
The Coupled Climate-Carbon Cycle Model
Intercomparison Project (C4MIP) experimental protocol

for CMIP7

Vivek K. Arora1, Chris D. Jones2,3, Pierre Friedlingstein4,5, TaƟana Ilyina6, Guilherme L. Torres
Mendonça7,8,6, Benjamin Sanderson9, Charles Koven10, Heather Graven11, Michio Kawamiya12,13,

Victor Brovkin14, John Dunne15, Forrest M. Hoffman16, Julia Pongratz17, James T. Randerson18

Anastasia Romanou19,20, Sönke Zaehle21, Kirsten Zickfeld22

Correspondence: Vivek K. Arora (vivek.arora@ec.gc.ca), Chris D. Jones
(chris.d.jones@metoffice.gov.uk)

1Canadian Centre for Climate Modelling and Analysis, Climate Research Division, Environment
and Climate Change, Victoria, Canada
2Met Office Hadley Centre, Exeter, EX1 3PB, UK
3Geographical Sciences, University of Bristol, UK
4Faculty of Environment, Science and Economy, University of Exeter, Exeter, EX4 4QF, UK
5Laboratoire de Météorologie Dynamique, InsƟtut Pierre-Simon Laplace, CNRS, École Normale
Supérieure, Université PSL, Sorbonne Université, École Polytechnique, Paris, France
6Max Planck InsƟtute for Meteorology, Hamburg, Germany
7Center for Weather ForecasƟng and Climate Studies, NaƟonal InsƟtute for Space Research
(INPE), Cachoeira Paulista, SP, Brazil
8InsƟtute of MathemaƟcs and StaƟsƟcs, University of São Paulo, São Paulo, SP, Brazil
9CICERO InternaƟonal Center for Climate Research, Oslo, Norway
10Climate and Ecosystem Sciences Division, Lawrence Berkeley Laboratory, Berkeley, CA, USA
11Department of Physics, Imperial College London, London, UK
12Japan Agency for Marine-Earth Science and Technology, Yokohama, Japan
13Advanced InsƟtute for Marine Ecosystem Change, Tohoku University, Sendai, Japan
14Max Planck InsƟtute for Meteorology, Hamburg, Germany
15NOAA/OAR/Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA
16Oak Ridge NaƟonal Laboratory, Oak Ridge, Tennessee, USA
17Ludwig-Maximilians-Universität München, Germany
18Department of Earth System Science, University of California, Irvine, USA
19NASA-Goddard InsƟtute for Space Studies, New York, USA
20Dept of Applied Physics and Applied MathemaƟcs, Columbia University, New York, USA
21Biogeochemical Signals Department, Max Planck InsƟtute for Biogeochemistry, 07745 Jena
22Department of Geography, Simon Fraser University, Burnaby, BC, Canada

1

https://doi.org/10.5194/egusphere-2026-5533
Preprint. Discussion started: 14 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Abstract

Model intercomparison projects (MIPs) have become an essenƟal tool for systemaƟcally
comparing Earth system models (ESMs) by idenƟfying, characterizing, and quanƟfying common
model behaviour through standardized experiments and metrics under idealized, historical, and
scenario-based forcing. Over the past few decades, community MIPs have become a
cornerstone of the broader climate modelling community and the Coupled Model
Intercomparison Project (CMIP). Here, we describe the scienƟfic objecƟves of the Coupled
Climate-Carbon Cycle Model Intercomparison Project (C4MIP) in the context of the seventh
phase of CMIP (CMIP7) and present the complete suite of C4MIP experiments, including those
contribuƟng to CMIP7's Assessment Fast Track (AFT) and those proposed for subsequent
analyses beyond the AFT. The proposed experimental protocol maintains backward
compaƟbility with previous CMIP phases while introducing new experiments. In addiƟon to the
tradiƟonal biogeochemically (BGC) and radiaƟvely (RAD) coupled versions of the 1pctCO2
experiment, the new experiments include concentraƟon-driven BGC and RAD variants of the
abrupt 2×CO2 experiment, a suite of emissions-driven simulaƟons that invesƟgate carbon-cycle
behaviour under posiƟve, zero, and negaƟve emissions, and a large pulse experiment to
reassess the impulse-response of newer generaƟon ESMs and update the widely-used funcƟon
from earlier model generaƟons. Whereas earlier phases of C4MIP primarily focused on
quanƟfying the feedback metrics that describe interacƟons between the coupled carbon cycle
and the physical climate system, the scope of C4MIP has expanded to include the esƟmaƟon of
the transient climate response to cumulaƟve emissions (TCRE) and the zero-emissions
commitment (ZEC). These policy-relevant metrics are most naturally quanƟfied using
emissions-driven ESM simulaƟons. The increased emphasis on emissions-driven simulaƟons
reflects both the growing policy relevance of these metrics and the ability of emissions-driven
simulaƟons to represent carbon-climate interacƟons in a bi-direcƟonal manner. In parƟcular,
changes in carbon sinks and evoluƟon of feedback effects influence the atmospheric CO2

concentraƟon in emission-driven simulaƟons, whereas these interacƟons are absent from
concentraƟon-driven simulaƟons, in which atmospheric CO₂ concentraƟons are prescribed. The
proposed experimental design aƩempts to balance scienƟfic ambiƟon with the computaƟonal
and storage resources required of parƟcipaƟng climate modelling centres. The final suite of
experiments and associated protocols has been developed through extensive community
consultaƟon and guidance from the C4MIP ScienƟfic Steering CommiƩee. As in previous CMIP
phases, the experiments are expected to enable a broad range of community-led invesƟgaƟons
of the coupled carbon-climate system.
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1. IntroducƟon

Model intercomparison projects (MIPs) provide a coordinated framework for systemaƟcally

comparing models following a common experimental protocol. The climate modelling

community has embraced MIPs for several decades through successive phases of the Coupled

Model Intercomparison Project (CMIP) (Covey et al., 2003; Eyring et al., 2016; Meehl et al.,

1997, 2005; Taylor et al., 2012). Beyond forming the basis for inter-model comparison, MIPs

have proven extremely useful in idenƟfying, characterizing, and quanƟfying common emergent

behaviour, oŌen through standardized metrics, in response to idealized, historical, and

scenario-based perturbaƟons in climate and Earth system models (Eyring et al., 2016; Meehl et

al., 2005; Stouffer et al., 2017).

A key benefit of MIPs is the quanƟficaƟon and comparison of policy- and scienƟfically-relevant

climate metrics across models. Long-established examples are the transient climate response

(TCR) (Hansen et al., 1984; NaƟonal Research Council, 1979) and the equilibrium climate

sensiƟvity (ECS) (Arias et al., 2021; Eyring et al., 2016; Meehl et al., 2007), which characterize

the response of the physical climate system to changes in atmospheric CO2 concentraƟon

([CO2]) under idealized forcing. ECS measures the equilibrium global temperature response to a

doubling of [CO2] (in the CMIP abrupt 2⨉CO2 experiment), while TCR measures the

temperature change at the Ɵme of [CO2] doubling in a transient experiment in which [CO₂]

increases at a rate of 1% per year (the CMIP 1pctCO2 experiment). Because the physical climate

system is sƟll evolving at the Ɵme of [CO2] doubling in this experiment, TCR is, by design,

smaller than ECS (Forster et al., 2021).

Although extremely useful for model comparison and for tracking the evoluƟon of individual

model temperature responses to [CO2] forcing across generaƟons of MIPs, both ECS and TCR

may be seen as rather idealized definiƟons of climate sensiƟvity because they are designed to

quanƟfy this sensiƟvity in specific model experiments where [CO2] change is prescribed (Forster

et al., 2021). In the real world, [CO2] has neither doubled instantaneously nor increased at a

rate of 1% per year. Over the historical period 1850–2024, the average growth rate of [CO2] has
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been approximately 0.28% per year, increasing to about 0.54% per year over the recent

2020–2024 period (calculated using data from hƩps://gml.noaa.gov/webdata/ccgg/trends/

co2/co2_annmean_mlo.txt). Although calculated from an idealized experiment, TCR has been

shown to have some uƟlity in predicƟng near-term climate change (Jeevanjee et al., 2026). An

alternaƟve measure of climate sensiƟvity that is not defined for an idealized experiment with

prescribed [CO2] change but instead takes into account how [CO2] prognosƟcally evolves in

response to emissions and climate-carbon cycle interacƟons is the transient climate response to

cumulaƟve emissions (TCRE), defined as the global temperature increase per 1000 GtC emiƩed

in the atmosphere (°C /1000 Pg C) (Allen et al., 2009; GilleƩ et al., 2013; C. D. Jones &

Friedlingstein, 2020; MaƩhews et al., 2009). TCRE is approximately scenario independent (C. D.

Jones & Friedlingstein, 2020), so it can be calculated from idealized simulaƟons but is

straighƞorwardly applicable to “real-world” scenarios. Hence, this metric is now rouƟnely used

to esƟmate the “remaining carbon budget” – the cumulaƟve amount of CO2 that can sƟll be

emiƩed while limiƟng global mean temperature increase below a specified level – and its

associated uncertainty (Forster et al., 2023, 2024; Rogelj et al., 2019).

The TCRE depends on both the fracƟon of emiƩed CO2 that remains in the atmosphere and the

climate sensiƟvity to changes in atmospheric CO2. The airborne fracƟon is, in turn, governed by

climate-carbon cycle feedbacks. In the context of these feedbacks in Earth system models

(ESMs), model intercomparisons have focused on comparing two sensiƟviƟes. The first, the

carbon-concentraƟon (biogeochemical) sensiƟvity (ꞵ, Pg C/ppm), quanƟfies the effect of

changes in atmospheric CO2 on land and ocean carbon storage. At the global scale, ꞵ is a

posiƟve quanƟty that creates a negaƟve feedback for the climate system such that the iniƟal

CO2 perturbaƟon of the atmosphere is dampened. When [CO2] increases, the land and ocean

take up some of the carbon from the atmosphere and only the remaining airborne fracƟon of

anthropogenic CO2 emissions causes climate change. In response to increase in atmospheric

CO2, carbon uptake on land is driven primarily by CO2 ferƟlizaƟon of terrestrial vegetaƟon, and

carbon uptake in the ocean is driven by dissoluƟon of CO2 in sea water. Gregory et al. (2009)

and C.D. Jones and Friedlingstein (2020) showed that ꞵ is both the most important and most

uncertain carbon-cycle contribuƟon to TCRE. The second, carbon-climate (radiaƟve) sensiƟvity
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(𝛾, Pg C/°C), quanƟfies the effect of changes in climate characterized in terms of temperature

change on carbon storage on land and in the ocean. At the global scale, 𝛾 is typically found to

be a negaƟve quanƟty that creates a posiƟve feedback, which enhances the iniƟal CO2

perturbaƟon of the atmosphere. As climate warms due to increasing [CO2], both the land and

the ocean release carbon, thereby enhancing the iniƟal atmospheric CO2 perturbaƟon. Over

land, carbon release at the global scale is driven primarily by enhanced respiraƟon in response

to higher temperatures, although warmer temperatures also enhance vegetaƟon producƟvity at

high laƟtudes, where photosynthesis is currently temperature limited. In the ocean, higher

temperatures due to warming of the atmosphere weaken the uptake of CO2 in the sink regions

(e.g., the North AtlanƟc Ocean) or strengthen CO2 release in source regions (e.g., the tropical

Pacific Ocean). In addiƟon, warmer ocean temperatures due to atmospheric warming and lower

saliniƟes due to changes in the hydrological cycle, as well as freshwater inputs from melƟng sea

ice and glacial melt, lead to increased ocean straƟficaƟon. Increased straƟficaƟon, in turn,

inhibits deep convecƟon and water mass transformaƟons at high laƟtudes, which reduces

transport of carbon from the surface into the deep ocean, and prevents upwelling that brings

colder water to the surface, leading to less uptake of CO 2 by the ocean.

The ꞵ and 𝛾 sensiƟviƟes were first introduced in the seminal paper by Friedlingstein et al.

(2003), marking the launch of the Coupled Climate-Carbon Cycle Model Intercomparison

Project (C4MIP), and have since underpinned C4MIP analyses across subsequent CMIP phases

and mulƟple studies (Arora et al., 2013a, 2020; Friedlingstein et al., 2006; Gregory et al., 2009;

C. D. Jones & Friedlingstein, 2020; Schwinger et al., 2014). Both ꞵ and 𝛾 metrics can be

quanƟfied for the whole globe, separately for land and ocean, or in a geographically (Boer &

Arora, 2010) varying manner. Although C4MIP and some other MIPs existed and operated

during the third phase of CMIP, it was only during the fiŌh phase of CMIP (CMIP5) that C4MIP

became a structured component of the CMIP framework (Taylor et al., 2012). Although

quanƟƟes such as ECS, TCR, TCRE, and the carbon-cycle feedback sensiƟviƟes ꞵ and 𝛾 quanƟfy

the response of the system to a given perturbaƟon, within the context of CMIP they also serve

as standardized metrics for model intercomparison. Accordingly, we have used the term metric

throughout this paper when referring to carbon-cycle feedback sensiƟviƟes ꞵ and 𝛾.
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Similarly to ECS and TCR, ꞵ and 𝛾 are also limited for characterizing real-world condiƟons. In

fact, ꞵ and 𝛾 are well-behaved only when CO2 is conƟnuously increasing (e.g., see Asaadi et al.,

2024) and even in that case the magnitude of these metrics depends on the rate of increase of

CO2, making them scenario-dependent (Gregory et al., 2009). During both CMIP5 and CMIP6

(Arora et al., 2013a, 2020), the C4MIP protocol used the 1pctCO2 experiment to quanƟfy the

magnitudes of ꞵ and 𝛾 when [CO2] reaches two (2⨉CO2) and four (4⨉CO2) Ɵmes its

pre-industrial value of around 285 ppm, although these metrics can be calculated at any Ɵme to

show their temporal evoluƟon. As discussed above, when quanƟfying the sensiƟvity of climate

to an emissions perturbaƟon, one may use TCRE rather than TCR or ECS, because TCRE appears

to be an intrinsic characterisƟc of the Earth system and is therefore applicable across different

perturbaƟon scenarios. In a similar manner, climate-carbon feedbacks that represent intrinsic

properƟes of the coupled system make for beƩer metrics than the current ꞵ and 𝛾 since they

are scenario-independent. Obtaining such metrics is one of the goals of C4MIP in CMIP7. As

with TCRE, these metrics should not depend on the type of perturbaƟon imposed on the

coupled climate-carbon system. To robustly test this requirement, the CMIP7 experimental

design includes addiƟonal experiments that differ substanƟally from the tradiƟonal 1pctCO2

simulaƟons (see SecƟon 3.2).

Despite their scenario dependence and limited applicability in real-world situaƟons, ꞵ and 𝛾

have proved useful in comparing models and their evoluƟon across phases of CMIP, and also

provided helpful insights for instance by quanƟfying the role of the nitrogen (N) cycle in

modulaƟng the C cycle, especially over land. Going forward, one parƟcular use of ꞵ and 𝛾,

despite their path dependence, is that they combine to form TCRE, which as menƟoned is

approximately independent of pathway (C. D. Jones & Friedlingstein, 2020). This allows us both

to understand the cause of model spread in TCRE from its underlying components, and to

propagate constraints on individual terms, such as the constraint on tropical 𝛾 from inter-annual

variability in land-atmosphere CO2 fluxes (Cox et al., 2013; Rödenbeck et al., 2018; Wang et al.,

2013) back onto TCRE.

The historical development of C4MIP and the protocol for its CMIP6 simulaƟons are

documented in C. D. Jones et al. (2016). C4MIP conƟnues to play a central role in the seventh
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phase of CMIP (CMIP7). Its core simulaƟons (BGC and RAD versions of the 1pctCO2 experiment)

form part of the Assessment Fast Track (AFT), designed to inform the Intergovernmental Panel

on Climate Change’s (IPCC) Seventh Assessment Report (AR7) (Dunne et al., 2025). While

C4MIP’s primary objecƟve remains the characterizaƟon of land and ocean responses to changes

in [CO2] and climate in a fully coupled climate–carbon cycle framework, its scope has expanded

to include the quanƟficaƟon of TCRE and the zero-emissions commitment (ZEC) (C. D. Jones et

al., 2019; MacDougall et al., 2020; Williams et al., 2025a). In CMIP7, TCRE and ZEC, along with

ECS and TCR, will be systemaƟcally calculated by the Rapid EvaluaƟon Framework (REF) from

the relevant emissions-driven experiments on the Earth System Grid FederaƟon (ESGF)

(Hoffman et al., 2026). These will be achieved using constant emissions of 10 Pg C/yr following

the flat10 emissions-driven experiment design protocol of Sanderson et al. (2025). In addiƟon,

C4MIP seeks to improve understanding of Earth system responses under declining, zero, and

net-negaƟve CO₂ emissions, with parƟcular emphasis on the processes governing reversibility

and symmetry in carbon-cycle and climate response (Zickfeld et al., 2016, 2021). This focus on

emissions-driven runs is highlighted in the paper documenƟng CMIP7’s key scienƟfic objecƟves

in support of enhanced scienƟfic understanding but also informing policy-making and climate

services (Dunne et al., 2025).

In line with this mandate, and with the need to further develop carbon cycle related metrics

with clear real-world applicability, this paper presents and summarizes the full suite of C4MIP

simulaƟons to be performed as part of CMIP7, including those contribuƟng to AFT and those

contribuƟng to subsequent analyses beyond AFT as summarized later in Table 1. In addiƟon, the

proposed experimental protocol explicitly aƩempts to maintain backward compaƟbility with

feedback metrics used in previous phases of CMIP while incorporaƟng new experiments for

novel analyses with a focus on emissions-driven simulaƟons. As always, careful consideraƟon is

given to balancing scienƟfic aspiraƟons against the pracƟcal computaƟonal and data storage

burden on parƟcipaƟng climate modelling groups. The selecƟon of experiments, data requests,

and the associated protocols reflect community input and extensive guidance from the C4MIP

ScienƟfic Steering CommiƩee (SSC). Finally, as in previous CMIP phases, many of the scienƟfic
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analyses enabled by C4MIP are expected to be led by the broader climate modelling

community, with the C4MIP ScienƟfic Steering CommiƩee coordinaƟng the experimental design

and a core set of analyses.

2. The foundaƟonal basis for biogeochemically- and radiaƟvely-coupled

simulaƟons

Consider the globally summed and verƟcally integrated carbon budget quanƟƟes

(1)
𝑑𝐶

𝐴

𝑑𝑡
+

𝑑𝐶
𝐿

𝑑𝑡
+

𝑑𝐶
𝑂

𝑑𝑡
= 𝐸

where the global carbon pool is the sum of carbon in the atmosphere, land, and𝐶
𝐴
+ 𝐶

𝐿
+ 𝐶

𝑂

ocean reservoirs (Pg C) and E is the rate of anthropogenic CO2 emission (Pg C/yr) into the

atmosphere assuming that land-use change emissions and removals are modelled interacƟvely

in ESMs and included in the term . The rate of change of carbon is given by the fluxes
𝑑𝐶

𝐿

𝑑𝑡
= 𝐹

𝐿

into and out of the respecƟve pools as

(2a)
𝑑𝐶

𝐴

𝑑𝑡
= 𝐹

𝐴
+ 𝐸

(2b)
𝑑𝐶

𝐿

𝑑𝑡
= 𝐹

𝐿

(2c)
𝑑𝐶

𝑂

𝑑𝑡
= 𝐹

𝑂

where are the fluxes between the atmosphere (A) and the underlying land (L)𝐹
𝐿
+ 𝐹

𝑂
=− 𝐹

𝐴

and ocean (O), taken to be posiƟve into the components. Upon integraƟon over Ɵme equaƟon

(2) yields

(3a)∆𝐶
𝐴
= ∫ 𝐹

𝐴
𝑑𝑡 + ∫ 𝐸 𝑑𝑡
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(3b)∆𝐶
𝐿
= ∫ 𝐹

𝐿
𝑑𝑡

(3c)∆𝐶
𝑂
= ∫ 𝐹

𝑂
𝑑𝑡

The diagnosis of feedbacks between the carbon cycle and the physical climate system within

the C4MIP framework follows the methodology introduced by Friedlingstein et al. (2006)

(referred to as F06 from hereon). The F06 approach is based on separaƟng the response of land

and ocean carbon cycles to changes in [CO2] from their response to changes in the resulƟng

climate by expressing the changes in pools as funcƟons of change in𝐶
𝑋
(𝑋 = 𝐿, 𝑂)

globally-averaged temperature ( ) and change in atmospheric CO2 concentraƟon ( (ppm) =∆𝑇 ∆𝑐

(Pg C)/2.12) . itself is represented in terms of as = 𝛼 , where 𝛼 is the linear∆𝐶
𝐴

∆𝑇 ∆𝑐 ∆𝑇 ∆𝑐

transient climate sensiƟvity to CO2 in K/ppm. The response of the land and ocean carbon cycles

to changes in [CO2] alone (expressed in terms of carbon gained or lost per unit area or globally)

is termed the biogeochemical response, whereas their response to climaƟc changes arising

from the radiaƟve effects of increasing [CO2] is referred to as the radiaƟve response. In a

standard fully-coupled simulaƟon with increasing CO2, the land and ocean carbon cycles

respond through both mechanisms. The magnitude of this combined response in a

fully-coupled (COU) simulaƟon can be separated into its biogeochemical and radiaƟve

components using two addiƟonal simulaƟons with some caveats, which have been previously

idenƟfied in several studies (Arora et al., 2013a, 2020; Gregory et al., 2009) and are menƟoned

briefly below. In the biogeochemically-coupled (BGC) simulaƟon the physical climate doesn’t

directly respond to increases in [CO2]; only the land and ocean biogeochemical processes do. In

a complementary radiaƟvely-coupled (RAD) simulaƟon only the physical climate responds to

increases in [CO2] while the land and ocean biogeochemical processes do not. EquaƟon (4)

summarizes this concept mathemaƟcally, which has been extensively documented in various

forms (Friedlingstein et al., 2006; Gregory et al., 2009; Arora et al., 2013a, 2020) in earlier

C4MIP and related publicaƟons but provided here for context for later discussion. For the case
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of the 1pctCO2 simulaƟon in which [CO2] increases at a rate of 1% per year (and broadly

following the F06 methodology which was originally applied for emissions-driven simulaƟons),

the changes in land or ocean carbon pools , using three equaƟons∆𝐶
𝑋
(𝑋 = 𝐿, 𝑂)

corresponding to the COU, BGC, and RAD experiments, are wriƩen as shown in Eq. (4).

Fully  coupled (4a)∆𝐶'
𝑋
(𝑡) = ∫ 𝐹'

𝑋
(𝑡)𝑑𝑡 = β

𝑋
(𝑡)∆𝑐'(𝑡) + γ

𝑋
(𝑡)∆𝑇

+
(𝑡)

Biogeochemically coupled (4b)∆𝐶
𝑋

*
(𝑡) = ∫ 𝐹

𝑋

*
(𝑡)𝑑𝑡 = β

𝑋
(𝑡)∆𝑐'(𝑡)

RadiaƟvely coupled (4c)∆𝐶
𝑋

+
(𝑡) = ∫ 𝐹

𝑋

+
(𝑡)𝑑𝑡 = γ

𝑋
(𝑡)∆𝑇

+
(𝑡)

Here , , and are the CO2 flux changes (PgC yr−1); , , , and the changes in𝐹' 𝐹
*

𝐹
+

∆𝐶'
𝑋

∆𝐶
𝑋

*
∆𝐶

𝑋

+

global carbon pools (Pg C) in the COU, BGC, and RAD simulaƟons; the global temperature∆𝑇
+

change (∘C) in the RAD simulaƟon (assumed approximately equal to that in the COU simulaƟon

because the BGC global temperature change is small; see comments below); and the∆𝑇
*

subscript refers to either the land or ocean model components. is the change in𝑋 = 𝐿, 𝑂 ∆𝑐'

[CO2] (equal in the BGC and COU simulaƟons for the 1pctCO2 experiment). The Ɵme

dependence is explicitly indicated to emphasize that in parƟcular and are not constantsβ
𝑋

γ
𝑋

(see discussion below). Here and elsewhere uppercase C is used to denote pools and lowercase

c is used to denote atmospheric CO2 concentraƟon, [CO2]. All changes are defined relaƟve to a

preindustrial equilibrium state represented by the preindustrial control simulaƟon. There is no

term in the RAD simulaƟon since there the biogeochemistry sees the preindustrial value of∆𝑐'

[CO2] although is a funcƟon of increasing that is seen only by the radiaƟve transfer∆𝑇
+

∆𝑐'

calculaƟons. If we make the quesƟonable assumpƟon that 𝛾 esƟmated from the RAD simulaƟon

is the same as that esƟmate from COU and BGC simulaƟons, then the two and sensiƟviƟesβ γ
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can be found using any two of the three equaƟons (for the COU, BGC, and RAD cases) as done

in Arora et al. (2020).

There are several caveats with equaƟon (4). First, the global temperature change in the BGC

simulaƟon ( ) is not zero, but typically slightly posiƟve due to vegetaƟon changes associated∆𝑇
*

with enhanced producƟvity (e.g. increased leaf area index) and reduced transpiraƟon

associated with stomatal closure in a higher [CO2] environment (Arora et al., 2020; Varney et al.,

2024). Because at global scale this BGC temperature change is small compared to that in the

COU/RAD simulaƟons (Zarakas et al., 2020), in the standard framing one assumes it negligible,

so that no temperature term shows up in equaƟon (4b) (Adloff et al., 2018; Friedlingstein et al.,

2003, 2006; Gregory et al., 2009; e.g., Varney et al., 2024). While aƩempts have been made to

account for this small in the formulaƟon (Arora et al., 2013a, 2020) to calculate , this∆𝑇
*

γ
𝑋

may not be straighƞorward because it has recently been argued that climate evolves differently

in BGC and COU/RAD setups and the resulƟng values depend on this Ɵme evoluƟon (Reick &γ
𝑋

Torres Mendonça, 2025). A second caveat is that, while is small in the global mean, it can be∆𝑇
*

larger regionally and seasonally, parƟcularly in regions and during periods of the year when

transpiraƟon rates are high. In addiƟon, the spaƟal paƩern of is different from that of .∆𝑇
+

∆𝑇
*

The former shows the typical global warming paƩern with higher warming over land than over

ocean, and higher warming over polar regions compared to the rest of the globe. The spaƟal

paƩern of is in response to changes in transpiraƟon and therefore follows vegetaƟon∆𝑇
*

distribuƟon. As a result, for example, derived from the combinaƟon of RAD and BGCγ

simulaƟons versus the combinaƟon of BGC and COU simulaƟons is different. Finally, the

formulaƟon of the and terms in equaƟon (4) has been criƟqued and evaluated in mulƟpleβ γ

publicaƟons (Gregory et al., 2009; Zickfeld et al., 2011; Arora et al., 2013a; Schwinger et al.,

2014; Adloff et al., 2018; Reick & Torres Mendonça, 2025). In fact, although this formulaƟon

was originally introduced as a linearizaƟon of the system’s response into CO2 and temperature

forcings, it can be shown that, because of the memory of the climate-carbon system, for the

transient scenarios of interest the linear terms actually vanish so that the formalism is fully

11

https://doi.org/10.5194/egusphere-2026-5533
Preprint. Discussion started: 14 October 2026
c© Author(s) 2026. CC BY 4.0 License.



nonlinear (Reick & Torres Mendonça, 2025). A consequence of this nonlinearity is that even for

small forcing sizes the response does not scale with the forcing; hence, the and values,β γ

defined as response-to-forcing raƟos, are not constant but vary with forcing and Ɵme (e.g.,

Arora et al., 2013a, their Figure 6; Randerson et al., 2015). For this reason and cannot beβ γ

understood as intrinsic properƟes of the system but rather as simple diagnosƟcs enabling

comparison of ESMs carbon cycle sensiƟviƟes under a common set of forcing scenarios (Reick

& Torres Mendonça, 2025).

3. Key scienƟfic objecƟves for C4MIP in CMIP7

There are five key scienƟfic objecƟves for C4MIP in the context of CMIP7: (1) quanƟficaƟon of

feedback metrics, comparing with previous CMIP phases, and understanding the mechanisms

that determine them; (2) idenƟficaƟon of new feedback metrics that more realisƟcally

represent intrinsic properƟes of the coupled climate–carbon cycle system; (3) quanƟficaƟon of

TCRE and ZEC using emissions-driven simulaƟons; (4) analysis of carbon-cycle behaviour under

declining, zero and net-negaƟve emissions; and (5) analysis of CO₂ emissions- and

concentraƟon-driven historical and future scenario simulaƟons, with a focus on carbon budgets

and evaluaƟon of the magnitude of carbon-cycle components, including pool sizes, against

observaƟon-based esƟmates. Together, these objecƟves provide the raƟonale for the

experiments proposed for inclusion in C4MIP as part of CMIP7, which are detailed in the

following secƟons. C4MIP’s overall moƟvaƟon remains to beƩer understand the carbon cycle

and its interacƟon with the physical climate system.

3.1 Comparison of feedback metrics with previous CMIP phases

Despite their limitaƟons, the and feedback metrics (SecƟon 2) provide a useful frameworkβ γ

for comparing models within a given CMIP phase, tracking the evoluƟon of individual models

across successive CMIP phases, and diagnosing and comparing related metrics. In addiƟon, the

TCRE (which also has been historically determined using the 1pctCO2 experiment) can also be

interpreted in terms of the underlying climate-carbon feedback sensiƟviƟes 𝛼, and (C. D.β, γ
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Jones & Friedlingstein, 2020; Tachiiri, 2020) which provides a formal connecƟon between

tradiƟonal feedback decomposiƟon and the cumulaƟve emissions and temperature change

scaling used for the calculaƟon of remaining carbon budgets.

To maintain backward compaƟbility with previous CMIP phases, in which and wereβ γ

diagnosed using the 1pctCO2 experiment and its radiaƟvely and biogeochemically coupled

variants, the 1pctCO2-rad and 1pctCO2-bgc experiments have been proposed and approved for

inclusion in the CMIP7 AFT. These experiments therefore provide conƟnuity with earlier CMIP

phases and enable evaluaƟon of changes in the strength of feedback metrics arising from

changes in structure and process-level developments in ESMs. Because β and γ are defined as

sensiƟviƟes to changes in CO2 concentraƟon (ppm), it is natural to compare them across models

by prescribing CO2 as the boundary condiƟon. In contrast, TCRE is defined per unit of

cumulaƟve emissions, while ZEC characterizes the climate response aŌer emissions cease,

following a specified amount of cumulaƟve emissions. The flat10 experiments therefore

prescribe emissions, making them the natural framework for esƟmaƟng these emissions-based

metrics.

3.2 IdenƟfying intrinsic climate-carbon feedback metrics

As briefly discussed above, Reick & Torres Mendonça (2025) make the case why and are notβ γ

intrinsic properƟes of the coupled climate and carbon cycle system, as they are both

scenario-dependent and Ɵme-dependent within a given scenario. Reick & Torres Mendonça

(2025) also illustrate that these limitaƟons arise from the long characterisƟc Ɵmescales of

carbon-cycle components. As a result, unƟl the system approaches equilibrium, its response to

a CO2 perturbaƟon depends not only on the instantaneous forcing but also on the history of

prior CO2 changes. This is indeed the case when [CO 2] is rising.

One possible approach to address this limitaƟon is to formulate ɑ, β and γ as feedback funcƟons

within a linear convoluƟon framework that explicitly incorporates system history effects (I.
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EnƟng & Clisby, 2019; I. G. EnƟng, 2022; Rubino et al., 2016; Torres Mendonça et al., 2024).

MathemaƟcally, in this framework equaƟons (4) generalize to

Fully coupled (5a)∆𝐶'
𝑋
(𝑡) = ∫ χ

β

𝑋
(τ) ∆𝑐' (𝑡 − τ)𝑑τ + ∫ χ

γ

𝑋
(τ) ∆𝑇

+
(𝑡 − τ)𝑑τ

Biogeochemically coupled (5b)∆𝐶
*

𝑋
(𝑡) = ∫ χ

β

𝑋
(τ) ∆𝑐' (𝑡 − τ)𝑑τ

RadiaƟvely coupled (5c)∆𝐶
+

𝑋
(𝑡) = ∫ χ

γ

𝑋
(τ) ∆𝑇

+
(𝑡 − τ)𝑑τ

with

. (5d)∆𝑇
+
(𝑡) = ∫ χ

α
(τ)∆𝑐'(𝑡 − τ)𝑑τ

Here, the scenario-dependent sensiƟviƟes ɑ, β and γ become the generalized sensiƟviƟes ,χ
α
χ
β

and (for ), inherent system characterisƟcs from which in principle theχ
γ

𝑋 = 𝐿, 𝑂

biogeochemical and radiaƟve feedbacks can be uniquely quanƟfied: these generalized

sensiƟviƟes combine into scenario-independent feedback funcƟons and that describe𝑓
β

𝑓
γα

the feedback strength at different Ɵmescales. Such formulaƟon also leads to generalized

definiƟons of the airborne fracƟon and TCRE, by which the climate-carbon dynamics may be

systemaƟcally invesƟgated (Torres Mendonça et al., 2024).

The idea behind such an aƩempt is that a feedback framework that truly reflects intrinsic

properƟes of the coupled climate–carbon cycle system should be scenario invariant. This means

that esƟmates of feedbacks should be consistent across different scenarios and, by using

feedback metrics derived from a parƟcular simulaƟon, one should be able to predict land and

ocean carbon uptake and airborne fracƟon of emissions in others. To facilitate evaluaƟon of the
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scenario-independence of any future proposed feedback funcƟons/metrics, C4MIP for CMIP7

includes a diverse set of concentraƟon- and emissions-driven experiments. In addiƟon to the

1pctCO2 experiment and its RAD and BGC coupled versions, these include concentraƟon-driven

abrupt 2×CO2 experiments requested jointly with Cloud Feedback MIP (CFMIP) along with their

RAD and BGC versions, instantaneous 500 Pg C pulse experiments under pre-industrial

condiƟons (esm-pi-pulse-500) and its BGC version, emissions-driven simulaƟons with constant

emissions of 10 Pg C/yr (esm-flat-10) and its RAD and BGC version, and concentraƟon-driven

hist-CO2 (a specified concentraƟon hist simulaƟon based on the CMIP protocol but with only

atmospheric CO2 increasing over the historical period) and its BGC version. These experiments

are graphically illustrated in Figure 1: panel (a) for concentraƟon-driven simulaƟons and panel

(b) for emissions-driven simulaƟons. The protocol for these and other experiments are

presented in detail in a later secƟon.

The diversity of this suite of experiments will serve the key objecƟve of obtaining strong

evidence for the true scenario independence of any new feedback metrics. On one hand, the

suite includes two concentraƟon-driven experiments with a conƟnuous increase in atmospheric

CO2: the tradiƟonal 1pctCO2 experiment, relevant for its compaƟbility with previous CMIP

phases, and the hist-CO2 experiment, from which one can evaluate the applicability of the new

feedback metrics over the historical period. The suite also incorporates the

concentraƟon-driven abrupt 2xCO2 experiment, especially relevant in this context for many

reasons: first, this experiment will provide a rather extreme test case for the feedback metrics

where CO2 concentraƟons are abruptly increased, which allows for assessing the ability of the

metrics to predict fast modes of the system; second, the 2xCO2 experiment is parƟcularly

suitable for deriving generalized sensiƟviƟes such as those defined in Eq. (5) along with their

Ɵmescale spectra, from which process contribuƟon to the large-scale response may be

quanƟfied (see e.g., Torres Mendonça et al. (2021)); third, such experiment may allow for

determining equilibrium carbon feedbacks and thereby obtain a framework completely

consistent with that of physical feedbacks (Reick & Torres Mendonça, 2025). Finally, the suite

includes emission-driven experiments, also with quite different scenarios (esm-pi-pulse-500
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and esm-flat-10), which will serve to test the new feedback metrics in the more realisƟc seƫng

where climate-carbon feedbacks interact to prognosƟcally determine atmospheric CO 2 .

Figure 1: Proposed C4MIP concentraƟon-driven (panel a) and emissions-driven (panel b)
simulaƟons for CMIP7. The emissions for all esm-flat10 configuraƟons for years 1850-1950 are
10 Pg C/yr but ploƩed with slightly different values to avoid overlapping lines and facilitate
idenƟficaƟon of individual scenarios. This is also done when emissions become zero.

3.3 Focus on emissions-driven simulaƟons for calculaƟng TCRE and ZEC

Both TCRE and ZEC are emissions-relevant quanƟƟes. Yet for CMIP6, TCRE was calculated using

cumulaƟve diagnosed emissions from the concentraƟon-driven 1pctCO2 experiment at the

Ɵme when atmospheric CO2 concentraƟon doubled in approximately 70 years. The cumulaƟve

diagnosed emissions (Pg C) are based on integraƟon of equaƟon (1) from Ɵme 0 to 70 years

(corresponding to the Ɵme period 1850-1919, since most modelling groups start their 1pctCO2

simulaƟon in the year 1850)
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(6)
0

70

∫ 𝐸 𝑑𝑡 = ∆𝐶
𝐴
+ ∆𝐶

𝐿
+ ∆𝐶

𝑂

where is the prescribed change in [CO2] (equal to around∆𝐶
𝐴

Pg C), and and are the carbon uptakes by285 × (1. 01
70
− 1) × 2. 12 = 608. 3 ∆𝐶

𝐿
∆𝐶

𝑂

land and ocean over the 70-year period in this case. TCRE is then calculated as

(7)𝑇𝐶𝑅𝐸 =
∆𝑇'

70

0

70

∫𝐸 𝑑𝑡

where is the global-mean temperature change, averaged over 20 years, in the∆𝑇'
70

fully-coupled 1pctCO2 experiment centered at year 70.

The real world is emissions-driven and [CO2] exhibits a seasonal cycle as well as geographical

variaƟons. This spaƟal and temporal structure of [CO2] is absent in concentraƟon-driven

simulaƟons, which prescribe the same [CO2] at a given Ɵme at all given atmospheric levels and

on the globe. Globally-averaged [CO2] exhibits a seasonal cycle and its annual amplitude is

about 6 ppm. This amplitude is substanƟally larger in the Northern Hemisphere extratropics

(30° to 90° N), and varies from 10 to 25 ppm due to the dominance of terrestrial biospheric

fluxes (Keeling & Piper, 2001; Lin et al., 2020). In emissions-driven simulaƟons, the spaƟal and

temporal structure of atmospheric CO2 evolves prognosƟcally in response to atmospheric

transport, anthropogenic and natural carbon fluxes, and changes in climate rather than the

globally uniform CO2 concentraƟons prescribed in concentraƟon-driven simulaƟons. As a result,

because emissions-driven simulaƟons represent the spaƟal and temporal evoluƟon of

atmospheric CO2 more realisƟcally, as well as its interacƟons with the land and ocean carbon

reservoirs, they provide a more physically consistent framework for esƟmaƟng TCRE than

concentraƟon-driven simulaƟons. Unlike ECS, which quanƟfies the climate response to a

prescribed atmospheric CO2 concentraƟon change, TCRE is fundamentally an emissions-based

metric. Furthermore, the compaƟble CO2 emissions implied by a 1pctCO2 concentraƟon

pathway are substanƟally larger than recent historical emissions, reaching around 20 Pg C/yr at

year 70 of the experiment compared with the observed fossil-fuel emissions of 9.8 Pg C/yr over
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the past decade (Friedlingstein et al., 2026). As a result, the path-dependent metrics esƟmated

from the 1pctCO2 experiment may be less directly relevant to climate policy than those derived

from emissions-driven simulaƟons with emission rates closer to historical rates of fossil-fuel

emissions.

A similar issue arises with esƟmaƟon of the ZEC. For CMIP6, rather than using simulaƟons in

which emissions ceased in an emissions-driven framework to calculate ZEC, the free-CO2

simulaƟons were iniƟalized from concentraƟon-driven 1pctCO2 runs at the point when

diagnosed cumulaƟve emissions reached a specified threshold. Emissions were then set to zero,

allowing atmospheric CO2 to evolve freely. Consequently, the atmospheric CO2 field transiƟoned

abruptly from a spaƟally uniform prescribed concentraƟon to a fully interacƟve, spaƟally

heterogeneous field with seasonal and interhemispheric structure. Although this arƟficial

transiƟon is unlikely to strongly affect the magnitude of simulated ZEC, it introduces an

inconsistency between forcing methodologies and somewhat complicates the physical

interpretaƟon of results.

Proposed emissions-driven experiments in CMIP7 avoid this inconsistency altogether by

esƟmaƟng both TCRE and ZEC in an emissions-driven framework in which CO2 evolves freely.

The 320-year esm-flat10 experiment in which emissions are prescribed at a constant rate of 10

Pg C/yr is designed specifically to esƟmate TCRE (calculated from esm-flat10 as the 20-year

mean temperature change centred on year 100 divided by 1000 Pg C). A related objecƟve of

C4MIP for CMIP7 is to compare TCRE esƟmates from the 1pctCO2 and esm-flat10 experiments,

thereby evaluaƟng whether future assessments could esƟmate TCRE from esm-flat10

experiments alone, provided that the resulƟng TCRE values are consistent with those derived

from the 1pctCO2 experiment. For esm-flat10 experiments, when global temperature change is

ploƩed against Ɵme, the slope of the resulƟng relaƟonship is proporƟonal to TCRE because the

Ɵme axis is directly proporƟonal to cumulaƟve emissions (see Figure 3a of Sanderson et al.

(2025)). For quanƟficaƟon of the ZEC, the emissions-driven esm-flat10-zec experiment sets

emissions to zero at the beginning of year 101 (aŌer 100 years of emissions at 10 Pg C/yr,

corresponding to 1000 Pg C of cumulaƟve emissions in the esm-flat10 simulaƟon), and the

simulaƟon is then conƟnued for a further 220 years. In this context, ZEC50 and ZEC100 are
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defined as the 20 year average centered on years 150 and 200 respecƟvely. ZEC is known to be

dependent on both cumulaƟve emissions level and emissions rate (Williams et al., 2025b).

flat10-based ZEC values are expected to be substanƟally different from the 1pctCO2-based

ZECMIP design used in CMIP6, where cumulaƟve emissions at the point of cessaƟon were

model dependent, with emissions rates which were significantly larger than present day levels

(Sanderson et al., 2025). Together, these emissions-driven experiments provide a physically and

internally consistent framework for esƟmaƟng emissions-relevant TCRE and ZEC metrics. Figure

1b illustrates the emissions pathway for the esm-flat10 and esm-flat10-zec experiments along

with other variants of the flat10 experiment that are discussed in the next secƟon.

3.4 Carbon-cycle behaviour under zero and net-negaƟve emissions

In addiƟon to the esm-flat10 and esm-flat10-zec experiments, C4MIP proposes several

addiƟonal emissions-driven variants to analyze the behaviour of the coupled climate-carbon

cycle system under zero and net-negaƟve emissions scenarios. These experiments are designed

to explore how the system responds to different pathways toward net zero and carbon dioxide

removal (CDR), and whether that response is reversible or exhibits hysteresis (see Figure 1b).

The esm-flat10-cdr experiment emulates large-scale CDR by linearly decreasing emissions over

a 100-year period, from +10 Pg C yr⁻¹ at year 100 to −10 Pg C yr⁻¹ by year 200. The CDR methods

represented by this idealized setup are those methods that do not directly alter land or ocean

properƟes and thereby introduce addiƟonal effects on climate or atmospheric CO2, such as

direct air capture with geological storage. In contrast, afforestaƟon, for example, alters

vegetaƟon distribuƟon and thereby shiŌs the distribuƟon of ecosystems with different turnover

Ɵmes and induces addiƟonal biogeophysical effects. Such effects are not intended to be

captured by esm-flat10-cdr. The net-zero variant, esm-flat10-nz, follows the same pathway as

esm-flat10-cdr unƟl year 150, aŌer which emissions are held at zero. Finally, the esm-flat10-rev

experiment imposes abrupt/step transiƟons: emissions follow esm-flat10-zec unƟl year 200 and

then abruptly switch to −10 Pg C yr⁻¹ for an addiƟonal 100 years. As such the comparison of
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esm-flat10-zec and esm-flat10-rev allows a cleaner assessment of any asymmetry between the

response to posiƟve and negaƟve emissions.

Together, these experiments allow assessment of whether the climate-carbon system responds

symmetrically to increasing and decreasing emissions, or whether it exhibits hysteresis and path

dependence. They also enable evaluaƟon of the sensiƟvity of carbon-cycle and temperature

responses to gradual versus abrupt transiƟons to net zero and net-negaƟve emissions. Results

from the esm-flat10, esm-flat10-zec, and esm-flat10-cdr experiments have been evaluated for

parƟcipaƟng models in Sanderson et al. (2025), demonstraƟng their feasibility and scienƟfic

value for this framework. The esm-flat10-nz (which is menƟoned in Sanderson et al. (2025)) and

esm-flat10-rev variants extend this approach to further isolate pathway dependence (gradual

versus abrupt) to zero and negaƟve emissions.

The flat10 reversibility experiments are complementary to simulaƟons proposed in the Tipping

Points Modelling Intercomparison Project (TIPMIP; Jones et al. (2025)), whose Tier 1 ESM

protocol is likewise emissions-driven and iniƟalized from pre-industrial, forcing the system

through posiƟve, zero, and negaƟve emissions to probe zero-emissions commitment,

negaƟve-emission efficacy, and reversibility. The difference is what each design holds common

across models. flat10 fixes the emission rate at 10 Pg C/yr, so cumulaƟve emissions are idenƟcal

across the ensemble and the temperature-versus-Ɵme slope gives TCRE directly; TIPMIP scales

each model's emissions to its TCRE to impose a common warming rate of 2°C per century,

beƩer suited to locaƟng where in warming space Ɵpping elements cross their thresholds. The

two coincide only for a model whose TCRE is near 2°C per 1000 Pg C, so for most models these

are disƟnct runs and neither subsƟtutes for the other; we do not ask groups to repeat TIPMIP

simulaƟons under the C4MIP banner, or the converse. We do ask that the conservaƟon

diagnosƟcs idenƟfied in SecƟon 5 of this paper be reported on the flat10 reversibility runs, and

we encourage aligning the zero- and negaƟve-emission diagnosƟcs across both acƟviƟes. For

AR7, C4MIP objecƟve is to supply the carbon-cycle reversibility metrics

(posiƟve-versus-negaƟve asymmetry, ZEC, and TCRE under net-negaƟve emissions), while
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TIPMIP’s objecƟve is the assessment of biophysical threshold behaviour and irreversibility in the

context of Ɵpping elements.

3.5 Pulse experiment

In addiƟon to emissions-driven esm-flat10 variants described in the previous secƟons, C4MIP

also proposes the esm-pi-pulse-500 experiment, another emissions-driven experiment

designed to characterize the response of the coupled carbon-climate system to a well-defined

perturbaƟon. Pulse experiments allow quanƟficaƟon of impulse-response funcƟons that

describe how the resulƟng perturbaƟon in [CO2] decays following a discrete pulse of emission.

The last comprehensive quanƟficaƟon of impulse-response funcƟons was performed by Joos et

al. (2013) using results from ESMs of varying complexity for a pulse of 100 Pg C emiƩed in both

pre-industrial and present-day atmospheres (background [CO2] of 389 ppm for present-day,

corresponding approximately to year 2010–2015 condiƟons). Joos et al. (2013) also analyzed

model responses for a pulse of 5000 Pg C in the pre-industrial atmosphere.

Pulse experiments provide valuable informaƟon about the effecƟve lifeƟme of CO2 in the

coupled carbon-climate system and the characterisƟc Ɵmescales of carbon uptake associated by

different reservoirs. The resulƟng impulse-response funcƟons provide a convenient framework

for the development and calibraƟon of reduced-complexity carbon-cycle emulators and

integrated assessment models (IAMs), which rely on impulse-response formulaƟons to

represent the evoluƟon of atmospheric CO2 and associated climate responses (Hooss et al.,

2001; Good et al., 2011). RepeaƟng a pulse experiment within C4MIP provides an ideal

opportunity to reassess the impulse-response of newer generaƟon ESMs and update the

widely-used funcƟon from earlier model generaƟons.

Given the variability in response to smaller pulses, arising from internal climate variability in

comprehensive ESMs, and to avoid the need for mulƟple ensemble members we adopt a

relaƟvely large pulse size of 500 Pg C. We note that a perturbaƟon of this magnitude is

sufficiently large that nonlinear carbon-cycle and climate responses may contribute to the
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simulated evoluƟon of atmospheric CO2. As a result, this experiment may not be viewed as a

means of deriving a small-perturbaƟon linear impulse-response funcƟon, but as a large-pulse

sensiƟvity experiment that provides informaƟon on the behaviour of the coupled

carbon-climate system under a substanƟal carbon perturbaƟon. This experiment therefore

serves both as an opportunity to reassess pulse-response characterisƟcs in newer-generaƟon

ESMs and as a means of evaluaƟng the extent to which impulse-response formulaƟons derived

from earlier model generaƟons remain applicable under larger perturbaƟons.

3.6 Carbon budgets and evaluaƟon of carbon-cycle components

In addiƟon to the idealized experiments considered above, C4MIP also plans to use and analyze

other CMIP7 results from non-idealized simulaƟons that include the full set of historical forcings

and future scenario pathways. These analyses will primarily draw on simulaƟons performed as

part of the CMIP7 DECK, including the historical simulaƟon (hist), its emissions-driven

counterpart (esm-hist), and future scenario simulaƟons as part of the ScenarioMIP. Together

these simulaƟons provide an opportunity to evaluate the behaviour of the models’ coupled

climate-carbon cycle system under realisƟc forcing pathways, for both concentraƟon- and

emissions-driven variants, and to compare model results directly with observaƟon-based

datasets.

Analyses of these simulaƟons are expected to span a broad range of topics including, but not

limited to: evaluaƟon of differences and consistencies between concentraƟon-driven and

emissions-driven simulaƟons (e.g., Hajima et al., 2025); changes in the amplitude of the

seasonal CO2 cycle (H. D. Graven et al., 2013) and the interhemispheric CO2 gradient over the

historical period (e.g., Zhao & Zeng, 2014); evaluaƟon of land and ocean fluxes and pools and

components such as gross primary producƟvity, respiraƟon, and soil carbon (e.g., Anav et al.,

2013; Collier et al., 2018; Todd-Brown et al., 2013); comparison of model-diagnosed compaƟble

emissions with observaƟon-based anthropogenic emissions inventories (e.g., C. Jones et al.,

2013); assessment of the magnitude and variability of the land and ocean carbon sinks (e.g.,

Koven et al., 2015); evaluaƟon of the behaviour of the airborne fracƟon of cumulaƟve
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emissions; invesƟgaƟon of the role of climate variability modes such as the El Niño–Southern

OscillaƟon (ENSO) in modulaƟng global and regional land-atmosphere and ocean-atmosphere

CO2 fluxes (e.g., C. D. Jones et al., 2001; Rödenbeck et al., 2018); and and the role of plant

physiological responses to rising CO2 as a driver of regional changes in precipitaƟon, drought

stress, and runoff (Fowler et al., 2019; Kooperman et al., 2018; Swann et al., 2016). EvaluaƟon

against emergent constraints can also be applied to these simulaƟons, such as the strength of

interannual variability of CO2 fluxes (Cox et al., 2013) and the seasonal cycle of atmospheric CO2

(Wenzel et al., 2016)

Compared to idealized experiments, experiments over the historical period and for future

scenarios allow the evaluaƟon of C cycle responses (including pools and fluxes) under realisƟc

forcing pathways that include land-use change, aerosols, and other non-CO2 forcings, and allow

direct comparison with observaƟon-based datasets. These simulaƟons provide a link between

process-based understanding achieved from idealized experiments and evaluaƟon of C cycle

components against observaƟon-based constraints under realisƟc forcings. Since future climate

scenarios in CMIP7 are intended to be performed in emissions-driven mode (Van Vuuren et al.,

2026) in addiƟon to concentraƟon-driven mode, the process-based understanding gained from

idealized C4MIP experiments, together with the evaluaƟon of carbon-cycle components against

observaƟons, will help interpret and explain the carbon-cycle responses simulated under

realisƟc future forcing pathways.

The scope and diversity of these potenƟal analyses depend strongly on community

engagement. While the C4MIP co-chairs and members of its ScienƟfic Steering CommiƩee

coordinate the experimental design and lead a set of core analyses, many of the studies

referenced in this secƟon from previous CMIP phases were also conducted by researchers from

the broader climate modelling community. This distributed approach to be followed again in the

upcoming phase is an integral part of C4MIP and has enabled a wide range of invesƟgaƟons of

the coupled carbon-climate system across successive CMIP phases.
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4. Experiment protocol, the case for BGC runs, and more ensemble members

Table 1 summarizes all experiments proposed under the C4MIP umbrella for CMIP7 and

separately idenƟfies those included in the AFT and those proposed for parƟcipaƟon beyond

AFT. The experiment duraƟon and total simulaƟon years are also listed separately for AFT and

post-AFT parƟcipaƟon to provide an indicaƟon of the associated computaƟonal burden. The

table also idenƟfies concentraƟon (c) and emissions (e) driven runs.
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The primary addiƟonal computaƟonal cost arises from the request for an addiƟonal four

ensemble members for the esm-flat10, esm-flat10-zec, esm-flat10-nz, esm-flat10-rev and

esm-flat10-cdr experiments. However, these experiments are efficiently branched such that

the first 100 years of simulaƟon are common to all experiments, the ’nz’ and ‘cdr’ variants are

common unƟl year 150, and the ‘zec’ and ‘rev’ experiments are common unƟl year 200. The

ZEC signal exhibits substanƟal variability in comprehensive Earth System Models (MacDougall et

al., 2020) because once CO2 emissions cease the response of the coupled carbon–climate

system is largely influenced by internal climate variability rather than the conƟnuing external

forcing. As a result, esƟmaƟng ZEC becomes a signal-to-noise raƟo problem (Borowiak et al.,

2024). The requested four addiƟonal ensemble members are therefore intended to improve the

signal-to-noise raƟo and provide a more robust esƟmate of ZEC.

The response of the coupled carbon-climate system in the esm-flat10-cdr experiment also

exhibits variability (Sanderson et al., 2025) and the system also exhibits potenƟal hysteresis for

a range of variables. As a result, the trajectory of recovery can differ across realizaƟons due to

internal climate variability, and addiƟonal ensemble members are aimed at providing a more

robust characterizaƟon of the system response.

Feedback from the C4MIP community indicated strong interest in corresponding BGC

simulaƟon for most experiments. Together with the fully coupled simulaƟons, their

biogeochemically-only coupled variants allow the carbon-cycle response to changes in

atmospheric CO2 to be separated from the response driven by the associated climate change,

and many analyses rely on this comparison (Chimuka et al., 2023). For this reason,

corresponding BGC simulaƟons have been requested for several experiments. In contrast to

fully-coupled simulaƟons, addiƟonal ensemble members for BGC variants of emissions-driven

ZEC and CDR experiments (flat10-zec-bgc and flat10-cdr-bgc) are considered a lower priority, as

the primary moƟvaƟon for ensembles arises from the need to beƩer quanƟfy the role of

internal climate variability on surface-atmosphere CO2 exchange in the fully coupled

experiments.
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As with previous phases of CMIP, all C4MIP experiments are iniƟalized from corresponding

piControl and esm-piControl experiments and all non-CO2 forcings including land cover,

concentraƟon of non-CO2 GHGs, and emissions of aerosols are kept at their pre-industrial 1850

level.

4.1. Experiment protocol for concentraƟon-driven simulaƟons and their BGC/RAD versions

The protocol for concentraƟon-driven experiments remains the same as in CMIP6 (C. D. Jones et

al., 2016). Depending on the experiment type and model configuraƟon - radiaƟvely coupled

(RAD), biogeochemically coupled (BGC), or fully coupled (COU) - the specified changing CO2

concentraƟon is used for relevant model components (for radiaƟon in RAD runs, for land and

ocean biogeochemistry in BGC runs, and for both radiaƟon and biogeochemistry components in

COU runs) or else the CO2 is specified to remain at its pre-industrial 1850 level. In all cases, the

same CO2 concentraƟon is specified uniformly throughout the atmosphere (both geographically

and across all verƟcal atmospheric levels). The concentraƟon follows the prescribed scenario,

with annual CO2 values interpolated to the model Ɵme step where possible. In the flat10

concentraƟon-driven variants the prescribed CO2 comes from the emissions-driven esm-flat10

experiment. The concentraƟon-driven experiments where all simulaƟons use prescribed

concentraƟons include 1pctCO2, 2xCO2, hist-co2 and their corresponding BGC and/or RAD

versions as indicated in Table 1.

4.2. Experiment protocol for emissions-driven simulaƟons and their BGC/RAD versions

Following Sanderson et al. (2025), the flat10 variants of the emissions-driven experiments use

spaƟally homogeneous CO2 emissions. For a global emission rate of 10 Pg C/yr, and using the

Earth’s surface area of 510,064,471 km2 (510.06 million km2; obtained using Climate Data

Operators, CDO), and 365 days in a year, this yields a spaƟally uniform emission flux applied

across a model’s all grid cells. The resulƟng emissions per unit area and per unit Ɵme are 6.2168

× 10-10 kg C/m2s or equivalently 22.7949 × 10-10 kg CO2/m2s. Modelling groups should verify this
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calculaƟon using the Earth’s surface area represented in their model, as the total area may

differ slightly between models, and should also confirm whether their model uses 360, 365, or

365.25 days per year when converƟng the annual emission rate to a per-second flux. The linear

decrease to zero emissions in the esm-flat10-zec experiment, followed by a further decrease to

−10 Pg C/yr in the esm-flat10-cdr experiment, is implemented by applying the corresponding

Ɵme-varying changes to this globally uniform emission flux.

In the context of the flat10 experiments, the corresponding BGC and RAD versions are proposed

to be performed in concentraƟon-driven mode using the simulated globally averaged CO2

concentraƟon from the emissions-driven COU esm-flat10 simulaƟon. The objecƟve is to

esƟmate the ꞵ and 𝛾 feedback metrics from the flat10 experiments and compare them with

those derived from the tradiƟonal 1pctCO2 experiments. More broadly, the bigger context is to

assess whether the flat10 experiment framework can be used to esƟmate these feedback

metrics in future phases of C4MIP, potenƟally reducing or eliminaƟng the need for dedicated

BGC and RAD versions of the 1pctCO2 experiment.

Using the CO2 trajectory from the emissions-driven COU esm-flat10 simulaƟon ensures that the

BGC and RAD versions experience the same atmospheric CO2 trajectory, while retaining the

tradiƟonal C4MIP framework for calculaƟng the ꞵ and 𝛾 feedback metrics. This approach also

avoids the large differences in CO2 concentraƟon and temperature that arise when the BGC and

RAD versions of esm-flat10 are instead performed as emissions-driven simulaƟons. For

example, when an emissions-driven version of the flat10 experiment is run in BGC mode, the

simulated CO2 concentraƟon is expected to be somewhat lower than in the fully coupled (COU)

mode. This occurs because, in the absence of temperature increases associated with higher

CO2, the land and ocean biogeochemical components take up more carbon than in the COU

simulaƟon. In contrast, when the same emissions-driven experiment is run in RAD mode, the

land and ocean biogeochemistry components do not respond to the increase in [CO2], and all

emiƩed carbon remains in the atmosphere. At the same Ɵme, both land and ocean respond to

the higher temperatures they experience in the RAD configuraƟon by releasing addiƟonal
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carbon. As a result, the simulated increase in CO2, and the associated temperature change, in

the RAD version of an emissions-driven run can be more than twice that seen in the COU or

BGC versions. These large differences in CO2 concentraƟon and temperature between the RAD,

BGC, and COU simulaƟons can lead to differences in the derived values of the feedback metrics,

compared to the case where COU, RAD, and BGC simulaƟons experience the same CO2

trajectory.

For the last two CMIP phases, C4MIP has used the concentraƟon-driven 1pctCO2 experiment to

quanƟfy the ꞵ and 𝛾 feedback metrics (Arora et al., 2013b, 2020). While performing the BGC

and RAD versions of the flat10 emissions-driven experiment (esm-flat10) in

concentraƟon-driven mode (idenƟfied as flat10-bgc and flat10-rad in Table 1) avoids the large

[CO2] differences between the COU, BGC, and RAD versions and makes them more consistent

with previous C4MIP phases (Arora et al., 2013b, 2020), the flat10 approach is different in two

ways compared to the tradiƟonal C4MIP approach. First, although the same [CO2] is used for

COU, BGC, and RAD experiments for a given ESM, the [CO2] will be different across different

ESMs depending on their response to emissions. Second, in contrast to the tradiƟonal C4MIP

approach where all COU, BGC, and RAD versions of 1pctCO2 experiment were concentraƟon-

driven, in the new flat10 approach esm-flat10 is an emissions-driven experiment and flat10-bgc

and flat10-rad are concentraƟon-driven experiments. This introduces inconsistency which we

raised earlier in the context of how ZEC was esƟmated using CMIP6 experiments. In the

emissions-driven COU esm-flat10 experiment, atmospheric CO2 is represented as a fully

interacƟve three-dimensional field with spaƟal gradients and a seasonal cycle. In contrast, the

concentraƟon-driven BGC and RAD versions prescribe a globally uniform CO₂ concentraƟon that

is applied everywhere geographically and across all verƟcal levels of the atmosphere.

A concentraƟon-driven simulaƟon effecƟvely “sees” higher CO2 over the northern hemisphere

during summer than an emissions-driven simulaƟon because the seasonal cycle in atmospheric

CO2 is absent. Since most of the global land area is located in the northern hemisphere, a

concentraƟon-driven version of an emissions-driven experiment, using the same simulated

global mean CO2 from the emissions-driven run, will therefore tend to simulate slightly higher
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land carbon uptake than its emissions-driven counterpart. This bias is expected to be small

relaƟve to the overall perturbaƟon because the response of photosynthesis to CO2 is nonlinear,

and the expected amplitude of the annual CO2 cycle in the esm-flat10 experiment (~7–15 ppm)

is small compared to the much larger background concentraƟon on which it is superimposed. It

is also worth noƟng that current ESMs do not explicitly simulate within-canopy CO2

concentraƟons. Photosynthesis in ESMs responds to the atmospheric CO₂ concentraƟon in the

lowest model layer, rather than to the much larger diurnal CO2 variaƟons (than the seasonal

variaƟons) that occur within canopies. Consequently, these unresolved CO2 variaƟons do not

influence the comparison between emissions- and concentraƟon-driven simulaƟons.

Despite these inconsistencies and differences from the tradiƟonal C4MIP approach to calculate

ꞵ and 𝛾, feedback from the C4MIP community indicates that concentraƟon-driven flat10-bgc

and flat10-rad remain the preferred and pragmaƟc approach for esƟmaƟng the feedback

metrics.

4.3. Experiment protocol for the 500 Pg C pulse experiment

The esm-pi-pulse-500 experiment is iniƟalized from pre-industrial condiƟons and integrated for

1000 years to characterize the long-term response of the coupled carbon–climate system to a

discrete carbon perturbaƟon. Given the computaƟonal cost of this long simulaƟon, the first 500

years are requested as Tier 1, with the remaining 500 years designated as Tier 2. Although

somewhat model-dependent, the 500 Pg C pulse can be 1) implemented by modifying the

atmosphere restart file at the start of a pre-industrial simulaƟon, with the only change being an

increase in the atmospheric CO₂ field corresponding to an added 500 Pg C (equivalent to a

235.84 ppm rise above the pre-industrial background), or 2) by emiƫng the enƟre 500 Pg C

pulse over the first day or first Ɵme step of the simulaƟon. Regardless of the method of

implementaƟon, the objecƟve is to ensure that the enƟre perturbaƟon is introduced in a very

short Ɵme at the start of the simulaƟon so that the subsequent 1000-year length of the

experiment captures the decay of the atmospheric CO2 increase and the long-Ɵmescale

response of the land and ocean carbon reservoirs.
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5. ConservaƟon of C and N fluxes, and equilibrium criteria

The C4MIP protocol paper for CMIP6 (C. D. Jones et al., 2016) included a dedicated secƟon

describing the land and ocean carbon-cycle variables required to track the total amount of

carbon in the Earth system and explicitly verify carbon conservaƟon. Although the overall

structure of the CMIP7 data request has changed compared to CMIP6, the primary variables

required for carbon conservaƟon remain largely unchanged. However, several addiƟonal

variables have been introduced in the CMIP7 data request that also need to be considered

when assessing conservaƟon. ConservaƟon of carbon (and, where applicable, nitrogen) is a

fundamental requirement for evaluaƟng Earth system models. Failure to conserve these

quanƟƟes makes it difficult to determine whether simulated carbon pools and fluxes are

physically consistent, complicates interpretaƟon of model results, and limits confidence in their

inclusion in mulƟ-model analyses. Here we suggest some basic checks to verify conservaƟon

for the land and ocean carbon cycle components. Models for which conservaƟon cannot be

demonstrated using the requested variables are planned to be idenƟfied so that, if included in

mulƟ-model analyses, their results can be interpreted with appropriate cauƟon. This should not

be interpreted as an assessment of the care taken by individual modelling groups or as an

indicaƟon that a model does not conserve carbon internally. Rather, as models incorporate

increasingly complex processes, it becomes more difficult to track all associated pools and

fluxes in a standardized data request, and individual terms can inadvertently be omiƩed,

misreported, or become difficult to reconstruct from the reported variables. This also provides

modelling groups with an opportunity to explain the reasons for any apparent non-conservaƟon

(e.g., a missed pool or a flux which can then be included in subsequent analyses), idenƟfy

missing or unavailable variables, and, where appropriate, present alternaƟve conservaƟon

equaƟons specific to their model formulaƟon. As Earth system models conƟnue to evolve and

incorporate new carbon-cycle processes, it has become increasingly challenging for a

standardized CMIP data request to anƟcipate and fully represent all carbon pools and fluxes

across all modelling systems. ConƟnued documentaƟon of model-specific processes and
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conservaƟon relaƟonships by modelling groups is therefore essenƟal for the community to

refine and expand conservaƟon diagnosƟcs so that they remain applicable to the widest

possible range of models.

5.1. Land

The following conservaƟon checks are suggested for the land carbon cycle.

The total land carbon store (cLand) should equal the sum of its individual components (carbon

in vegetaƟon, soil, liƩer, land-use change product pool, and geological storage) both per unit

area (kg C/m2) and over all land (Pg C):

cLand = cVeg + cSoil + cLiƩer + cProduct + cGeologicStorage                               (8)

This equality should hold exactly. Not all models include every carbon pool (e.g.,

cGeologicStorage, which is a new CMIP7 variable to represent carbon stored in geologic

reservoirs as a result of prognosƟc carbon dioxide removal methods uƟlizing biosphere-derived

carbon, such as BECCS), but all pools represented by a given model should be reported and

included in the conservaƟon equaƟon.

For fluxes, a few basic checks are encouraged. For example,

gpp = npp + ra                                                                            (9)

where gpp is the gross primary producƟvity, npp is the net primary producƟvity, and ra is the

autotrophic respiraƟon. Similar to equaƟon (8), equaƟon (9) holds both per unit area (kg C m -2

s-1) and over all land (Pg C/yr):

In addiƟon,

netAtmosLandCO2Flux = gpp - ra - rh - fFire - fHarvestToAtmos - fDeforestToAtmos -

fProductDecomp   (10)
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where fFire are fire emissions from both natural and anthropogenic fires but exclude land-use

change related fires, fHarvestToAtmos and fDeforestToAtmos are direct harvest and

land-use/deforestaƟon related carbon losses to the atmosphere. fDeforestToAtmos in most

models represents deforestaƟon-related fires. The exact form of the equaƟon will depend on

the processes represented by individual models. For example, if models include herbivory

related grazing loss, CO2 flux from decomposiƟon of carbon in river, and addiƟonal non-CO2

carbon losses, such as methane emissions (e.g., from wetlands or fire), and carbon monoxide,

black carbon, organic carbon emissions from fire, emissions of volaƟle organic compounds,

and/or carbon gain/losses through other processes, addiƟonal terms will be required in

EquaƟon (10). In such cases, modelling groups are encouraged to document these processes

and provide the corresponding conservaƟon equaƟon for their model. Our intent here is not to

put together a comprehensive list of all possible processes that models may represent but to

highlight the potenƟal for lack of conservaƟon using standardized CMIP data request.

While netAtmosLandCO2Flux (kg C m-2 s-1 at the grid cell level, and Pg C/yr at the global scale)

accounts for verƟcal fluxes at each grid cell, lateral fluxes such as fCLandToOcean (that

represents loss of carbon through leaching) and through trade of agricultural or forestry

products that do not contribute to nbp must be accounted for through equaƟon (11). At each

grid cell and at the global level land carbon fluxes should saƟsfy

nbp = netAtmosLandCO2Flux - fCLandToOcean                                           (11)

where nbp is the global net biome producƟvity, defined as the net carbon flux into the land

(i.e., causing the tendency or change in land carbon stock over Ɵme). For models that do not

explicitly simulate lateral carbon export from land to the ocean, fCLandToOcean, also a new

CMIP7 variable, is zero and nbp and netAtmosLandCO2Flux are idenƟcal. It may therefore be

sufficient to submit only one of these variables when lateral carbon transport is absent. Similar

to nbp and netAtmosLandCO2Flux, fCLandToOcean is a land realm variable (all have units of kg

C m-2 s-1 at the grid cell level). EquaƟon (11) should hold exactly provided that all carbon losses

are represented by the reported variables.
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Finally, cumulaƟve net biome producƟon should equal the simulated change in total land

carbon:

(12)∫ 𝑛𝑏𝑝 𝑑𝑡 = ∆ 𝑐𝐿𝑎𝑛𝑑

EquaƟon (12) links the cumulaƟve net carbon flux to the simulated change in the total land

carbon pool. Unlike the previous conservaƟon checks, this relaƟonship may not hold exactly

because fluxes and carbon pools are both provided as averages over a reporƟng interval (e.g.,

monthly means for CMIP) according to the CMIP7 Data Request. For equaƟon (12) to hold

exactly, fluxes must be Ɵme-averaged and values of pools should be instantaneous at the end

of the reporƟng period. Small differences may therefore arise when comparing the Ɵme integral

of fluxes with changes in provided carbon pools. A small tolerance (for example, ±1%) is

therefore appropriate when evaluaƟng this conservaƟon relaƟonship.

5.2. Ocean

Neither CMIP6 or CMIP7 data request includes a total ocean carbon variable (referred to here

as cOcean) in units of kg C/m3 or mol C/m3 or if verƟcally integrated over the ocean depth in

units of kg C/m2 analogous to cLand (kg C/m2). As an example, it is possible to calculate cOcean

using mole concentraƟon (mol C/m3) of dissolved inorganic carbon (dissic), zooplankton (zooc),

dissolved organic carbon (dissoc), detrial organic carbon (detoc), and phytoplankton (phyc)

variables:

(13a)𝑐𝑂𝑐𝑒𝑎𝑛 (𝑚𝑜𝑙 𝐶/𝑚
3
) = 𝑑𝑖𝑠𝑠𝑖𝑐 + 𝑑𝑖𝑠𝑠𝑜𝑐 + 𝑧𝑜𝑜𝑐 + 𝑝ℎ𝑦𝑐 + 𝑑𝑒𝑡𝑜𝑐

and then use cOcean to calculate total global ocean carbon

(13b)𝑇𝑜𝑡𝑎𝑙 𝑂𝑐𝑒𝑎𝑛 𝐶 (𝑃𝑔 𝐶) =
12.011

10
15

𝑖,𝑗,𝑘

∑ 𝑐𝑂𝑐𝑒𝑎𝑛
𝑖,𝑗,𝑘

𝑉
𝑖,𝑗,𝑘

where, i, j, k refer to the laƟtude, longitude, and depth indices, and V is the volume of a given

ocean grid cell in m3.
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Similarly, data requests for both CMIP6 and CMIP7 also do not include a single flux variable that

allows the calculaƟon of the change in cOcean at each grid cell. This flux (referred to here as

ocean net flux, netOceanCO2Flux), analogous to netAtmosLandCO2Flux, can be reconstructed

using exisƟng flux terms of the data request as follows, where is the atmosphere to𝑓𝑔𝑐𝑜2
𝑚𝑜𝑙

ocean CO2 flux in molar units (mol C m−2 s−1 ) and calculated as (1000/12.011).fgco2, where

fgco2 is represented in units of kg C m−2 s−1 ; icfriver and ocfriver are inorganic and organic

carbon fluxes, respecƟvely, from rivers (mol C m−2 s−1 ); fric and froc are downward inorganic

and organic carbon flux at ocean boƩom (mol C m−2 s−1 ). expcob the downward flux of

parƟculate organic carbon reaching the ocean boƩom (mol C m−2 s−1 ) is an equivalent term to

froc.

𝑛𝑒𝑡𝑂𝑐𝑒𝑎𝑛𝐶𝑂2𝐹𝑙𝑢𝑥 (𝑚𝑜𝑙 𝐶 𝑚
−2
𝑠
−1
) = 𝑓𝑔𝑐𝑜2

𝑚𝑜𝑙
+ 𝑖𝑐𝑓𝑟𝑖𝑣𝑒𝑟 + 𝑜𝑐𝑓𝑟𝑖𝑣𝑒𝑟 − 𝑓𝑟𝑖𝑐 − 𝑓𝑟𝑜𝑐 (𝑜𝑟 𝑒𝑥𝑝𝑐𝑜𝑏)

(14a)

and then use netOceanCO2Flux to calculate total global net CO2 flux leaving or entering the

ocean

𝐺𝑙𝑜𝑏𝑎𝑙 𝑛𝑒𝑡𝑂𝑐𝑒𝑎𝑛𝐶𝑂2𝐹𝑙𝑢𝑥 (𝑃𝑔 𝐶) =
12.011 × 365.25 × 24 × 3600

10
15

𝑖,𝑗

∑ 𝑛𝑒𝑡𝑂𝑐𝑒𝑎𝑛𝐶𝑂2𝐹𝑙𝑢𝑥( )
𝑖,𝑗
𝐴
𝑜(𝑖,𝑗)

(14b)

where is the area of ocean grid cells.𝐴
𝑜(𝑖,𝑗)

Once and have been calculated, conservaƟon can𝑇𝑜𝑡𝑎𝑙 𝑂𝑐𝑒𝑎𝑛 𝐶 𝐺𝑙𝑜𝑏𝑎𝑙 𝑛𝑒𝑡𝑂𝑐𝑒𝑎𝑛𝐶𝑂2𝐹𝑙𝑢𝑥

be evaluated in a manner analogous to that for the land carbon cycle globally (equaƟon 12)

where the ocean transport/advecƟon terms are ignored since their global sum is equal to zero.

If equaƟon (15) is used at the grid cell level (using cOcean and netOceanCO2Flux) then, unlike

land, a transport/advecƟon term must be included that quanƟfies the volume of C

entering/leaving each ocean grid cell.
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(15)∫ 𝐺𝑙𝑜𝑏𝑎𝑙 𝑛𝑒𝑡𝑂𝑐𝑒𝑎𝑛𝐶𝑂2𝐹𝑙𝑢𝑥 𝑑𝑡 = ∆ 𝑇𝑜𝑡𝑎𝑙 𝑂𝑐𝑒𝑎𝑛 𝐶

As for the land carbon cycle, this relaƟonship may not hold exactly because of the Ɵme

averaging process applied to the fluxes and carbon pools. The same tolerance (±1%) suggested

for EquaƟon (12) is therefore recommended when evaluaƟng equaƟon (15).

5.3. Atmosphere

Similar to cOcean, neither the CMIP6 nor the CMIP7 data request includes a variable for the

atmospheric carbon inventory (kg C/m3), or if verƟcally integrated in units of kg C/m2, referred

to here as cAtmos analogous to cLand (kg C/m2). However, it can be calculated from the

three-dimensional atmospheric CO2 mass mixing raƟo (kg/kg) field (the variable co23D in CMIP7

data request) as

(16a)𝑐𝐴𝑡𝑚𝑜𝑠
𝑖,𝑗,𝑘

(𝑘𝑔 𝐶/𝑚
3
) =

12.011

44.001
𝑐𝑜23𝐷 . ρ

𝑎𝑖𝑟( )
𝑖,𝑗,𝑘

where is the air density in (kg/m3), P is the pressure (Pa), is temperature inρ
𝑎𝑖𝑟

=
𝑃

𝑅
𝑑
𝑇
𝐾

𝑇
𝐾

Kelvin, is the gas constant (287 J/(kg K)), and where, i, j, k refer to the laƟtude, longitude,𝑅
𝑑

and atmospheric level indices. cAtmos can then be used calculate total atmospheric carbon

burden

(16b)𝑇𝑜𝑡𝑎𝑙 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶 𝑏𝑢𝑟𝑑𝑒𝑛 (𝑃𝑔 𝐶) =
1

10
15

𝑖,𝑗,𝑘

∑ 𝑐𝐴𝑡𝑚𝑜𝑠( )
𝑖,𝑗,𝑘

𝑉
𝑖,𝑗,𝑘

where, is the volume of air (m3) in each atmospheric grid cell (i, j, k).𝑉
𝑖,𝑗,𝑘

The CMIP7 data request includes a variable represenƟng the net rate of carbon accumulaƟon in

the atmosphere. This quanƟty (referred to here as netAtmosCO2Flux and referred to as fco2all

in the CMIP7 data request) can be reconstructed from the reported carbon fluxes, for example,

as
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netAtmosCO2Flux = fco2fos + [prescribed LUC emissions if any] – netAtmosLandCO2flux– fgco2

(17)

where fco2fos is the fossil-fuel CO2 emissions. There is no equivalent CMIP7 variable for

prescribed land-use change (LUC) emissions, but this term is needed for models that do not

simulate LUC interacƟvely. IntegraƟng

(18)𝐺𝑙𝑜𝑏𝑎𝑙 𝑛𝑒𝑡𝐴𝑡𝑚𝑜𝑠𝐶𝑂2𝐹𝑙𝑢𝑥 (𝑃𝑔 𝐶) =
1

10
15

𝑖,𝑗

∑ 𝑛𝑒𝑡𝐴𝑡𝑚𝑜𝑠𝐶𝑂2𝐹𝑙𝑢𝑥( )
𝑖,𝑗
𝐴
𝑎(𝑖,𝑗)

Once and have been calculated,𝑇𝑜𝑡𝑎𝑙 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶 𝑏𝑢𝑟𝑑𝑒𝑛 𝐺𝑙𝑜𝑏𝑎𝑙 𝑛𝑒𝑡𝐴𝑡𝑚𝑜𝑠𝐶𝑂2𝐹𝑙𝑢𝑥

atmospheric carbon conservaƟon can be evaluated using

(19)∫ 𝐺𝑙𝑜𝑏𝑎𝑙 𝑛𝑒𝑡𝐴𝑡𝑚𝑜𝑠𝐶𝑂2𝐹𝑙𝑢𝑥 𝑑𝑡 = ∆ 𝑇𝑜𝑡𝑎𝑙 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶 𝑏𝑢𝑟𝑑𝑒𝑛

for the whole globe where the atmospheric transport/advecƟon terms are ignored since their

global sum is equal to zero. If equaƟon (19) is used at the grid cell level (using cAtmos and

netAtmosCO2Flux) then, unlike land, a transport/advecƟon term must be included that

quanƟfies the volume of C entering/leaving each atmospheric column above a grid cell. As for

the land and ocean carbon budgets, this relaƟonship may not hold exactly and a small tolerance

(±1%) is therefore appropriate when evaluaƟng this conservaƟon relaƟonship.

In cases where the conservaƟon relaƟonships given by EquaƟons (12) and (15) for the land and

ocean carbon budgets, respecƟvely, are not saƟsfied, we recommend using changes in carbon

pools to infer the corresponding net fluxes. Experience from modelling groups suggests that,

when conservaƟon errors occur, carbon pools are generally more reliable than the reported

fluxes. Given the complexity of ESMs, it is not uncommon for fluxes associated with certain

processes to be omiƩed from the provided output, resulƟng in apparent non-conservaƟon.
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5.4. Equilibrium criteria

Analysis of carbon exchange between ESM components becomes challenging when a model

exhibits significant driŌ in its pre-industrial control simulaƟon. Following Jones et al. (2016), we

define an acceptably small driŌ in a properly spun-up model as one in which the land, ocean,

and atmospheric carbon stores each vary by less than 10 Pg C per century (i.e., a long-term

average driŌ of ≤0.1 Pg C yr−1). This is broadly equivalent to an atmospheric CO2 driŌ of less

than about 5 ppm/century. We suggest that a driŌ smaller than this value is highly desirable but

this value is a guideline. Exceeding this driŌ in the control run may preclude a model from being

included in a C4MIP analysis, but we would expect that decision to be made for models

individually. For example, a large ocean driŌ in a concentraƟon-driven experiment may not

preclude analysis of land carbon fluxes and vice-versa. We also stress that being within these

driŌs is a minimum but not necessarily sufficient quality condiƟon. Regional paƩerns and driŌs

of stores and fluxes will also be assessed and depending on the analysis may preclude inclusion

of a given model’s results.

6. Carbon isotopes

Carbon isotopes (δ13C and Δ14C) were introduced as part of C4MIP in CMIP6 (C. D. Jones et al.,

2016) and the CMIP7 data request also includes carbon isotopes variables. Carbon isotopes

provide powerful tools for evaluaƟon and understanding of various carbon cycle and climate

processes, including ecohydrological coupling (e.g., Peters et al., 2018), terrestrial producƟvity

(e.g., H. D. Graven et al., 2024), and oceanic gas exchange and circulaƟon (e.g., Claret et al.,

2021; Pookkandy et al., 2023). Modelling groups are requested to report output for carbon

isotopes in carbon pools and fluxes for historical and future simulaƟons. The protocols for

carbon isotopes in CMIP7 are the same as in CMIP6 (C. D. Jones et al., 2016); see also Orr et al.

(2017) for more informaƟon on implementaƟon of carbon isotopes in ocean models.

Atmospheric forcing data for δ13C and Δ14C in atmospheric CO2 from Graven et al. (2017) has

been revised and updated for 1700–2023 and is available at input4mips

(hƩps://esgf-node.ornl.gov/search/input4mips/ , variable names delta13co2 and delta14co2,

version ImperialCollege-3-0). Atmospheric δ13C in CO2 is provided as an annual global average
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and atmospheric Δ14C in CO2 is provided annually for 4 zonal bands: 90°–30°S, 30°–0°S, 0°–30°N,

and 30°–90°N. Atmospheric forcing data for future scenarios will soon be available at

input4mips.

7. Summary

This paper presents the experimental design and protocol for C4MIP for CMIP7. The protocol

builds on previous C4MIP contribuƟons to CMIP while extending the scienƟfic scope of the

project to address emerging carbon-cycle quesƟons and policy-relevant metrics. The proposed

experiments have been developed through extensive community discussion and aƩempt to

balance scienƟfic ambiƟon with the computaƟonal burden placed on parƟcipaƟng modelling

centres.

C4MIP has in the past relied primarily on concentraƟon-driven experiments to quanƟfy

climate-carbon feedbacks. In CMIP7, these simulaƟons remain an important component of

C4MIP, but are complemented by a broader suite of emissions-driven experiments that provide

a physically consistent framework for invesƟgaƟng carbon-cycle behaviour and esƟmaƟng

policy-relevant metrics such as TCRE and ZEC. To maintain backward compaƟbility with previous

C4MIP phases, we retain the BGC and RAD versions of the 1pctCO2 experiment. The newly

proposed emissions-driven experiments of the flat10 family now form an important component

of the C4MIP contribuƟon to CMIP7. These experiments not only provide an emissions-driven

framework for esƟmaƟng TCRE and ZEC, but also address the role of negaƟve emissions and the

quesƟon of reversibility in the context of the coupled carbon-climate system. The proposed BGC

and RAD versions of the 2×CO2 experiment, with its instantaneous increase in atmospheric CO2,

will be parƟcularly relevant for the analysis of the scenario independence of new feedback

metrics, complemenƟng the corresponding 1pctCO2 experiments, in which CO2 increases

gradually. The proposed 500 Pg C pulse experiment will help reassess impulse-response

characterisƟcs in newer-generaƟon ESMs and evaluate the extent to which impulse-response

formulaƟons derived from earlier model generaƟons remain applicable to larger perturbaƟons.

Finally, although the addiƟonal ensemble members requested for the esm-flat10-zec

experiment are categorized as Tier 2, we hope that modelling groups are able to perform these
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simulaƟons, as this will help quanƟfy the uncertainty in ZEC arising from internal climate

variability.

In developing the conservaƟon framework presented in SecƟon 5 and through subsequent

discussions among the C4MIP co-chairs and SSC members, it has become clear that assessing

carbon conservaƟon is likely to be more challenging for CMIP7 than for CMIP6. This reflects not

a lack of carbon conservaƟon within models, but rather the increasing difficulty of capturing all

model processes in the standardized CMIP data request as Earth system models become more

complex and incorporate new carbon-cycle processes. Although we idenƟfy the primary

variables in the CMIP7 data request needed to assess conservaƟon, SecƟon 5 illustrates that

assessing conservaƟon from the available requested variables, parƟcularly for the ocean carbon

cycle, can require combining several quanƟƟes and is therefore not always straighƞorward. We

hope that verƟcally integrated cOcean and cAtmos, analogous to cLand, and netOceanCO2Flux,

analogous to netAtmosLandCO2Flux, will become part of the standard CMIP data request. In

the same spirit, fco2all might more appropriately be referred to as netAtmosCO2Flux. The

challenge related to assessing conservaƟon from available CMIP6 quanƟƟes has also been

highlighted by Tang et al. (2025). We envision a C4MIP-led community paper in the future in

which the land and ocean carbon-cycle leads from parƟcipaƟng modelling groups document

conservaƟon diagnosƟcs, idenƟfy sources of non-conservaƟon, and describe how newly

introduced processes are represented in their respecƟve models. Such an effort would improve

the interpretaƟon of CMIP7 simulaƟons and help inform future data requests and experimental

protocols, whether for a future CMIP phase or other community model intercomparison

projects. In terms of requested simulaƟons, C4MIP requires 890 model years for the

Assessment Fast Track, increasing to 3,804 model years for the complete experiment suite and

to 6,204 model years when all requested ensemble members are included.

The experiments proposed here provide a common framework for invesƟgaƟng carbon-climate

interacƟons across a range of forcing pathways. As in previous CMIP phases, the value of C4MIP

will ulƟmately depend on broad community parƟcipaƟon, and the experiments described here

are expected to support a diverse range of analyses extending well beyond the core objecƟves

of the project. While maintaining conƟnuity with previous CMIP phases, C4MIP has evolved
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from a project focused primarily on quanƟfying climate-carbon feedbacks to one that addresses

a broader set of scienƟfic quesƟons related to the behaviour of the coupled carbon-climate

system under a range of emissions pathways.
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