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Total CO, emissions are strongly linked to total warming

5 | | + Allows us to quantify
| exactly what we must
do to meet targets

» Akey message from
last IPCC report (AR5:
2013/14)

» Carbon “budget” we

* Long-term warming is can spend

linearly related to total
emissions of CO,.

« For a given warming
target, higher
emissions now imply
lower emissions later.

* Quantifying this drew
together ALL of
climate science into a
single straight line!
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C4MIP history




Carbon-cycle MIP timeline - 1

2010 2015

CJ joins Cox et al,

2000, Nature
Hadley paper. First
Centre coupled-
climate-
carbon-cycle
GCM
experiments

Dufresne et
al, 2002,
rﬂiﬂi?slgztl; Friedlingstein
weaker et al, 2003.
feedback Derived a, B,
Y, metrics to
quantify
aspects of the
feedbacks




2000 2005 2010

Cox et al.

Dufresne et al.

Friedlingstein et al.

x (UK)
ayner (Australie)

C4MIP project initiated [***

Coupled Carbon Cycle Climate
Model Intercomparision Project

(The FIyving Leap Experiment)

Friedlingstein
et al, 2006.
C4MIP paper.

First coupled-
climate-
carbon-cycle
MIP paper.

Stage 1 |[Enussscmmes

Run lots of models, get lots of (very different) results




2000 2010

Terrestrial
uncertainty

+ e + -
R
F oo+
-200 - x\_t_ —
g + Matthews et al.,
g 2005, GRL.
—400 RN -
+ 2
NPP control on D)
climate-carbon =
seo ‘ ; ‘ s P feedback =)
Q.00 0.00 010 015 0.20 0.26 0.30 Q.35 4 &)
gain(g) \ :
=)
e.g. Jones and Falloon, 2009 i
2
5
T
=z

. . . .
1850 1900 1950 2000 2050 2100
Model year



Carbon-cycle MIP timeline - 2

2000 2005 2010 2015

Terrestrial
uncertainty
[ ]
Soil
carbon
“q1 o”

Matthews et al.

“climate- Gregory et al., 2009, J. Clim.
carbon”
feedback Split into 2 competing
blackbody- | dominated feedbacks
thoughts -Response to CO2
oo I -Response to climate
surface albedo
y Climate-carbon feedback (+ve)
WVHLR? B is comparable to cloud
heat uptake - . - feedbacks
(climate Tonisansa] |/ — ’ Concentration-carbon
concentration-carbon - -/ feedback is blgger (but —Ve)
d rtai
climate-carbon -/ an more unce aln
-4 -3 2 1 (l.P ; 2




Carbon-cycle MIP timeline

2000 2005 2010 2015

) CMIP5 results
Cumulative atmosphere-land CO, flux (Pg C)
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» Large uncertainty remained — CMIP5 spread no better than C4MIP



Carbon-cycle MIP timeline - 3

2000 2005 2010 2015

CMIP5 results

SR15

State and rate Cumulative total anthropogenic CO, emissions from 1870 (GtCO,)
dependence of feedback s 1000 2000 3000 4000 5000 6000 7000 8000

factors
Gregory et al., 2009

2100

Schwinger et al., 2014 4T
AR5, Ch.6, table 6.10
3k
Warming link to
cumulative emissions 2t

Allen et al., 2009
Matthews et al., 2009
Gillett et al., 2013
AR5, SPM, Fig SPM.10

—— RCP26 == Historical
—— RCP4.5 RCP range

Temperature anomaly relative to 1861-1880 (°C)

« BUT - even though model spread not reduced = -

Cumulative total anthropogenic CO; emissions from 1870 (GIC)

« We've learned to use the results better



The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five com ponents: global warming limit of interest (T, )

Temperature increase since preindustrial levels (°C)

o

Rogelj et al., 2019

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five com ponents: global warming limit of interest (T, )

- Historical warming to date

SR15 assessment:

Temperature increase since preindustrial levels (°C)

- Human-induced warming since 1850-1900 AR o
- Global Surface Air Temperature (GSAT) ?vf?r:i?f;n%ucid
- 0.97°C (+- 0.12°C likely range) .

0

Rogelj et al., 2019

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five components: global warming limit of interest (T, ) /I—CRE

- Historical warming to date
- Transient climate response to cumulative
emissions of carbon dioxide (TCRE)

SR15 assessment:

- Same as AR5 assessment

- 0.8-2.5°C /1000 PgC

- Normally distributed uncertainty

historical
human-induced
warming (T )

Temperature increase since preindustrial levels (°C)

o

Rogelj et al., 2019

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five components: global warming limit of interest (T, ) /I—CRE

- Historical warming to date

- Transient climate response to cumulative
emissions of carbon dioxide (TCRE)

- Zero emission commitment (ZEC)

SR15 assessment:
- Same as AR5 assessment
- Zero or negative

historical
human-induced
warming (T )

Temperature increase since preindustrial levels (°C)

o

Rogelj et al., 2019

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five components:

- Historical warming to date

- Transient climate response to cumulative
emissions of carbon dioxide (TCRE)

- Zero emission commitment (ZEC)

- Projected future non-CO, temperature
contribution

SR15 assessment:

- Based on SR15 scenario database

- Future non-CO, warming at time global
CO, emission become net zero

- Estimated with simple climate models
MAGICC & FAIR

Rogelj et al., 2019

global warming limit of interest (T )

/TCRE

Temperature increase since preindustrial levels (°C)

o

ZEC)

% zero emission commitment (T

historical
human-induced
warming (T )

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five components: global warming limit of interest (T, ) /I—CRE

- Historical warming to date

- Transient climate response to cumulative
emissions of carbon dioxide (TCRE)

- Zero emission commitment (ZEC)

- Projected future non-CO, temperature
contribution

% zero emission commitment (T,..)

remaining
allowable warming

SR15 assessment:

- Based on SR15 scenario database

- Future non-CO, warming at time global
CO, emission become net zero

- Estimated with simple climate models

historical
human-induced
warming (T )

Temperature increase since preindustrial levels (°C)

o

MAGICC & FAIR

Rogelj et al., 2019

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five components:

- Historical warming to date

- Transient climate response to cumulative
emissions of carbon dioxide (TCRE)

- Zero emission commitment (ZEC)

- Projected future non-CO, temperature
contribution

SR15 assessment:

- Based on SR15 scenario database

- Future non-CO, warming at time global
CO, emission become net zero

- Estimated with simple climate models
MAGICC & FAIR

Rogelj et al., 2019

global warming limit of interest (T )

/TCRE

Temperature increase since preindustrial levels (°C)

o

+ zero emission commitment (T

remaining
allowable warming

ZEC)

historical
human-induced
warming (T )

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five components:

- Historical warming to date

- Transient climate response to cumulative
emissions of carbon dioxide (TCRE)

- Zero emission commitment (ZEC)

- Projected future non-CO, temperature
contribution

- Unrepresented Earth system feedbacks

SR15 assessment:

- Permafrost thawing and other
unrepresented Earth system feedbacks can
contribute to up to 100 GtCO, until 2100

Rogelj et al., 2019
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historical
human-induced
warming (T )
remaining unrepresented Earth system
carbon budget (RB, ) feedbacks (E_q,)

Cumulative CO, emissions from today (GtCO,)




The Remaining Carbon Budget Framework of the
|IPCC Special Report on Global Warming of 1.5°C

Five components:

- Historical warming to date

- Transient climate responseje~ctmmmaigtive
emissions of carbon dioxi

- Zero emission commitmae

- Projected future non-CO, t

contribution
- Unrepresented Earth system feedbacks

SR15 assessment:

- Permafrost thawing and other
unrepresented Earth system feedbacks can
contribute to up to 100 GtCO, until 2100

Rogelj et al., 2019

global warming limit of interest (T )

Temperature increase since preindustrial levels (°C)

o

% zero emission commitment (T

ZEC)

o
£
o E
=g
= i
)
3
=2
(]
v
historical
human-induced
warming (T )
remaining unrepresented Earth system
carbon budget (RB, ) feedbacks (E.,,)

Cumulative CO, emissions from today (GtCO,)




Carbon-cycle MIP timeline - 4

2000 2005 2010 2015

Cox et al.

CMIP5 / AR5

SR15

* So what’s required from CMIP67? |

CMIP6 / ARG ?

« New model results into SR15 framework

* Reduced uncertainty?
» Improved knowledge on carbon budgets

» Improved policy advice how to meet targets / avoid impacts
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Primer on feedbacks...
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Altered top-of-atmospb

energy balance:

* more energy in
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Altered top-of-atmospb

energy balance:

* more energy in + Earth warms up

* More energy out
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Altered top-of-atmosph

energy balance:

* more energy in Earth warms up

* More energy out

. Stron%ne_gative (stabilising) response opposes the initial
perturbation

» On top of this get other feedbacks:
» Clouds, water vapour, ice-albedo, ocean heat...

« Sum of these is positive/amplifying (from models), but some terms can
be globally or locally of either sign
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The carbon cycle: Earth’s carbon budget
Hadley Centre

To land/ocean

/ sinks

ACO,:

* Concentrations rise

Anthropogenic emissions:

* more carbon in

» Natural sinks take carbon out
(of atmosphere)
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The carbon cycle: Earth’s carbon budget
To land/ocean

/ sinks

ACO,:

* Concentrations rise

Anthropogenic emissions:

* more carbon in

» Natural sinks take carbon out
(of atmosphere)

« Strong negative (stabilising) response opposes the initial perturbation

« On top of this get other feedbacks:
» Ocean circulations/solubility, vegetation productivity/mortality, permafrost...

« Sum of these is positive/amplifying (from models), but some terms can be
globally or locally of either sign



The similarities are clear...
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Strong negative response, stabilises the system against the initial perturbation
» Various feedbacks operate to modulate this

BUT: ...
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Strong negative response, stabilises the system against the initial perturbation
» Various feedbacks operate to modulate this

BUT: Fundamental difference in black body - I -
where the uncertainties lie -

cloud |- ; i

surface albedo |- | l |

WV+LR |- . _

heat uptake - . i -

(climate resistance)

Gregory et al., 2009, J. Clim. ) ) Ty wWmKY)
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The similarities are clear...

Strong negative response, stabilises the system against the initial perturbation
Physical climate

» Various feedbacks operate to modulate this Planck/black-body feedbacks — the
response: extremely uncertainties lie here
well known

BUT: Fundamental difference in black body

where the uncertainties lie cloud -
surface albedo -

WV+LR |-

heat uptake

_ non-carbon
(climate resistance)

Combine to give
climate sensitivity

4 3 2 414 0o 1 2
Gregory et al., 2009, J. Clim. y (Wm*K?)
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The similarities are clear...

Strong negative response, stabilises the system against the initial perturbation

- Various feedbacks operate to modulate this Carbon cycle feedbacks — the

uncertainties lie IN BOTH

BUT: Fundamental difference in black body |- I « Can’t just focus research on
L . the positive feedbacks
where the uncertainties lie cloud -
surface albedo - . l .

wv+| Carbon cycle
response, to
heat uptd CO2

) non-carbon - Carbon cycle
(climate resistance) :
feedbacks with
concentration-carbon - climate

climate-carbon -

-4 -3 -2
Gregory et al., 2009, J. Clim. v (
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Recap
* C4MIP multi-model analysis dates back to 2006
* large model spread

* need to consider carbon response to CO2 as
well as to climate
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Results 1.

C4MIP
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* CO, affects climate:

AT
AC

» Carbon affected by CO, and Climate
«“COU" coupled runs vary both

«“BGC” biogeochemical runs — only vary CO,, to
diagnose beta




a. Regional carbon-concentration feedback

(kgC m* ppm?) == | and

: —— Ocean
b. Regional carbon-climate feedback

|

|

|

0 010 020
(10° kgC m-* ppm-)

-10 0
[ [ T e
-1 -0.5 0 0.5 1

(kgC m2 K™)

10

C4MIP feedback metrics

*CO, drives natural
sinks everywhere

* Climate, globally,

reduces sinks
- Some regional variations

Fig 6.22, IPCC AR5, Ciais et al., 2013
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Cumulative atmosphere-land flux (Pg C)
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Cumulative atmosphere-land flux
(CMIP6 models)

P— Fully-coupledr(11 models)
—— Biogeochemically-coupled (11 models)

—— Radiatively-coupled (10 models/

823
635

-250

 Land and ocean
uptake under 1%
CO, rise

 Similar overall sinks

« Land stronger
dependence on both
CO, and climate

* Land models much
greater spread

800

Cumulative atmosphere-ocean flux (Pg C)
0 200 400

-200

C4MIP feedback metrics

Cumulative atmosphere-ocean flux
(CMIP6 models)

600

— Fully-coupled (11 models)
—— Biogeochemically-coupled (11 models)
—— Radiatively-coupled (10 models) 670

593

/ /
Vo 4
7
7
ﬁ*&iﬁ -22.8

20 40 60 80 100 120 140

Arora et al., 2020




L CMIP6 dels at 4xCO
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BGC-COU - | |
¢ 6 Of 11 mOdels Modelos'\gii;ﬁ.&cycle
|nC|Ude terreStrlaI BGC-COU - ® ‘.@@@l @ .# ®
N-cycle 0.97:0.40
0.0 0.4 0.8 1.2 1.6 2.0

Land carbon-concentration
feedback, B, (Pg C/ppm)

Stronger response to climate
—) Stronger response to CO,

b) o e 870,
BGC-COU ; | I | - Land beta similar to CMIP5,
-29.5222.3 reduced spread
Models with N cycle . |_ d k
BGC-COU{ e [ @@ @ @ ® | o and gamma weaker
-45.1+50.6 » N-cycle models less spread than
180 -140 -100 -60 -20 O 20 non-N

Land carbon-climate
feedback, y, (Pg C/°C)

Arora et al., 2020
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very similar

« Ocean models

results to CMIP5

Stronger response to climate

CMIP6 models at 4xCO,

BGC-COU

CMIP6 models at 4xCO,

a)

o+ oo am o | oo
0.79+0.07

0.6

0.7 0.8 0.9 1.0
Ocean carbon-concentration
feedback, B, (Pg C/ppm)

—) Stronger response to CO,

BGC-COU
(T*=0)

BGC-COU

RAD-COU

RAD-BGC

-4.8+3.6

)

— | * Explored the sensitivity to

-30

10

Ocean carbon-climate
feedback, y,(Pg C/°C)

methods of calculation

* As recommended by
Schwinger 2014, Jones
2016, use COU-BGC

Arora et al., 2020




Land carbon uptake (Pg C)
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Terms contributing to ACy

Terms contributing to ACs
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C4MIP feedback analysis

ges in vegetation
C simulation
o

. « Component level

Change in ocean C pools due to temperature increase

° La N d by Veg / SO| | 150- in the COU relative to the BGC simulation, CMIP6 models

I Total change in ocean carbon I Change in disequilibrium carbon

W breakdown

@ i S na
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[ Change in saturated carbon [ Change in regenerated carbon

* Then drivers of GPP,
allocation, residence
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time
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50-

AGPP/ACO, (Pg Ct‘y .ppm)

BCC-CSM2-MR,0
NOAA-GFDL-ESM4

MPI-ESM1.2-LR

ACCESS-ESM1.5
IPSL-CMéA-LR

MIROC-ESZL
CNRM-ESMZ-1
I

- » Ocean by saturation

WFH_WTF_!

Change in ocean C pools (Pg C)

vs disequilibrium
terms
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tion)

877
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958 0.962||0.946||0.932 0.940

* And response to 100

ALF/ACO, (Pg C/yr.ppm)

warming
i -]

* For full deta“s, see: Arora et al. 2020 — in discussion:

* https://www.biogeosciences-discuss.net/bg-2019-473/
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C4AMIP historical runs

T
Ui

* Analysis and evaluation just beginning
 Similar to CMIP5: fluxes better than stores?
* Treatment of land-use inconsistent

« Beware of changes in carbon stores
- Hide big differences in baseline state!

» <no analysis here — just some results to get you thinking...>
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)  C4MIP historical runs

° GPP and ocean Uptake Generally consistent

* Models beginning to include lateral flows...

0

Global historical gpp

Global historical fgco2

—— UKESM1-0-LL —— UKESM1-0-LL
CanESM5 A CanESM5
160 { —— BCC-CSM2-MR ik 25 ACCESS-ESM1-5
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—— IPSL-CM6A-LR A VA MPI-ESM1-2-LR
MPI-ESM1-2-LR [ CESM2
1501 — CESM2-WACCM 20, NorESM2-MM
CESM2 —— CNRM-ESM2-1
—— NorESM2-LM —— INM-CM4-8
445 NorESM2-MM A \X/ \ 1/ INM-CM5-0
— oNRM-ESM2-1 A\ [\MAS )Y ¥ W 15
—— INM-CM4-8
INM-CM5-0

130

— 5 e
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Q Q
O 120 jo
o a
0.5
110
0.0
100
-0.5
920
-10
80 T T T
1850 1875 1900 1925 1950 1975 2000 1850 1875 1900 1925 1950 1975 2000
year year

«  Within approx. 20% of 120 PgC/yr globally
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» Cluster into strong/moderate/no effect of land-use?

Global historical cVeg

—— BCC-CSM2-MR

—— UKESM1-0-LL

CanESM5

ACCESS-ESM1-5 /

—— IPSL-CM6A-LR of"

MPI-ESM1-2-LR /]
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CESM2 S
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—— INM-CM4-8 i

INM-CM5-0 o W &
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PgC

75 4

50 4

254

C4AMIP historical runs

*Veg/Soil stores: changes

» 20-30 PgC increase?

Global historical cSoil

UKESM1-0-LL
CanESM5
BCC-CSM2-MR
ACCESS-ESM1-5
IPSL-CM6BA-LR
MPI-ESM1-2-LR
CESM2-WACCM
CESM2
NorESM2-LM
NorESM2-MM
CNRM-ESM2-1

1850

1875

1900 1925 1950 1975 2000
year
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*Veg/Soil stores: absolutes

PgC

A
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Global historical cVeg

3501 —— CNRM-ESM2-1

\ *"/’/ ~
—— UKESM1-0-LL —

CanESM5
—— BCC-CSM2-MR
ACCESS-ESM1-5
—— IPSL-CMBA-LR
MPI-ESM1-2-LR
—— CESM2-WACCM 7
CESM2 e
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e

INM-CM4-8
INM-CM5-0

1925
year

» Factor 2/5 between veg/soil carbon stores...

PgC

2  C4MIP historical runs

* No correlation between store size
and magnitude of change

Global historical cSoil

—— UKESM1-0-LL
CanESM5

—— BCC-CSM2-MR
ACCESS-ESM1-5

—— IPSL-CMBA-LR
MPI-ESM1-2-LR

—— CESM2-WACCM
CESM2

—— NorESM2-LM
NorESM2-MM

—— CNRM-ESM2-1

—4//5;
——

25
year



== Met Office |
Hadley Centre |

Results 2.

Sources of uncertainty
- changes over MIP generations
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¥ C4MIP: uncertainty

 Initial focus on climate feedback gain, “g
« QOver-emphasis on gamma as source of model spread

) Carbon cycle feedbacks — the
» So where does the uncertainty come from? uncertainties lie IN BOTH

and how has this changed R
over the generations of Plack body
C4MIP models? cloud

surface albedo

+ Can’tjust focus research on
the positive feedbacks

wv+| Carbon cycle
response, to
heat upt4 CO2

) non-carbon - Carbon cycle
(climate resistance) .
feedbacks with
concentration-carbon climate
climate-carbon |- |
2 , Met Office

www.metoffice.gov.uk Gregory et al., 2009, J. Clim.
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e But so can air-borne fraction and TCRE:

a

k+[(+ay
TCRE

26
2| ,,0:’
7 T
O 2.21 T
i %"
¥ 2.0 &
w A ‘,/
5 1.84 * ,("
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T 161 4%
+ s 78
Z 144 A N x C4M]P
@ &
£l . CMIP5
@ et
S ™ «  CMIP6

. >

”
084 . . : : , : . |
08 1.0 12 14 1.6 1.8 2.0 22 24 2.6

model TCRE (K EgC~1)

TCRE =

k+f+ay

C4MIP: uncertainty

« Gain, g, can be expressed in terms of alpha, beta, gamma metrics:
(k = unit conversion, 2.12 PgC/ppm)

ay

9= ks

» Reconstructed quantities fit well
« Jones & Friedlingstein, 2020, ERL

(2006)
(2011-13)
(2018-20)

Jones & Friedlingstein, 2020, ERL

© Crown Copyright 2017, Met Office
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D C4MIP: uncertainty

» This allows propagation of uncertainty in each term to the quantity of interest

www.metoffice.g¢
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gain, g
« This allows propagation of uncertainty T

in each term to the quantity of interest

CMIP5

MIP

» Gain, as we knew — dominated by

 AF — dominated by beta _
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* CMIP5: approx. 50:50 climate vs . B
carbon cycle ) B curs ocean
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 AF — dominated by beta
 CMIPG6 spread <half of CMIP5

« TCRE —jointly controlled by

beta/alpha

 CMIP6 and CMIPS5 very similar
 mean and spread

www.metoffice.gov.uk

C4MIP: u
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3 ZECMIP: “a MIP in a year”

A

»
(i
-

3 )
)
wiP
)

4y January 2019 — Vancouver
carbon budgets workshop

* Hugely successful new MIP — targeted to fill a science gap
* From idea to delivery in less than 12 months.

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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ZECMIP: “

a MIP in a year”

ESGF Portal at CEDA
Geoscientific Model Development 2 fvoutus Contactus |
An interactive open-access journal of the European Geosciences Union

| EGU.eu | EGU Publications | EGU Highlight Articles | Contact | Imprint | Data protection | EDA ESGF Search Portal

Geosci. Modal Dev., 12, 4375-4385, 2019 GMD | Artic-
https://doi.org/10.5194/gmd-12-4375-2013

© Author(s) 2019. This work is distributed under

eae Commaons Attribution 4.0 License. M ay/O CtO be r 20 1 9 _ p rOtOCOI
Model eperiment description paper pa pe r S u b m itted/p u bI iS h ed

The Zero Emissions Commitment Model Intercomparison
Project (ZECMIP) contribution to C4MIP: quantifying
committed climate changes following zero carbon
emissions

Chris D. Jonesal, Thomas L. Frﬁlicheran, Charles I{Dven@“, Andrew H. MacDougall®,
V\RNW.IIIEI.UIIIUB.QUV.UI‘\ J © Crown Copyright 2017, Met Office



December 2019 — analysis paper
- | submitted
18 models took part
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Is there warming in the pipeline? A multi-model analysi
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Andrew H. MacDougall’, Thomas L. Frilicher™*, Chris D. Jones*, Joeri Rogelj>¢, H.

Damon Matthews®.

Kirsten Zickfeld’. Vivek K. Arora®, Noah J. Barrett!, Victor Brovkin®, Friedrich A. B
Micheal Eby'?, Alexey V. Eliseev'"'?, Tomohiro Hajima'®, Philip B. Holden',

Aurich Jeltsch-Thommes®?, Charles Koven', Laurie Menviel'®, Martine Michou'”, I
Akira Oka'®, Jorg Schwinger'”, Roland Séférian'’, Gary Shaffer’”2!, Andrei Sokolov’
Jerry Tjiputra ', Andrew Wiltshire*, and Tilo Ziehn™

COMMITted climate changes TOlIOWINg Zero carby
emissions

Chris D. Jones'2', Thomas L. Frolicher'&23, Charles Koven'®'*, Andrew H. MacDougalli

www.metoffice.gov.uk
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ZECMIP: experiments

Hadley Centre | ©
How does climate continue to respond following complete cessation of emissions
(myth: some warming is “locked in”, or “in the pipeline”)
ol - Jones et al., 2019
— 1pctCo2 1.75 4
— UVic ESCM
—— GFDL-ESM2ZM 1.50 4
600 504 —— B1. 1000 PgC
¥ 1.25 —— B2. 750 PgC
s —— B3.2000 PgC
500 ‘gl,oo- = a0
§0?5 ;
- 2
2 o 30
400 5 0.50 @
0.25 - % 201
300 A I.IEJ
. | | | | | | | . 0.00 4 ! . | | | . ' | | o]
1] 25 50 75 Y:;?_ 125 150 175 200 i) 25 50 75 Yl:;: 125 150 175 200
. . 0
« “A” experiments: sudden stop from 1% trajectory A

« “B” experiments: gradual rise and reduce of emissions

© Crown Copyright 2017, Met Office
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¥ ZECMIP: results

All 18 models show rapid initial reduction in CO, — sinks persist but begin to slow

Range of warming/cooling Model 7EC,. °C) ZECos °C)  ZECan (°C)
Spans zero Mean -0.01 -0.06 0.11
Median -0.01 -0.05 -0.08
0 Standard Deviation 0.15 0.19 0.23
m—— CArESM5 Uvic
\ m— GFOL ESM2M LO\.'H]_I.112
20 - — ﬁssms — &g-h
m—— MIROC-ESZL IMEER 2
"E'“ AR — :%12 : ELT;IIIM-GENIIE
o _40 4 5 — NorES 2 s B 30-LPX
g .
8
2
[}
<
F 80 A
£
S 100 -
-120
0 20 40 60 80 100 0 20 40 60 8 100

Time (Year)

MacDougall et al., 2020
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 Heat vs carbon...

 We can diagnose
response in terms of
balance between
CO, reduction and
ocean heat uptake

* No clear signal why
some models have
+ve or —ve ZEC

* No correlation with
climate sensitivity

www.metoffice.gov.uk

ZECMIP: results

PLASM- GFDL MP-ESML12 CanESM5 MIROC  MIROC LOVECUM Bem3D ACCESS MESM  CNRM  DGESS  Wic UKESM1  IAPRAS
GENEE  ESM2M -lite Bl 12 LPX EMLS ESM2 ESCM 2.9pf

b.
PLASM- GFDL MPLESML2 CanESM5 MIROC ~ MIROC LOVECUM Bem3D ACQCESS MESM  CNRM  DCESS Wi UKESML  IAPRAS
GENIE  ESM2M -ite Bl 12 APX EML5 -ESM2 ESCM 2.9pf

MacDougall et al., 2020
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 Land vs ocean...

 We can diagnose
response in terms of
balance land and
ocean carbon sink

» Both just as
important
(magnitude)

* No clear signal which

determines +ve or
—ve ZEC

www.metoffice.gov.uk

ZECMIP: results

PLASM- GFDL MP-ESML12 CanESM5 MIROC ~ MIROC LOVECUM Bem3D
GENEE  ESM2M -lite Bl 12 LPX

ACCESS
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MESM

QWRM  DCESS  Wic UKESM1  IAPRAS
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3 L

b

| B

PLASIM- GFDL ~ MP-ESM12 CanESM5  MIROC ~ MIROC LOVECUIM  Bem3D
GENIE ESM2M -lite -B2L 12 APX
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-ESM2 ESCM 2.9pf

MacDougall et al., 2020
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ZECMIP: results

« State-dependence: long-term warming greater after greater emissions

08 ESMs 08 EMICs
—— CanESM5 a. UVic ESCM 2.9pf b.
—8— GFDLESM2M LOVECLIM 12
06] —* ACCESSESMLS 061 —F MROClite
| —— MIROCESL | —m— DCESS
—— UKESM1 —— MESM
=8=— PLASIM-GENIE
0.4 0.4+ == Bemn3D-LPX
IAPRAS
9.;,% 02 E 02
N N — & /
0.0 0.0_ﬁ__i _‘—.—-}.— )
/ ¥ ——y 'r/ ag
/_
-02] :i./‘ -02{ \
04 —0.4 —a
750 1000 2000 750 1000 2000
Cumulative Emissions of CO, (PgC) Cumulative Emissions of CO, (PgC)

* For full details, see: MacDougall et al. 2020 — in discussion:
www metoffce. gov.uk * https://www.biogeosciences-discuss.net/bg-2019-492/ et Office
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3 CAMIP /| ZECMIP synthesis
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* So what does all this mean for carbon budgets?
» Three of the five components of SR15 carbon budgets:

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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* So what does all this mean for carbon budgets?
» Three of the five components of SR15 carbon budgets:

« ZEC=0
* No change to our assumption, but now we can justify it

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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3% CAMIP / ZECMIP synthesis
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* So what does all this mean for carbon budgets?
» Three of the five components of SR15 carbon budgets:

« ZEC=0
* No change to our assumption, but now we can justify it

- TCRE
* No change in TCRE magnitude or spread since CMIP5
« BUT: change in _source_ of uncertainty
* N-cycle has reduced spread in land-carbon, leaving greater role for climate
response uncertainty

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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3 CAMIP /| ZECMIP synthesis
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* So what does all this mean for carbon budgets?
» Three of the five components of SR15 carbon budgets:

« ZEC=0
* No change to our assumption, but now we can justify it

- TCRE
* No change in TCRE magnitude or spread since CMIP5
« BUT: change in _source_ of uncertainty
* N-cycle has reduced spread in land-carbon, leaving greater role for climate
response uncertainty

* Missing processes / ES feedbacks
« Permafrost — still not accounted for in ESMs
* N-cycle: partially accounted for
« SR15 framework doesn’t allow for this! a work in progress how to account for it

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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CMIP6 has been hugely challenging
* More complex models, more MIPs, much bigger data request V

e Shorter timelines?

. CMIP6 successes and failures?

\
Al

Carbon stocks?
«  Still rubbish! Community must do more to improve this aspect

Reduced uncertainty?
« Maybe not quantitatively, but better understanding of processes

~ V
~
Terrestrial N-cycle in 6/11 models
« Appears to have reduced model spread V

» Needs fuller process-evaluation

« Areminder of complexity...

www.metoffice.gov.uk © Crown Copyright 2017, Met Office
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2 Concluding comments

« CMIP6 marks 3" generation of coupled climate-carbon cycle ESMs
» Headline numbers not hugely different from CMIPS5...

 BUT — there has been progress
- Confirmation of ZEC=0, and understanding of mechanisms
- Increased complexity (N-cycle) in land models has led to reduced spread of response

- TCRE uncertainty now more controlled by climate sensitivity than carbon cycle
feedbacks

gt
)

* Next steps
- Improved consideration of carbon stocks and residence times
- Emergent constraints, perhaps regionally, on responses

- Treatment of mixed-complexity (“partially included processes”) in carbon budgets
framework
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