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» Similarities and differences for the carbon cycle
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Altered top-of-
atmosphere
energy balance:

AT:

* more energy in - Earth warms up

« More energy out

Strong negative (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



http://www.c4mip.net/

The carhon svstem- Farth’s carbon hiidaet

To land/ocean

Met Office :
Hadley Centre _ sinks

Anthropogenic
emissions:

ACO

Concentrahons
rise

e 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...
. S * Sum of these is positive/amplifying (from models), but some terms can be

globally or locally of either sign
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The similarities are clear...

Strong negative response, stabilises the system against
the initial perturbation

» Various feedbacks operate to modulate this

Met Office

Hadley Centre

BUT: ...
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The similarities are clear...

Strong negative response, stabilises the system against
the initial perturbation

» Various feedbacks operate to modulate this

Met Office
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BUT: Fundamental difference in where the uncertainties lie
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The similarities are clear...

Strong negative response, stabilises the system against
the initial perturbation

» Various feedbacks operate to modulate this

Met Office
Hadley Centre

BUT: Fundamental difference in where the uncertainties lie

Planck/black-body Physical climate
response: extremely well feedbacks — the
known uncertainties lie here

black body
cloud -

surface albedo
WV+LR

heat uptake

non-carbon

(climate resistance)
| B

Combine to give
climate sensitivity
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The similarities are clear...

Strong negative response, stabilises the system against
the initial perturbation

» Various feedbacks operate to modulate this

Met Office
Hadley Centre

BUT: Fundamental difference in where the uncertainties lie

Carbon cycle feedbacks — the
uncertainties lie IN BOTH

|* Can’t just focus research on
the positive feedbacks

black body’~ I

Car.bo.n cycle
surresponse to CO2 B -

heat uptake

non-carbon

(climate resistance)
| B
concentration-carbon

climate-carbon
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The similarities are clear...

Strong negative response, stabilises the system against
the initial perturbation

» Various feedbacks operate to modulate this
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BUT: Fundamental difference in where the uncertainties lie

Carbon cycle feedbacks — the
uncertainties lie IN BOTH

. WCRP Grand Challenge:
Q1. “what drives carbon

33/537:1 do th d
! . . “how do they respon
Carbon cycle to climate?” y resp
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heat uptake
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Conclusions (1)
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* We need to focus research into what drives
the sinks (i.e. carbon cycle response to CO2)
as well as their response to climate

« Both magnitude and uncertainty of
response to CO2 are bigger than
response to climate

« AND - I'm about to argue — will become
Increasingly more important in driving

L 1 future changes

www.metoffice.gov.uk
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Carbon cycle under low CO, pathways

+ Paris Agreement
* How does this change carbon cycle research priorities?




COP21: "Paris Agreement”

Met Office what does this mean for quantifying carbon budgets?
Hadley Centre « Ambitious climate targets
» Achieving them will require “negative emissions”

How will carbon cycle respond?

« Carbon cycle simulations in the past
have focussed on rapid growth, high-
CO, scenarios:

« 1892a, SRES-A2, RCP8.5, 1%
il COP21 President Laurent Fabius says text is per year (up to 1140 ppm)

"differentiated, balanced, durable and “legally-binding”

COP21 final deal: Key points...

B Text “emphasises” need to keep warming "well below 2C"  ® Renewed fOCUS on IOW Stabilisation/
overshoot pathways

. ... And “Pursuing” efforts to keep warming “below 1.5C”

. 5-year ‘stocktake’ of how countries are doing on their * WI” Carbon Sinks resp_ond in the
climate plans same way as under high
I Issues of ‘Differentiation’ and ‘Loss & Damage’ included emissions?

. No clear timescale of when fossil fuels must be phased out




Historical carbon cycle was easy(ish)

Met Office

Hadley Centre :
We put some in...

...nature took some out

* in approx constant fraction

Fossil fuel 1870-2014
& land use |

(o)

o

o
T

Here we use CMIP5
simulations to show how
the balance of inputs and
removals depends on
scenario and changes
dynamically over coming
decades/centuries

N
(&)
o

CO, concentration (ppm)
w P
(&) o
o o

wW

o

o
T

250+

200

Atmosphere Atmosphere
in 1870 +109 ppm in 2014




Historical carbon cycle was easy(ish)
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Hadley Centre Negative emissions — or -
carbon dioxide removal We put some in...
...nature took some out
* in approx constant fraction
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e So RCP2.6 relative to 8.5:

— Lower fossil fuel emissions
— More NETs

400

— Perhaps not widely appreciated — much smaller land/ocean sinks (in
www.metoffice.gov.uk absolute terms, but they’re bigger fraction of the emissions)
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RCP2.6
second half of 215t
century

Met Office
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Human input: positive
*Natural input: negative
«CO, decreases because of

natural sinks

RCP2.6
second half of 23rd
century
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Within scenarios
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Between scenarios

2050

RCP2.6 — sinks are smaller
— due to lower CO2 not
stronger climate feedback

RCP2.6: by 2300 sinks

are smaller — due to
lower CO2 not stronger
climate feedback



http://www.c4mip.net/

L ] el |
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effect on ¢
sinks iIs |la

We need to focus research
into what drives the sinks (i.e.

carbon cycle response to CO2)
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C4MIP simulations in relation to
CMIP6 DECK and historical simulations

2000 | [C4MIP-T1] C4MIP Tier 1 simulations
[C4MIP-T2] C4MIP Tier 2 simulations
[DECK] CMIP6 DECK simulations
[CMIP6 HISTORICAL]  CMIP6 historical simulations

Concentration-driven simulations
1500 - PMAAN~WW Emissions-driven simulations

ssp5-85-bgcExt [C4MIP-T2]

g_ 1pctCO2Ndep-bgc
o [C4MIP-T2]
— 1pctCO2Ndep ssp5-85-bgc [C4MIP-T2]
~1000 [C4MIP-T2] esm-ssp5-85 [C4MIP-T1]
8 1pctCO2-rad[C4MIP-T2] ssp5-85 [ScenarioMIP]
1pctCO2-bgc[C4MIP-T1]
1pctCO2 [DECK]
ssp534-over-bgc [C4MIP-T2]
ssp534-over [ScenarioMIP]
500 - historicalbgc[C4AMIP-T2]

historical [CMIP6 HISTORICAL]

esm-piControl [DECK] piControl [DECK]

2000 2100 2200 2300

Years

C4MIP simulations build on top of, and require, CMIP6 DECK
and historical simulations for its analyses.

. Jones et al., 2016, GMD CMIP special issue
www.metoffice.gov.uk http://www.geosci-model-dev.net/special issue590.html
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C4MIP simulations

in relation to

CMIP6 DECK and historical simulations

2000 | [C4MIP-T1] C4MIP Tier 1 simulations
[C4MIP-T2] C4MIP Tier 2 simulations
[DECK] CMIP6 DECK simulations
[CMIP6 HISTORICAL]  CMIP6 historical simulations

Concentration-driven simulations

1500 - PN WW Emissions-driven simulations

— ssp5-85-bgcExt [C4MIP-T2]

g_ 1pctCO2Ndep-bgc

a [C4MIP-T2]

~— 1pctCO2Ndep ssp5-85-bgc [C4MIP-T2]

~1000 [C4MIP-T2] esm-ssp5-85 [C4MIP-T1] Re u_e_St to .

8 1pctCO2-rad[CAMIP-T2] ssp5-85 [ScenarioMIP] prl rltlse th IS ohe:

1pctCO2-bgc[C4MIP-T1] -
1ptCO2 DECK] _ qmplbwhmm s mn sy,  Most relevant?
P2 ssp534-over-bgc [CAMIP-T2]™ &,
ssp534-over [ScenarioMIP] ®
500 '

esm-piControl [DECK]

istoricalbgc L / u -
Mok orioms AR SFORTCE | interesting?

piControl [DECK]

Years

www.metoffice.gov.uk

2000 2100 2200 2300

SSP5-3.4 Overshoot
* Branches from 8.5 at 2040
« Extension to 2300

Jones et al., 2016, GMD CMIP special issue
http://www.qeosci-model-dev.net/special issue590.html
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Conclusions (2)

Met Office
Hadley Centre

 All previous feedback analyses focus on high
CO2 monotonic increase scenarios

* Policy focus on low CO2 stablisation or
peak-and-decline

« Balance of sources and sinks may
change dramatically
« Between and within scenarios

» [aside — need also to ensure simple models/
i . IAMs are calibrated robustly for these
scenarios]

www.metoffice.gov.uk
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Process improvements?

Can we choose a “top 3" priority list?




Land C response to CO, **
including N-cycle

Ocean C response to CO, ™

Land C response to climate "
including N-cycle "

Ocean C response to climate ™

15
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Climate CH, lifetime “
Climate on N,O ©
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1 | |

www.metoffice.gov.uk

0.4

IPCC AR5 Ciais et al., fig 6-20
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Land C response to CO, **
including N-cycle

Ocean C response to CO, ™

Land C response to climate "
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IPCC AR5 Ciais et al., fig 6-20




including N-cycle
Ocean C response to CO, ™
Land C response to climate "

including N-cycle "

Ocean C response to climate
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Conclusions (3)
Met Office

Hadley Centre
+ Still pressing need to develop models

« Improving representation of existing
processes as important as adding new
ones

* Qur rush towards shoving in fancy new
stuff has left evaluation trailing...

L‘> .

www.metoffice.gov.uk
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Evaluation and analysis

« Can we (a) understand, (b) constrain TCRE?




Global climate closely tied to accumulation of
emissions ("TCRE"):
but large uncertainty hinders usefulness

Met Office
Hadley Centre
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Global climate closely tied to accumulation of
emissions ("TCRE"):
but large uncertainty hinders usefulness

1861-1880 (°C)

S T

1000 2000 S00Q«For 2 degrees, budget is approx 790 GtC

-

IS

-

-

For any temperature target,
read off an allowed carbon budget |

' ' | +For 1.5 degrees, approx 600 GtC

*To date we've emitted approx 550, and

current rate is 10 GtC/yr

At low budgets, the uncertainty is as big as
the budget...

Temperaturelanomgly

= RCP2.6 === Historical
RCP4.5 RCP range .
RCP6.0 —— 1%yr" CO,
—— RCP8.5 1% yr”' CO, range
1880 1 1 1 1
0 500 v v 1000 1500 2000 2500

Cumulative total anthropogenic CO2 emissions from 1870 (GtC)
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What contributes to TCRE uncertainty?
CAMIP defined carbon cycle feedback
framework:

alpha, a = AT / ACO2 (basically TCR)
beta, = AC /ACO2
gamma, y =AC /AT

AR5 qua_nt_ified th_ese 'fo_r ESMs:

|
Climate response CaMiE I
to CO; CMIPS l - ene
1 1 | N | 1 1
0.004 006 8
(K ppm™)
Land C carie | - sese o o
response to CO, CMIPS (=) ® ©® e oo
Ocean C Car= *® eeoe oo
response to COE CMIPS l o=
1 1 1 1 | 1
0.5 1.0 1.5 2.0 25 3.0
‘ (PaC ppm'}
Land C - oce oo ® e | CcamiIP
response to climate o - o oo Q‘ CMIPS
Ocean C L ] eSO B cammiIP
response to climate ;‘ CMIPS
1 1 1 N 1 . . R
-200 -160 -120 -80 -4C

(PecY” 1 IPCC AR5 Ciais et al., fig 6-21
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@ Explore sources of uncertainty

Met Office ]
Hadley Centre We can manipulate these to form

certain quantities:

C-cycle feedback Gain,
g=a%y/(1+p)

Cumulative airborne fraction,
AF=1/(1++a%y)

TCRE=a/(1+ B+ a*y)
By varying any parameter (or it's
L g spread) we can see it's effect on

TCRE
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N S i e
0.006 +- 0.001 1.1+ 04 0.8 +- 0.2 -90 +- 30 -20+-5

Met Office
Hadley Centre

Fractional reduction in range due to constraining:

We can quantify uncertainty reduction by constraining
different bits

We can use this to prioritise what we want to constrain.

Processes/regions to reduce uncertain (most bang-for-
buck)

This priority varies with quantity we want — for TCRE it’s

3 alpha and beta
L  Once again — carbon cycle response to CO2 is
paramount!

www.metoffice.gov.uk
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ese |[see

But... we don’t have global

constraints on beta/gamma

But we can break this down further
| int_o r_egio_ns_. Her_e for_ Ia_nd:

CL l: C4aMIP :[

Global
e eoo | E CMIP5 | e ° eoe
I i
1 I
| }
Boreal ’*’ T4MIP +
|
60-90N E’ *CMIP5
: :
I I
| I
30-60N = CMIP5
! l
] |
Tropics e o ®e | camip [ eesm
30S-30N ¢  CMIP5 ¢
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But... we don’t have global

constraints on beta/gamma

But we can break this down further
int_o regio_ns_. Her_e for_la}nd: |

Gamma : : Beta
Global . ece [see ee ! C4MIP ! e & o P
e oo [ll® cmips [II's 3 eee
|
Boreal odbe wamIp o
60-9S0N & ®CMIP5
|

TemperateCONStrain this « ee- E;- cCamIpP

30-60N e& CMIP5
|

Tropics CamMIP

30S-30N CMIPS5

Cox et al.

Cox et al., 2013, Nature ; Wenzel et al., 2016, Nature

- Wenzel et al.
constrain this
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at does this give us?

TCRE constrained

Y 5
& a
- -
| 1.2 14 16 1B 2 2.2 2.4
il W MO NS et r0p gAMMA = —gy-trop beta  =@=—al] constr e 5 dd Permafrost == ARS range
el raw models il Lr0p gAMMA ex-trop beta all constr il 5 dd Permafrost =—®=—ARS range

26
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Contemporary carbon constraints

Other constraints?

Climate and CO, data from LIA

Contemporary and LIA carbon constraints
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Not just land beta/gamma

Met Office
Hadley Centre Ocean be.ta/gamma
. split by region? S. Ocean? N. Atl?
. split by process? Lester’s constraint on NPP?

Alpha (i.e. TCR)

. not easy by region, but split by process?
. Hall & Qu do albedo term?
. Sherwood for clouds?
Can keep combining — —
. « (olman -
stuff to chip away at = & Colman 2003 (RCMs) -
s- ; « Soden & Held 2005 | =y
TCRE spreadm i ohh > S&H 2005 (Fixed RH) . B
— e « Winton 2005 N | -
¥ :¥= 5 1 =
R . |
g [ " L
c - ® I
. > s |
2 L !
‘ ~ g o2 =1 = =t 1
8 I
& s % I
e 1
-1 - o: i
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Other analysis frameworks

MS.E&?,E,E Hajima et al. breakdown land-carbon response to CO2 into
series of sensitivities that can be diagnosed (in models)
individually

* Can see how/why/where models differ
 Models in middle of pack not always the “sensible
ones!
» Can we start to observe/constrain these relationships?
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Other analysis frameworks

Goodwin et al. (2015; Nat Geosci) show why TCRE is near-
linear due to ocean heat/carbon uptake
Williams et al. build on this to decompose TCRE into process-

level components

e Again — can understand how/where/why models differ
and try to find constraints

(b) Schematic representation of the link between emissi

Transient Climate Response to
Emissions (TCRE)

Radiative forcing

TCRE g = i(l _ "‘“N(”J
AIB AR(t)
> (1 + IUsat(t) o Alter(t)]( AR(t) ] ( 1)
AI(t) AI(t) ARCOZ(t)

The TCRE,; g depends on the time-independent
factors, a/(\lg), multiplied by the non-dimensional
time-dependent terms contained within the three

Surface

Surface Radiative forcing

warming dependence on from CO:2
dependence L :
L radiative forcing dependence
on radiative .
: from CO2 on emissions
forcing

Ric Williams et al., 2016, ERL
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Conclusions (4)

Met Office
Hadley Centre we can construct TCRE from separate terms
and constrain each individually

This allows us to:
. identify/prioritise where uncertainty arises
« Target model development / obs
constraints

« Combine existing constraints
» To constrain something useful

« There's a need for analytical frameworks, not
. > just multi-model show-and-tell lines on a
graph

www.metoffice.gov.uk
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Summary

1. Carbon sinks are driven by CO2 as well as affected by
climate

« Larger response, larger uncertainty, more relevant
under low CO2 pathways

2. Previous research has focused on high/monotonic CO2
increase

e Future research must look more at stablisation/
overshoot

3. Model development has focused on new processes
» Fine. But don’t forget to improve existing ones!

4. We need to develop new and better analytical frameworks
in which to understand system dynamics, and combine
constraints
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