earth 
Sciences, The University of Melbourne, Melbourne, Victoria, Australia. 5Grantham Institute – Climate Change and Environment, Imperial College London, 
London, UK. 6International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria. 7Global Carbon Project, CSIRO Oceans and Atmosphere, 
Canberra, Australian Capital Territory, Australia. 8College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter, UK. 9Laboratoire 
de Météorologie Dynamique, Département de géosciences, École Normale Supérieure, PSL Research University, Sorbonne Université, École Polytechnique, 
CNRS, Paris, France. 10Climate and Environmental Physics, Physics Institute, University of Bern, Bern, Switzerland. 11Oeschger Centre for Climate Change 
Research, University of Bern, Bern, Switzerland. 12Priestley International Centre for Climate, University of Leeds, Leeds, UK. 13Canadian Centre for Climate 
Modelling and Analysis, Environment and Climate Change Canada, Victoria, British Columbia, Canada. 14Max Planck Institute for Meteorology, Hamburg, 
Germany. 15Department of Earth System Science, Woods Institute for the Environment, Stanford University, Stanford, CA, USA. 16Precourt Institute for 
Energy, Stanford University, Stanford, CA, USA. 17Met Office Hadley Centre, Exeter, UK. 18Climate and Ecosystem Sciences Division, Lawrence Berkeley 
National Lab, Berkeley, CA, USA. 19St. Francis Xavier University, Antigonish, Nova Scotia, Canada. 20GEOMAR, Helmholtz Centre for Ocean Research,  
Kiel, Germany. 21Simon Fraser University, Burnaby, British Columbia, Canada. 22CNRM, Université de Toulouse, Météo-France, CNRS, Toulouse, France. 
ᅒe-mail: damon.matthews@concordia.ca

Remaining carbon budgets are defined as the allowable future 
CO2 emissions that are consistent with meeting climate targets 
such as those of the Paris Agreement (see Box 1). Conceptually, 

the idea of a global emissions budget is a compelling way to frame 
and communicate the climate mitigation challenge: a finite cap on 
total CO2 emissions implies clearly that global CO2 emissions must 
eventually reach net-zero to stabilize global temperatures. Estimates 
of the remaining carbon budget are subject to large uncertainty, but 
have also varied considerably among studies owing to the lack of a 
consistently applied definition, as well as different methodological 
approaches used to calculate the remaining budgets1,2. Furthermore, 
additional uncertainties are introduced in the process of disaggre-
gating the global budget into national shares for domestic climate 
policy3–5. Given the increasing adoption of remaining carbon bud-
get estimates as a benchmark for national policy discussions, the 
full range of uncertainties and choices surrounding carbon budget 
estimates must be articulated and understood.

In this Perspective, we present an overview of the state of our 
understanding of the remaining carbon budget, with the intent of 
charting a tractable path through the scientific, policy and ethical 

considerations required when applying the carbon budget concept 
to climate policy decisions. We characterize the uncertainties and 
other factors affecting estimates of the remaining carbon budget 
across four broad categories: (1) geophysical uncertainties associ-
ated with physical climate and carbon cycle processes that determine 
the climate response to emissions; (2) socio-economic uncertainties 
that reflect the societal choices and dynamics that determine future 
emission scenarios; (3) methodological approaches that reflect 
choices and assumptions made when estimating the remaining  
carbon budget; and (4) allocation choices that emerge from the 
range of ethical and fairness principles that can be used to allocate 
a portion of the global budget to individual countries, economic 
sectors and entities such as individual industries and corporations. 
We discuss each of these in turn, and then offer some concluding 
thoughts on the robust policy implications of a finite remaining car-
bon budget.

Geophysical basis of carbon budgets
The proportionality between cumulative CO2 emissions and 
CO2-induced temperature change is the primary geophysical basis 

Opportunities and challenges in using remaining 
carbon budgets to guide climate policy
H. Damon Matthews1�ᅒ, Katarzyna B. Tokarska! !2, Zebedee R. J. Nicholls! !3,4, Joeri Rogelj5,6,  
Josep G. Canadell! !7, Pierre Friedlingstein! !8,9, Thomas L. Frölicher! !10,11, Piers M. Forster12,  
Nathan P. Gillett! !13, Tatiana Ilyina! !14, Robert B. Jackson! !15,16, Chris D. Jones! !17, Charles Koven! !18,  
Reto Knutti! !2, Andrew H. MacDougall19, Malte Meinshausen! !3, Nadine Mengis! !20,21, 
Roland Séférian! !22 and Kirsten Zickfeld21

The remaining carbon budget represents the total amount of CO2 that can still be emitted in the future while limiting global 
warming to a given temperature target. Remaining carbon budget estimates range widely, however, and this uncertainty can 
be used to either trivialize the most ambitious mitigation targets by characterizing them as impossible, or to argue that there 
is ample time to allow for a gradual transition to a low-carbon economy. Neither of these extremes is consistent with our best 
understanding of the policy implications of remaining carbon budgets. Understanding the scientific and socio-economic uncer-
tainties affecting the size of the remaining carbon budgets, as well as the methodological choices and assumptions that under-
lie their calculation, is essential before applying them as a policy tool. Here we provide recommendations on how to calculate 
remaining carbon budgets in a traceable and transparent way, and discuss their uncertainties and implications for both inter-
national and national climate policies.

NATURE GEOSCIENCE | VOL 13 | DECEMBER 2020 | 769–779 | www.nature.com/naturegeoscience 769



TOWARDS A NET-ZERO EMISSIONS

Net-zero emissions

40

30

20

10

C
O

2
em

is
si

on
s 

(G
t C

O
2)

Year

°

Net-zero emissions

40

30

20

10

C
O

2
em

is
si

on
s 

(G
t C

O
2)

Year

°

An illustrative example of setting 

net-zero emission targets 

within a given carbon budget

Matthews et al. 2020 Nat Geosci.



TOWARDS A NET-ZERO EMISSIONS

An illustrative example of setting 

net-zero emission targets 

within a given carbon budget

• Current NDC pledges are insufficient to meet the Paris Agreement long-term 
temperature stabilization goal

Net-zero emissions

1.5 C 
budget
for 2020 
to 2025

Projected
amount over
1.5 C budget
for 2025 to 2030 
given current NDCs

Well below 2 °C 
budget for 
2040 to 2045 
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1. Every kg of carbon burned 
anywhere anytime adds 
an equal amount of global 
warming

2. When emissions stop, 
warming will stop (no 
warming in the pipeline!)

3. To stop warming, we must 
stop burning carbon

Stop 
setting 
stuff on 

fire



The 
Long 
Tail



Vertical Structure 
of the Oceans

• Warm buoyant “raft” floats at surface
• Cold deep water is only “formed” at high latitudes
• Very stable, hard to mix, takes ~ 1000 years!
• Icy cold, inky black, most of the ocean 

doesn’t know we’re here yet!

sfc

4 km



Bathtub Drainage



The 
Long Tail

• Fossil CO2 dissolves 
into the oceans

• Chemistry limits the 
amount the oceans 
can hold

• Mixing with deep 
oceans is very slow

• Removal of CO2

depends on how 
much we add to 
atmosphere 

• For a big pulse, 40% 
is still in the air after 
1000 years



Emissions peak soon

CO2 Lasts Much Longer

Zero emissions 
from 2300 for all 
scenarios

1500 ppm 
in 3000 AD!



Warming is “permanent”

Bigger than 
Deglaciation

But 50x as fast!
You 
are here



Climate and Sea Level

Linear 
relationship 
between climate 
& sea level over 
40 million years



Climate and Sea Level



Climate and Sea Level

Seas rose 
1 foot per 
decade for 
400 years



http://www.freetech4teachers.com/2013/09/an-interactive-map-of-rising-sea-levels.html

Eventually


