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Abstract. Idealized experiments with coupled climate-carbon Earth system models (ESMs) provide a basis for understand­

ing the response of the carbon cycle to external forcing and for quantifying climate-carbon feedbacks. Here, we analyze 

globally-averaged results from idealized esm-flat 10 experiments and show that most models exhibit a quasi-linear relationship 

between cumulative carbon uptake on land and in the ocean during a period of constant fossil fuel emissions of 10 PgC/yr. 

5 We hypothesize that this relationship does not depend on emission pathways. Further, as a simplifi(;ation, we quantify the 

relationship between cumulative ocean carbon uptake and changes in ocean heat content using a linear approximation. In this 

way, changes in oceanic heat content and atmospheric CO2 concentration become interdependent variables, reducing the cou­

pled temperature-C02 system to just one differential equation. The equation can be solved analytically or numerically for the 

atmospheric C02 concentration as a function of fossil fuel emissions . This approach leads to a simplified description of global 

10 carbon and climate dynamics, which could be used for applications beyond existing analytical frameworks. 
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Introduction 

The relationship between climate change and carbon emissions has been extensively studied (Cox et aI., 2000; Friedlingstein 

et aI., 2006; Matthews and Zickfeld, 2012: WiJliams et aI., 2016; Jones and Friedlingstein, 2020). The framework of idealized 

experiments of the Coupled Climate-Carbon Cycle Model Intercomparison Project (C4MIP) (Jones et aI., 2016) allowed 

15 the climate-carbon feedback (Arora et aI., 2020) to be quantified in the Coupled Model Intercomparison Project phase 6 

(CMIP6) while experiments in the Zero Emissions Commitment Model Intercomparison Project (ZECMIP) helped to assessed 

the zcro-cmission climate commitment (Joncs ct aI., 2019; MacDougall et aI. , 2020). Recently, 'flatIO' Modcl Intcrcomparison 

(RatLOMIP) experiments (Sanderson et aI., 2024a) were conducted with a suite of ESMs to assess the carbon-climate dynamics 

relevant to mitigation (Sanderson et aI., 2024b). The core experiment in Rat IOMIP, esm-Rat 10, was designed to j ssess !he 

20 	 response of temperature change and land/ocean carbon dynamics as a function of cumulative emissions.7" sc~na~i61 ~ 
constant emissions of 10 PgC/year ~contin~~oo years with the expectation of a near-linear increase in global 

,C! 	0. c.1I\I 
temperature according to the concept orlTransient Climate Response,to cumulative CO2 Emissions (TCRE; Canadell et aI., 

. A3-, ...,t- ... ~,,,,,~t~ 
2021). Here we tie the results of the Rat IOMIP experiments~o siQ;lpljfy ,~ energy and carbon budget of the coupled climate­

fAA,. \u.AQ. 	 r L'L" .L D 
carbon system. 	 ~ »>".n~I~4n~ '""'O~ 

25 These idealized climate-carbon experiments differ from historical CMIP6 experiments, where historical forcings such as 

emissions of aerosols, non-C02 greenhouse gases and land-use changes were used for model evaluation against observed 

global and regional climate changes and atmospheric CO2 concentrations. Historical simulations were performed and compared r.WD"C"d ~ 
M,l&.l~ 

using both concentration- and emission-driven approaches (Hajima et aI., 2025). For the carbon budget, historical simulations pc.. ~~ 

~",\~,.' ... ,- ESMs were evaluated against~bserved atmospheric CO2concentration and results from stand-alone land and ocean carbon 6i"'= 
cl~ "..~~.... w,",ic\.. c .... r;.\t"tc..l"Tlt 4U r:- -r 

" ...... 30 models perfumed lIii~ the Global Carbon Project (GCP; Friedlingstein et aI., 2023). Idealized experiments cannot be directly ""'~~" J­
t1.J'­

evaluated against observations; however, they are very useful in understanding the role of different climate and carbon processes ..L ~~ 

and the timescales of their dynamics. ~ . 

The global energy balance of the climate system is a useful framework for analyzing climate models and observations 

(Forster et aI., 2021; Gregory et aI., 2024). Energy balance models assume that the Earth's annual energy budget was in 
c, ... a. 	 ~~<>~~;~~~ 35 	 equilibrium in the pre-industrial pare. i.e., solar energy reaching the Earth was fully compensated by~utgoino into 

space. The increase in greenhouse gases, especially CO2 , is IRFQII'iAg IR8 E;'G18ffl t'JtI! elf balance. The equation for the global 
n." dis.,.~tc.cl

energy balance can be formulated as follows: 

N = F-)"T 	 ( I ) 

where N is the Earth 's heat uptake, [Wj m2 ], F is a forcing dependent on the anthropogenic greenhouse gases concentration 

40 	 in the atmosphere, [Wjm 2 ],).. is the climate feedback parameter, [Wjm2 j K) , and T is the global temperature change relative 

to equilibrium [K). Since the heat capacity of the land is negligible compared to the heat capacity of the ocean on annual time 

scales (Palmer and McNeal I, 2014), the heat uptake could be interpreted solely as the heat uptake of the ocean (Gregory et aI. , 

2024). The processes of oceanic heat uptake, mainly the warming of the mixed layer of the ocean and the transfer of heat to the 

deep ocean by convection and diffusion, are similar 10 the processes of inorganic oceanic carbon uptake (Seferian et aI., 2024). 
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45 	 The recently explored link between ocean warming and carbon uptake indicates a strong role of the Southern Ocean in the 

ocean carbon uptake (Williams et al. . 2024; Bourgeois et al.. 2022). Tn this study. we use the flat I 0 experiments to simplify the 

global dynamics and avoid going into such regional analyses. Winkler et al. (2024) showed that there is pathway-independent 

linear relationship between land and ocean carbon uptake in emission-driven simulations using the MPI Earth system model 

(MPI-ESM; Mauritsen et aI. , 2019). We generalize this empirical relationship and use it to simplify the energy budget model 

1. "'" c:l50 	 (Eq. I) in such a way that it could be solved analytically or numerically"then use the example of one model, MPI-ESM. to 

show how this approach could be applied to idealized experiments. We also use this simplified approach for the ramp-down 

trajectory of MPI-ESM and discuss our results. Afterwards , we apply this approach to some other flat IOMIP FSMs and discuss 

analytical and numerical solutions for the airborne fraction of carbon emissions. Finally. we compare I1atl OMIP and C4MIP 

( results and hypothesize about the dependence of idealized climate-carbon dynamics on C02 emission pathways. 

'(QW"'~ clo~~ \r..j tc. ~ .". A s~ ... "1 ~ .. ~ k HP I lI'\o d..aL 
55 2 Linking carbon cycle with ocean heat uptake 

In differential equation form for the change in the ocean heat content (OHC) H , [J], Eq. I could be written as 
dH s.~"t,t \4s""" A"T h.stt.Acl ~ 1 ~ taY>cl t\ ""'''~l'''h'''4-s au..'" \ow...~ UII'\~e.-t-
dt = F - AT ,,,,+'p.'"", ",,', ~H 0 -t f to CF(t' ) _ >- ,(j '-Ct'») ~~ 

with initial conditions.ft{1J) AT(O) = O. ",t'tr ) ~ () 0 


let" ---.I""~.s_ 
For the carbon cycle variable(Ca, Co, and Cl y< anthropogenic carbon content of the atmosphere, ocean, and land respec-] S~,~ ~ 

60 tively. [PgC], the initial values are zeroes (pre-industrial equilibrium). Annual carbon emissions in the initial 100 years of ;:;;: 

flat J 0 experiments are prescribed at a constant rate of E == 10 PgC/yr (Sanderson et aI., 2024a, b). For the flat IOMIP analysis Lj C.(, 
~G 

(Sanderson et aI., 2024b) , most of the models show a linear relationship between cumulative land and ocean uptakes (Fig. I): 0 

Cl(t) = ~;o( t ). ~ l~' s Y'\o~ ob"j ous. ~ t\. -1 A,.{ t-,.., k., (.Q'" \4 pI!. I!!~ ~u."" -k~fi~ ? 
This linear relationship was also observed in a study using MPI-ESM and different idealized emission pathways (Winkler et aI., 

65 2024). 

The ratios of land to ocean carbon uptakes, Ct/Co • in the flatJO experiments are similar to the ratios (3t/ , 0 of the car­

bon-concentration feedback parameters as well as to the Ct/Co ratios at the 2xC02 level in the C4MIP experiments of CMIP6 

(Tab. I). This similarity is expected, as the carbon-concentration feedback parameters (3( and 60 rellecl an increase of land 

and ocean carbon pools, respectively, in response to atmospheric CO2 changes. However, the linearity of the Ct/Co ratio for 

70 	 the range of emissions from 0 to 1000 PgC is unexpected. Although processes that govern land and ocean carbon uptakes are 

different, the link between them could be explained by increasing atmospheric CO2 concentration which is a primary forcing 

for bot~ land and ocean carbon uptakes. We can apply this empirical relationship to simplify the description of carbon cycle 

dynamics, in particular for MPI-ESM (Fig. 3, left). AdditionaIly, for simplicity one can assume a linear relationship between 

ocean heat and carbon uptake, as the processes of dissolution and transport of CO2 into the deep ocean are generally similar to 

75 the transport of heat (Fig. 2, Fig. 3, right) : 
IAS;"j 6:. ..,; 1/ 

Co(t) = 7]H(t) , (4) 
tt(f;) - H (0) 
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Figure L Cumulative land vs ocean carbon uptakes in the Aat I °experiment s for the hrst 100 years. Historical land vs ocean carbon sinks 

provided by Ihe Global Carbon Project (Friedlingstein et aI. , 2023) for the period 1850-2022 are shown by continuous black line. Note that 

land fluxes do not account for land use changes. The thin dash line is the I: I ratio. PIs "'" \<:.~ it- e1.u-.- ht'~~ o~ ~ LU C. 
Model ellen. AatlO fj l / fju ellen. C4MIP 

CESM2 1.17 1.17 1.08 

CNRl\1-ESM2-1 1.17 1.69 1.36 

GFDL-ESM4 0.90 I. I I 0.88 

GISS-E2-IG 0 .57 0.8* 0.96* 

MJROC-ES2L 1.24 1.71 1.41 

MPI-ES M I .2-LR 1.27 1.23 1.33 

NorESM 2-LM 1.09 1.07 1.03 

UKESMI.2 1.05 1.14 0.98 

~ -ft~o ~I'I·t. Aho ~ 

;;.-~ -{ ~-fV,. ~ 
LvC. e-iss'pwu ~ ~ CJ., ~ 
his~ CO(.\> Ht........ ~ 

Si"ct. AC .' 'A~CL~.6C.o-+ ~ 0 $1'\1..& 

r\U.Q +0 e>.d d """ -\-0 
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Table 1. Parameters of flatlO ESMs. Left. CdC" = k - 1. the ratio of cumulative land to ocean carbon uptakes by the year 100. For 

compari son with C4MIP experiments at the 2XC02 level (Arora et aI., 2020): middle. ratio of {31 to {3o; right . a ratio of cumulative land to 

ocean carbon uptake. *GlSS model result s are based on s lightly older version of GISS-ESM. 

where the units of I} are [PgC / Jj. Note that the ocean carbon sink saturates with rising CO2 concentration and warming. 

therefore a non-linear logarithmic relationship between carbon and heat uptake might fit better (Fig. 2). but for simplicity we 

use the linear relationship (Eq. 4) thus allowing us to find an analytical solution of the coupled climate-carbon system. 

For the atmospheric carbon content. carbon conservation can be written as: 

(5) 

""",~~t- u.'i~ 

5E (t-). cU- - ~ ~".." 
4 

80 
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Figure 3. Results of the flat I 0 experiment wilh MPI-ESM 1.2-LR (blue lines). Left : dynamics of cumulalive land vs ocean carbon uptakes. 

Right: changes in cumulative ocean carbon and heat uptakes. Black lines are for linear fits. 

where Et are the cumulative carbon emissions. The derivative of Co. is then 


dCa. =E-k dH. 
 (6)
dt T} dt 

From the Eq. (2), it follows 


dCa ( )
85 - = E - kT} F - AT . (7)
dt 
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The Eq. (7), where left and right parts are functions of atmospheric CO2 and time, reduces the coupled temperature-C02 

system to just one differential equation. This is the novelty of our approach. 

Co /,',.,..di -~ . 	 ~ 
2.1 	 AnalyticalSOJutionfordynamicaysystem ~ ~~ ~Yf)..,." 

We assume that the forcing F is linearly proportional to the CO2 concentration, F = rCo , where r is a constant [W/m2 / P gC), 

90 and that temperature is growing linearly with time as a consequence of constant TCRE (Transient Climate Response to cumu­

lative C02 Emissions; Canadell et aI., 2021). Accordingly, T = ( Et , where ( = T C RE [K / PgC). and we can write 

dCadt = E - kryrCo + kT) /\ ( Et = E( 1 + kT)/\(t) - kT)rC" 	 (8) 

By renaming constants and writing :r instead of Ca , this differential equation can be written in the form 

(9) 

95 	 where ki ' i = 1,2,3 are constants. By substituting the variable x to u = kl + k2t + k3X, Eq. (9) can be written as 


d t t 

- = k2 + k3U 	 ( 10) 
dt 

and solved analytically. The solution for the coupled CeL and T system is 

(II) 

and 

100 	 T(t) = ( Et . ( 12) 

· - ~ - (r -:l() - 1 E (II) b .B YrenamIng constants 'Po - ,.' T/ - ,.2kry ' Te - kiF' q . can e wntten as 

(13) 

where 'P( t ) = 'Po + 1- (1 - c - t/ T . ) is the airborne fraction of cumulative CO2 emissions , 'Po is the asymptotic airborne fraction , 

TL and Te are , respectively, linear and exponential time scales of the exponential component of the airborne fraction, [yr ). 

105 Values of parameters 'Po, T/ and Te for ESMs are given in the Table 2. 

According to Eq. (13), the cumulative airborne CO2 fraction, 'P (t) includes two terms. The first term 'Po is a constant, and 

the second term 1- (1 - c- t / T . ) is time-dependent. Because the later term is proportional to t, it decreases with time, therefore, 

the cumulative airborne fraction 'P ( t) also decreases with time. The instantaneous airborne fraction 'Pi can be written as 

dCa 	 1 TL -t/L
'Pi( t ) =-- ='Po+-c • 	 (14 ) 

dt E Te 

110 Because the exponential term c- t / T , is decreasing with time , the instantaneous airborne fraction also decreases with time 

approaching 'Po (Fig. 4, left). The land and ocean carbon storages can be written as 

k-1 
Ct(t) = ---y- (Et - Co) 	 (15) 
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Figure 4. Instantaneous C02 airborne fraction in the analytical (left) and numerical (righl) soJulions for flallO ESMs G)I~J 
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.s. i YI'lul,,~ (16) 

115 	 and the derivative of atmospheric CO2 with respect to temperature: 

dCa dCn dt >. (r' - >.() -kwt 
--=----=-+ c. 	 (17)
dT dt dT r d 


These results can be used to understand the dynamics of carbon feedback parameters. 


V. O~ . . 
2.2 N)'rerical solution WIlt..., Jut-~ 

The assumption that the forcing F is linearly proportional 10 the CO2 concentration, F = rCa., is only valid for small changes 

120 in CO2 . More correctly, a logarithmic dependence F = r 111(1 + ~), where C~ is pre-industrial atmospheric C02 storage, 

leads to an equation in the form: 

( 18) 

which does not have an analytical solution. 


The equation for atmospheric CO2 concentration: 


dCa (Cn ) .125 	 - = E - kT)r In 1 + Co + k17>'~ Et ( 19) 
dt 	 a 

can be solved using a numerical approach. Equations (15) and (4) provide solutions for carbon and heat variables, respectively. 

Accounting for the logarithmic dependence of the forcing on CO2 results in much better agreement with the MPI-ESM simu­

lation (see Fig. 5, left). The cumulative airborne C02 fraction is decreasing until about year 40 for MPI-ESM and then starts 
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to increase slowly (Fig. 4, right) . This is different from the airborne CO·2 fraction of the analytical solution that continues to 

130 decline (Fig. 4, left). Results of the analytical and numerical solutions for several other Rat 10 ESMs are presented on the Fig. 

6. 
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Figure S. Atmospheric C02 conccntration in the flatlO (left) and flat I Ocdr (right) experiments with MPI-ESM (black). Bluc and orange lines 

are for analytical and numerical solutions, respectively. 

Year 

Model <Po = ()../r T/, ryrj T", ryrj 

CESM2 0.29 8.6 12.1 

CNRM-ESM2-1 0.26 10.6 14.2 

GFDL-ESM4 0.28 8.2 11.3 

GISS-E2-IG 0.33 8.9 13.3 

MIROC-ES2L 0 .29 6.7 9.3 

MPI-ESM 1.2-LR 0.27 8A I 1.6 

NorESM2-LM 0.26 10.0 13.6 

UKESMI.2 0.32 6.9 10.2 

Table 2. Parameters of airborne fraction of atmospheric C02 for flat 10 ESMs. Left, <po , an asymptotical airborne fraction; middle, T" linear 

airborne timescale; right, T e, exponential airborne timescale. 

b 2.3 Ramp-down ftatlOcdr experiments 

Beyond 100 years of RatiO simulations (ramp-up), the Rat 10MIP experiments also included flat 10cdr simulations for a further 

200 years aiming to assess lime scales and hysleresis in climate and carbon variables. The flatlOcdr scenario included a 

135 linear decrease in emissions from + I 0 to -10 PgC per year over 100 years and constant -10 PgC emissions (removed from 
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Figure 6. Atmospheric C02 concentration in the flat I 0 experiment with ESMs (black) and model results (blue - analytical, orange - numerical 

solution). 9 
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Figure 7. Cumulative land to ocean carbon uptakes (left) and ocean carbon to heat uptakes (right) in the flat JO and flat I Ocdr experiments 

with MPI-ESM 1.2-LR. Gray lines arc linear tit s for the corre sponding simulations. 

Model k-l = C{ICo T/ = CoIOHC [PgC/ZJJ ( = TCRE [KIEgCJ ). [W/m 2 fKJ h,. 1h­
CESM2 l.I7 0.18 (0.27) 1.8 0.63 (1.42) 

CNRM-ESM2-1 1.17 0.23 1.72 0.74 (1.32) 

GISS-E2-IG 0.57 0 .3 (0.34) 1.62 1.46 (1.82) 

GFDL-ESM4 0.9 0.33 1.45 0.82 (1.7) 

MIROC-ES2L 1.24 0.28 (0.34) 1.3 1.54 (1.95) 

MPI-ESMI.2-LR 1.27 0.27 1.5 1.6 

NorESM2-LM 1.09 029 (0.25) 1.4 1.65 ,
UKESM1.2 1.05 0.21 (0.34) 2.45 0.67 (1.17) 

\ 


1, 
Table 3. Parameters based on flatlO experiments: C/ICo , the ratio of cumulative land to ocean carbon uptake (yr 100); CoIOHC, the ratio 

of cumulative ocean carbon to heat uptake, PgC/ZJ (yr 100); TCRE,K1EgC (yr 100); and), from 4XC02 experiments (Zelinka et ai. , 2020). 

Numbers in parentheses are adjusted parameters for analytical and numerical solutions. 

the atmosphere) over the next 100 years (ramp-down trajectory). The results for carbon and heat uptake for the MPI-ESM 

are shown in the Fig. 7. The ramp-down dynamics are quasi-linear for both the carbon variables and the ocean heat content, 

although the statistical significance of fits is lower than for the ramp-up curve. With the simplified approach (Eqs. 9-18), 

modified parameters and initial conditions, we are able to simulate the atmospheric CO2 trajectory for the last 100 years of 

14 -the flatlOcdr experiment quite well (Fig. 5, right). This indicates that the dynamics with constant negative emissions could be 

simplified in a similar way to the path with positive emissions. 

is 



htlps:lldoi.orgl I O.S I94/egusphere-2025-3270 
Preprint. Discussion started: 16 July 2025 
© Author(s) 2025. CC BY 4.0 License. 

~ cpWJ 

3 Discussion 

The analysis of the idealized flat 10 experiments reveals a simplified formulation of the coupled climate-carbon dynamics. 


In particular, the linear relationship between the cumulative carbon uptake of land and ocean is a remarkable feature of the 


145 dynamics of the global carbon cycle, independent of the emission pathway (Winkler et aI., 2024). Except for that recent 

study, it has not been been discussed in previous publications examining idealized CO2 experiments. Interestingly, CdCo 

dynamics are also linear in experiments with a I% annual increase in C02 concentration (Arora et aI., 2020) up to a CO2 

concentration of about 2xC02 (Fig. A I, left). The CdCo ratio in emission-driven flat I 0 experiments and concentration-driven 

C4MIP experiments is very similar (Table I). This indicates that the CdCo ratio only weakly dependent on idealized emission 

150 scenarios and that CdCo does not differ significantly between concentration- and emission-driven simulations. The study by 

Winkler et al. (2024) confirmed this for the MPI-ESM model (see Fig. A2). Since we did not perform a full set of simulations 

with different idealized scenarios, we cannot prove this for all models, but formulate these results as a set of hypotheses: 

- Hypothesis I: CdCo does not differ between idealized emission scenarios, 

- Hypothesis II: CdCo does not differ significantly between concentration- and emission-driven idealized simulations. 

155 There are clear limits to the validity of these hypotheses. Firstly, they are based on simulations spanning only a 100 year 

period (for some models, longer simulations are provided). Secondly, the linear relationship is known to hold for most models 

up to emissions of at least 1000 PgC or a CO2 concentration of about 560 ppmv. At higher C02 concentrations, carbon uptake 

on land in some models increases more slowly or even decline compared to ocean uptake (Sanderson et aI., 2024b), CdCo 

decreases or reverses, and the relationship becomes non-linear (Fig. A I, right) as also reported by Winkler et al. (2024) for 

160 	 different pathways. This non-linear behavior usually emerges at high atmospheric CO2 (and temperature) level, potentially due 

to saturation in CO2 fertilization- or nutrient limitation-associated vegetation growth (Arora et aI., 2020; Tjiputra et aI., 2025; 

Kou-Giesbrecht et aI., 2025). ~o ~ ~ A-. ~_Io r-l)'vrt ~ . kil-o CA8LE ~df ,-II AU.E$.S ~ N 'W-~ p CIt-1~. 
An exception is the ACCESS mod , one of the flat I 0 and C4MIP models, which shows no linear relationship after about 


30 years of experimentation (Fig. A3). The saturation in cumulative land carbon uptake in the ACCESS model is partly due 


165 	 to a relative increase in heterotrophic respiration (Rh) in response to temperature, which has a delayed impact due to large 

carbon pool turnover times. Also, temperature might be limiting carbon uptake in the tropics because optimal temperature for 

photosynthesis is exceeded and productivity therefore declines, while Rh is increasing. These non-linear dynamics deviate 

from the historical trajectory of the global carbon budget (Friedlingstein et aI., 2023) indicated by black lin~s on. the Fig. A3. I I • 

.~ dU?1 t~ ACLE'J.J IU "''''v,''.!} 
Therefore, we excluded this model from our analysis of climate-carbon dynamics. It is noteworthy thar the trajectories of the J,;fftft>tt!! 

170 ACCESS model are very similar for concentration- and emission-driven experiments (Fig. A3) . This fact supports hypotheses ""It.., J.I 
O~lt1D-..., 

I and II. 

The quasi-linear CdCo relationship allows a simplified analysis of the energy budget of the system. The relationship be­


tween ocean carbon and ocean heat uptake is less linear, but a linear assumption helps to simplify the coupled energy and 


carbon dynamics. For MPI-ESM, the simplified approach with parameters from the flat I 0 and 4XC02 experiments (used for 
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175 	 determining the climate feedback) leads to a very good fit of the at ospheric C02 concentration (Fig. 5). For the other models, 

a good fit LO the atmospheric CO2 concentrations (Fig. 6) requires adjustment of the climate feedback parameters, mostly 

towards higher values (Table.l). This possible mismatch could be explained by the non-linearity of the relationship be~ween ],Ne.w> 
carbon and heat in the ocean and/or by the higher values of the cltmate feedbacks for the first years of the 4xC02 expenment h"ft, 

(Zelinka et ai , 2020). 

180 The airborne CO2 fraction in the analytical solution decreases over time (and with increasing emissions) until it stabilizes 

at a certain level (Fig. 4, left). This behavior sounds counterintuitive, as feedback analysis of the climate-C02 relationship 

(Friedlingstein et al. , 2006; Mendonca et ai , 2024) suggests that the airborne fraction should increase and not decrease with 

increased emissions and temperatures. Under the analytical assumptions, however, this makes sense: with a linearly increasing 

CO2 forcing, heat uptake increases. leading to increased carbon uptake in the ocean and on land. However, since the radiative 

185 forcing depends logarithmically on CO2 , the proportion of CO2 left in the air initially decreases in the simulations, and then 

increases after 30-50 years in all ESMs (Fig. 4, right). It is interesting to note that thi s non-linearity in the dependence of 

radiative forcing on CO2 leads to lower carbon uptake in the ocean and on land than the linear dependence of radiative forcing. 

The main mechanisms of carbon uptake on land are CO2 fertilization of plant productivity (which increases logarithmically 

with increasing CO2 concentration) and heterotrophic or soil respiration (which increases exponentially with increasing soil 

190 	 temperature). The net effect is an increase in carbon uptake with elevated CO2 , with a tendency for land carbon uptake to slow 

as warming progresses (Canadell et al. 2021). There are also other less significant processes such as disturbances and shifts 

in vegetation distribution that affect carbon changes on land. For example, Winkler et al. (2024) demonstrated that vegetation 

dynamics lead to an additional increase in forest carbon storage. 

In the ocean, CO2 uptake is mainly determined by the CO2 pressure difference between the atmosphere and the surface water 

195 	 and by the diffusionlremoval of dissolved inorganic carbon (DIC) into the permanent thermocline. With increased temperature 

and elevated DIC concentration, the CO2 solubility in sea water decreases and ocean uptake slows down . Changes in marine I~ 

biology also affect carbon uptake, but to a lesser extent (Williams et aI., 2020; Seferian et aI. , 2024; Tjiputra et al.. 2025). it-.. 1=1" "f 
~ implication of the linear relationship between cumulative land and ocean uptakes (Fig. I) is that mechanisms either don 't (~:,ht") '] 

change much, or slow at the same rate for ocean and land. This is consistent with the notion that global rates of heat and carbon 

200 uptake by the ocean are primarily set by the background. or unperturbed, ocean circulation (Armour et aI., 2016; Bronselaer and 

Zanna, 2020). This might help explain why the relation between cumulative heat and carbon uptake is scenario-independent 

in MPI-ESM (Fig. A2), as future rates of heat and carbon uptake are largely unaffected by changes in the ocean circulation. 

Whether or not ocean dynamical adjustments can break this linearity over longer timescales merits further analysis but is 

beyond the scope of this paper. 

205 	 4 Conclusions 

The relationship between cumulative carbon uptake on land and in the ocean, Ct/Co , is model-specific and nearly linear in 


flat I 0 simulations until it reaches twice the pre-industrial CO2 concentration. Comparison of emission-driven flat IOMIP and 
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concentration-driven C4MIP simulations shows that the Cd Co relationship is the same regardless of whether atmospheric CO2 

is prescribed or interactive. Experiments with different Earth system models suggest that this relationship is also independent 

of the emission pathways. Therefore, we have formulated the hypothesis that the relationship CdCo is independent of the 

natural carbon cycle models used in each ESM. The validity of this hypothesis is subject to certain limitations, in particular the 

linearity does not work well for CO2 concentrations above twice the pre-industrial C02 level. A further limitation arises from 

thc hundrcd-ycar duration of thc fiat I 0 simulations, as adjustmcnts in thc dccp occan on a timc scale of 500-1000 ycars will 

significantly alter the carbon cycle and the temperature response. 

215 We also found a relationship hetween ocean heat and carhon uptake in idealized simulations that allows for a simplification 

of the coupled climate-carbon dynamics. This approach links the atmospheric CO2 concentration to the ocean heat uptake 

and allows a reduction of the dynamical system to fewer dimensions. The simplified approach is valid for both ramp-up and 
L..- • bl ?~ b"j<d 01'1 li~ ~AI""~ O""'L lUi"" 

ramp-down experiments. \lA" A t4. • .. 1\ 10, de.~c Ae.1I\d 'I r em COl. 
An analysis of the airborne CO2 fraction in the <*181) tical ana A:1:llfl~QI~ons revealed an important explanation for 

220 the linearity of the TCRE. If the radiative forcing were linearly dependent on the atmospheric CO2 concentration, the airborne 

fraction would stabilize at a certain level. The realistic , logarithmic dependence of the radiative forcing on the CO2 concen­

tration leads to the airborne fraction increasing after 30-40 years of emissions. With increasing atmospheric CO2 level, the 

weakening CO2 radiative forcing is therefore compensated by an increasing airborne CO2 fraction, which leads to an almost 

constant temperature increase per unit of emissions or constant TCRE. 

~~~~ 
~i~~~ k'l.c 

225 Code availabiliry. All code \0 reproduce plots in this study is permanently available at: hups://doi.org/ IO.5281Izenodo.15838467 

4l.U~ 

Data availability. All data to reproduce this study is included at: htlps://doi.orgllO.5281Izenodo.1 5838467 

Appendix A 

For comparison with the fiat I 0 experiments, the results of the C4MIP simulations are shown in Figs. A I and A3. Notations 

and parameter units are listed in the Table A J. 
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Figure A 1. Cumulative land vs cumulative ocean carbon uptake in the C4M IP experiments tir 2XC02 (left) and 4XC02 levels (right) , data 

from Arora et al. (2020) / to ~ 
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