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Xuanming Su 6,7, Junichi Tsutsui 8 & Yeray Santana-Falcón 1

The Ocean Heat-Carbon Nexus, linking ocean heat and carbon uptake, is crucial for understanding
climate responses to cumulative carbon dioxide (CO2) emissions and to net zero CO2 emissions. It
results from a suite of processes involving the exchange of heat and carbon across the sea-air
interface as well as their storage below the mixed layer and redistribution by the ocean large-scale
circulation. TheOceanHeat andCarbonNexus is assumed to be consistently represented across two
modelling platforms used in the latest IPCC assessments: the Earth System Models (ESMs) and the
Simple ClimateModels (SCMs). However, our research shows significant deficiencies in state-of-the-
art SCMs in replicating the ocean heat-carbon nexus of ESMs due to a crude treatment of the ocean
thermal and carbon cycle coupling. With one SCM, we show that a more realistic heat-to-carbon
uptake ratio exacerbates the projectedwarmingby 0.1 °C in lowovershoot scenarios and up to 0.2 °C
in high overshoot scenarios. It is therefore critical to explore how SCMs’ physical inconsistencies,
such as the representation of the ocean heat-carbon nexus, can affect future warming projections
used in climate assessments, not just bySCMs inWorkingGroup3but alsobyESMs inWorkingGroup
1 via SCM-driven emission-to-concentration translation.

Atmospheric CO2 continues to rise at unprecedented rates in response to
human activities1,2. The accumulation of CO2 in the atmosphere promi-
nently governs the increase in radiative forcing that drives in turn the
addition of heat in the atmosphere3,4.

In this global picture, the ocean plays a key role by slowing down the
rate of atmospheric CO2 accumulation and global warming.

On the one hand, the ocean absorbs more than 25% of anthropogenic
CO2 emissions annually1,2, hence, exerting a strong control on the airborne
fraction of CO2 in the atmosphere.

On the other hand, the ocean absorbs about 90% of the additional heat
resulting from the Earth energy imbalance induced by the accumulation of
greenhouse gases in the atmosphere3–5.

The interplay between the uptake of heat and carbon by the ocean is
generally referred to as the “ocean heat-carbon nexus”1.

By driving not only the accumulation of CO2 and heat in the atmo-
sphere but also the redistribution of heat and carbonwithin the global ocean
across similar timescales, the ocean heat-carbon nexus exerts control on the
response of the Earth’s climate and carbon cycle to cumulative CO2 emis-
sions (i.e., the transient climate response to cumulative CO2 emissions1,
TCRE). In particular, the path independence of the TCRE emerges as a
direct result of the interplay between the ocean heat and carbon uptake6–8.
The ocean heat-carbon nexus has also been shown as a critical geophysical
property to explain the warming commitment to net zero emissions9,10.

The ocean heat-carbon nexus arises from a well-understood combi-
nation of processes.

By governing the partitioning of the anthropogenic emission of CO2

and additional heat, the exchange of heat and carbon across the sea–air
interface emerges as the primary driver of the Nexus (e.g., refs. 1,3,5).
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This process is typically parameterized into well-established expressions
that link the flux to wind stress and the gradient of heat or CO2 across the
sea-to-air interface11.

The otherdriver of the oceanheat-carbonnexus arises from the suiteof
processes controlling the capacity of the ocean to store heat andCO2, which
are respectively governed by the strong heat capacity and the limited CO2

buffering capacity of seawater12. The large-scale redistribution of heat and
carbon through the ocean circulation andmixing links these two quantities
together over longer timescales5,13,14.

Under rising atmospheric CO2, the accumulated heat from a positive
Earth energy imbalance is mainly stored in the ocean3,4.

About 25% of the anthropogenic CO2 emissions is absorbed by the
ocean, leading to the accumulation of CO2 in the uppermost layer of the
ocean1. The large-scale transport and mixing redistribute the accumulated
heat and carbon across the ocean layers, linking together the uptake of heat
and carbon with a near linear relationship (Fig. 1).

This near linear relationship breaks and takes the form of a regime
shift1,15–17 (Fig. 1) with rising atmospheric CO2 after which the uptake effi-
ciency of the ocean for CO2 reduces much faster than for the heat.

This regime shift arises from a combination of three factors.
First, both models and theory show that there is no physical limitation

that would reduce the ability of surface ocean temperature to equilibrate
with the atmospheric temperature. This implies that there is nomechanism
thatwould limit the capacity of the ocean to take up the additional heat from
the atmosphere5,18.

Second, and in contrast, the capacity of the ocean to store CO2 differs
from its capacity to store heat because the carbon buffering capacity
decreases as the ocean absorbs anthropogenic CO2 and stores it as dissolved
inorganic carbon12,19. In addition, ocean warming reduces the solubility of
CO2 into seawater thus reducing the carbon sink efficiency16,17,20,21.

Third, the accumulation of heat by the uppermost layers of the ocean
reinforces the stratification of the surface ocean, slowing themixingwith the
subsurface ocean of water masses in contact with the atmosphere15,19,20.
Together with salinity change, the subsequent changes in large-scale ocean
circulation such as the Atlantic Meridional overturning circulation in
response to global warming tends to exacerbate this phenomenon by
slowing down the redistribution of heat and carbon within the global
ocean13,14,18,22,23. Together, the stratification and reducedmixing aswell as the
slowdown inmajor features of the ocean large-scale circulation reinforce the
regime shift of the ocean heat-carbon nexus in a future warmer climate
where each Joules taken up by the ocean will drive a stronger saturation of
the ocean carbon uptake.

The wide diversity of geophysical climate models used in global in
climate assessments such as IPCC24–26 are assumed to correctly model key
features of the interplay between the ocean heat and carbon uptake1,5.

This diversity can be mapped in two main categories depending on
their modeling paradigm.

The first category is the coupled climate models also known as the
Earth systemmodel (ESMs). This category ofmodel represents amajor tool

for IPCCWorking Group (WG) I assessments. The modeling paradigm of
ESMs primarily arise from the process understanding of the flow of energy,
moisture, and chemicals through the atmosphere, ocean, and land surface,
governing Earth’s climate. In this model category, the representation of the
suite of oceanprocesses that are involved in theuptake of heat and carbonby
the ocean are included: most often explicitly resolved and sometimes
parameterized. Through process representation, ESMs enable a wide range
of interactions between the ocean and the other components of the Earth
system27. Of particular relevance, the modeling paradigm brings the
representation of the ocean hydrodynamics and of the ocean carbon cycle
on the same framework, ensuring that the large-scale transport of heat and
carbon are directly linked13,14. The latest generation of ESMs that have
contributed to the 6th phase of the CoupledModel Intercomparison Project
(CMIP6, ref. 28) describes these processes in unprecedented detail24.

The second category is the Simple Climate Models (SCMs) that are
based on a more diverse modeling paradigm than ESMs, and that emulate
the response of most Earth system components through a suite of box
models and impulse response functions29–36. Therefore, their representation
of ocean heat and carbon uptake follows their own modeling paradigm.
Interactions between other components influencing the ocean heat and
carbon cycle, such as sea ice are seldom directly modeled37.

Yet, they are parametric models designed to be computing-efficient,
flexible and easily tunable in order to emulate the response of complexESMs
within a certain domain of validity37,38.

Thanks to their flexible framework, SCMs can account for multiple
lines of evidence that counter known biases of the current generation of
ESMs and hence resulting in better-constrained future projections39,40. For
the case of the ocean heat-carbon nexus, most SCMs include observational
constraintson thehistorical globalmean surface temperature but alsoon the
ocean heat and carbon uptake40. Because of these properties, SCMs have
played a key role in the latest IPCC assessment in propagating theWorking
Group 1 (WG1) physical assessment25 derived from ESMs to a wider array
of emission pathways assessed by WG326. In addition, SCMs are not only
used as the climate component of IPCC-class integrated assessmentmodels
that develop future emissions scenarios but also in the emission-to-
concentration translation. This later use is of major importance because it
feeds directly into the ESM framework for future climate projections41.

However, the question of how far the representation of the ocean heat-
carbon nexus is comparable and physically consistent across the two
modeling platforms has never been investigated.

Here, we use an ensemble of opportunity of state-of-the-art
CMIP6 ESMs and SCMs that have participated in the Reduced Complex-
ity Model Intercomparison Project (RCMIP, ref. 37) (see “Methods”) to
trackphysical inconsistencies in the representationof the oceanheat-carbon
nexus between these two class of climate models widely used in
climate assessment. The objective of this work is threefold. We aim (1) to
scrutinize how the coupling between ocean heat and carbon uptake is
represented in these twomodeling platforms, (2) to elaborate amechanistic
understanding in how the ocean heat-carbon cycle nexus is functioning in
ESMs and SCMs, and (3) to shine light on deficiencies and potential for
improvements.

Results and discussion
Comparison of key geophysical properties between ESMs
and SCMs
Although based on a suite of assumptions and simplification, SCMs are
fitted to reproduce key global features of the modern climate, as shown
in Fig. 2.

BothESMsandSCMsdisplay goodperformance at replicatingmodern
observations (Fig. 2 and Supplementary Table S1).

It is worth noting that the general agreement of ESMs with observa-
tions for global-scale metrics hide regional uncertainties that are docu-
mented in the scientific literature (e.g., refs. 8,9,16,22,42). These regional
uncertainties are mostly related to the representation of ocean circulation
and physics in oceanmodels that can impact future heat and carbon uptake
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Fig. 1 | Depiction of the expected regime shift in the ocean heat-carbon nexus
under rising atmospheric CO2. The ocean heat-carbon nexus emerges from the
relationship between the ocean heat uptake (x axis) and the ocean carbon
uptake (y axis).
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efficiency16,22. Models’ present-day stratification canmodulate this response
by acting on the background state of the ocean. Such regional dimension is
missing from almost all SCMs (MAGICC has a hemispheric climate
representation and OSCAR a regional land carbon cycle).

Interestingly, the agreement with the global observations is generally
better for the SCMs thanks to their calibration on the observations ormajor
climate features governing the response of the Earth system to anthro-
pogenic and natural drivers39,40. When comparing the performance of both
modeling platforms at replicating modern observations, SCMs display a
stronger correlation than ESMs for both global mean surface temperature
(GMST) and ocean heat uptake (Supplementary Table S1). Both modeling
platforms display comparable performance at capturing the recent evolu-
tion of the ocean carbon sink (Supplementary Table S1).

When used in an idealized simulation framework where atmospheric
CO2 rises by 1% per year, the responses of these two categories of models
exhibit a much different picture (Fig. 3a).

Although the change inGMST is capturedbyboth categories ofmodels
as documented in published climate sensitivity assessments43, the response
of the ocean heat and carbon uptake as simulated by SCMs displays amuch
greater diversity than that of the ESMs (Fig. 3b, c).

The two ensembles of models diverge with rising CO2. At 2×CO2,
solely the simulated GMST differs significantly between ESMs and SCMs
(Table S2). At 4×CO2 (Supplementary Table S2), the distribution of GMST,
ocean heat, and carbon uptake as simulated by both modeling platforms

diverge significantly from each other. In addition, two SCMs (WASP and
HECTOR) show an unexpected response to rising CO2 by simulating a
saturationof theheat uptake<10 ZJ y−1 andamassive absorptionof theCO2

by the ocean >10 PgC y−1. An upgraded representation of the ocean carbon
cycle in WASPCC improves the deficiency of the version of WASP that
contributed to RCMIP. However, the representation of the ocean heat-
carbon nexus by WASPCC is still far from replicating that of the
ESMs (R2 ~ 0.3).

Available perturbed parameter ensemble from MAGICC and Path-
finder SCMs (Supplementary Fig. S1) suggests that this feature is robust
across a wide range of parameters and, hence, demonstrates that the
representation of the ocean heat-carbon nexus arise prominently from the
structural properties of SCMs.

The above-mentioned behavior results in a very different representa-
tion of the ocean heat-carbon nexus across the two categories of models
(Fig. 3d), where ESMs capture a response closer to the theory than SCMs.

Interestingly, the response of both modeling platforms is hardly dis-
tinguishable with uptake in heat and carbon consistent in magnitude with
those of the historical period (observed range, Fig. 3). This consistency in the
response between the two modeling platforms can be explained by two
factors. On the one hand, available historical observations do not provide a
sufficient constraint to effectively calibrate SCMs for projecting in awarmer
range. A similar assumption was made by ref. 43 highlighting the limits of
historical record to constraint the climate sensitivity.

Fig. 2 | Performance of SCMs and ESMs at repli-
cating historical observations. Comparison of the
performance of SCMs and ESMs is assessed over the
historical period (1850–2014) in terms of changes in
a global mean surface temperature, b ocean heat
uptake, and c ocean carbon uptake. The 1850–1900
period has been taken as a reference for changes in
global mean surface temperature. The year 1850 has
been taken as a reference for changes in ocean heat
uptake and ocean carbon uptake. Observations are
given in brown filled circles, individual ESMs in thin
gray lines and ESMmulti-modelmean in black lines,
SCMs that have contributed to RCMIP are given in
solid colored lines. Newer models that did not (the
upgraded version of WASP named WASPCC, and
Pathfinder) are presented with dashed colored line.
(see “Methods”). Global metrics for the references
are estimated from the HadCRUT4 database57 for
global warming, the WOA-based ocean heat
content42 and the ocean carbon sink from the Global
Carbon project11. These estimates are provided with
a 1-sigma range of uncertainty.
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On the other hand, the response timescales of SCMs differ greatly
from that of ESMs. Indeed, most SCMs poorly capture the regime shift in
the ocean heat-carbonnexus.When tracking the timingof the regime shift
in the ocean heat-carbon nexus as simulated by both modeling platforms
(see “Methods”, Supplementary Figs. S2 and S3), all SCMs except
MAGICC and Pathfinder show a change in the heat-carbon uptake
relationship between three to seven years after the start of the simulation.
The regime shift takes place much later in ESMs, that is, about 30 years

later than SCMs with a 1-σ range of 10 years (Supplementary
Figs. S2 and S3).

Both the ocean heat and carbon uptakes respond to multiple drivers
such as the change in ocean circulation, freshening due to change in pre-
cipitation patterns, sea ice melt, regional stratification, and operate under
various timescales1,2. Therefore, such an early shift raises questions on the
realism of the timescales governing the large-scale transport of heat and
carbon as emulated by the SCMs.

a)

b)

d)
Historical/observed range

Markers of regime shift 
in the ocean heat-carbon nexus

Likely (1-sigma) assessed range of 
the Transient climate response

>15 PgC y-1
without saturation

saturation 
~12 PgC y-1

c)

0 20 40 60 80 100 120 140

0
1

2
3

4
5

6
7

Model Time (y)

G
lo

ba
l M

ea
n 

S
ur

fa
ce

 T
em

pe
ra

tu
re

 (
°C

)

2xCO2

4xCO2

SCM−MCE
SCM−WASP
SCM−OSCAR
SCM−MAGICC
SCM−SCM4OPT
SCM−HECTOR
SCM−PATHFINDER
SCM−WASPCC

CMIP6 ESMs
ESM average

0 20 40 60 80 100 120 140

−
10

0
10

20
30

40
50

60

Model Time (y)

H
ea

t U
pt

ak
e 

(Z
J 

y−
1)

0 20 40 60 80 100 120 140

0
2

4
6

8
10

C
ar

bo
n 

U
pt

ak
e 

(P
g 

C
 y

−
1)

Model Time (y)

−10 0 10 20 30 40 50 60

0
2

4
6

8
10

Heat Uptake (ZJ y−1)

C
ar

bo
n 

U
pt

ak
e 

(P
g 

C
 y

−
1)

Fig. 3 | Comparison of projected warming and ocean heat-carbon nexus between
ESMs and SCMsunder an idealized set-up. a–c shows the temporal evolution of the
projectedwarming, ocean heat uptake and ocean carbon uptake as simulated by both
ESMs and SCMs. d displays the representation of the ocean heat-carbon nexus
between ESMs and SCMs. SCMs are given in colored solid lines, individual ESMs in
thin gray lines and ESM multi-model mean in black lines. Colored boxes highlight
20-year window centered around the year 70 and 140 where atmospheric CO2 is

doubled (2×CO2) and quadrupled (4×CO2), respectively. The thick vertical red lines
in (a) indicate the IPCC AR6 1-σ range for the transient climate response at CO2

doubling3. d The magenta and black crosses represent the spread in ocean heat and
carbon uptake at the time of the regime shift for SCMs and ESMs, respectively (see
“Methods”). Solid colored lines are given for SCMs that have contributed to RCMIP,
dashed colored lines are for two newer models that did not.
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Inconsistent physical representation of the key driving mechan-
isms of the ocean heat-carbon nexus
We identify that the representation of the ocean heat-carbonnexus in SCMs
suffers from physical inconsistencies in the representation of key driving
mechanismswith respect to that of ESMs.These physical inconsistencies are
underlain by many assumptions and simplifications employed in the
modeling paradigm of most state-of-the-art SCMs.

A meta-analysis of the models’ properties (Fig. 4a, b and Supplemen-
tary Table S3) shows that the modeling framework of SCMs treat the
thermal response of the ocean to radiative forcing and that of the ocean
carbon cycle to rising atmospheric CO2 as two distinct modules (except for
WASP and WASPCC). Therefore, a given SCM may rely on physically
inconsistent structures and/or parameters—such as mixed-layer depths
(MLD) and/or relaxation timescales—to simulate the ocean heat uptake or
the ocean carbon uptake. It results in physical inconsistencies in the
representation of the oceanHeat-Carbon nexus in SCMs. In contrast, ESMs
consistently resolve the suite of processes governing the uptake of heat and
carbon by the ocean.

Our meta-analysis highlights the absence or crude representation of
the processes driving carbon andheat uptake such as the stratification or the

vertical transport (Fig. 4a, b and Supplementary Table S3). Indeed, most of
the SCMs rely on pure-diffusion schemes for the vertical exchange of heat
and carbon with the atmosphere. Only MAGICC accounts for a more
comprehensive ocean scheme with a Diffusion–Upwelling–Entrainment
algorithm36, albeit solely for the heat.

On the coupling between ocean physics and carbon cycle, most SCMs
rely on indirect interactions through climate-carbon cycle feedbacks
parameters29–36 (SupplementaryTable S3).That is, changes in the strengthof
ocean carbon sink ismodulated changes in airborne fraction of atmospheric
CO2 and in the global mean surface temperature through carbon-
concentration and carbon-climate feedbacks parameters. None of them
involves ocean processes such as changes in ocean circulation, mixing, and
changes in sea surface temperature patterns. Only OSCAR attempts to
explicitly simulate the coupling between the thermalmodule and the carbon
cycle module mimicking the impact of the ocean stratification on the ocean
carbon uptake (Supplementary Fig. S3).

Ourmeta-analysis of themodels’ properties allows us also to scrutinize
the representation of the ocean mixed-layer depth across the two modeling
platforms.Thisfield is an indirectproxyofocean stratification. Interestingly,
themixed-layer depth is amodel parameter formost SCMs,which isfixed in

Fig. 4 | Structural and parametric model properties driving the representation of
the ocean heat-carbon nexus within ESMs and SCMs. Top panels provide an
overview of key structural modeling properties driving the representation of the
ocean heat-carbon nexus within ESMs (a) and SCMs (b). Bottom panels shine light
on key parametric differences between ESMs (gray points) and SCMs (colored

points) in the interplay between the mixed-layer depth and the ocean heat (c) and
carbon uptake (d) at 4xCO2 between the two categories of models. Colored points
for SCMs are filled for the model versions that have contributed to RCMIP, colored
circles are for two newer models that did not. Colors for SCMs is the same as for
Figs. 1–3.
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time, whereas it is resolved in ESMs and hence responds to anthropogenic
forcing (Supplementary Fig. S3).

Our analysis shows that, for all SCMs, the value of the global mean
MLD falls outside the observational range, suggesting that this parameter
has not been calibrated (Supplementary Fig. S3).

Because this feature is non-dynamically represented, SCMs fail at
replicating this physical feature of the shoaling in mixed-layer depth with
rising temperature44,45 as compared to ESMs that display a shoaling of the
global meanMLD of ~20m (much stronger in deep convection regions) at
peak warming.

When tracking the role of the ocean mixed-layer depth in setting
changes in oceanheat and carbonuptake (Fig. 4c, d),we show that the depth
of themixed-layer used in the ocean carbonmodule of SCMs has a stronger
influence on the magnitude of the ocean carbon sink with a slope of
0.12 PgC y−1 m−1 (R2 ~ 0.4) than it does in ESMs with a slope of
0.01 PgC y−1 m−1 (R2 ~ 0.3).

This is not the case for the response of the ocean heat uptake, where
SCMs simulate a response of−0.2 ZJy−1 m−1 (R2 ~ 0.2)which is close to that
the ESMs ensemble with a slope of −0.26 ZJ y−1 m−1 (R2 ~ 0.2).

This small correlation between changes in ocean heat and carbon
uptake, and mixed-layer depth in ESMs are not surprising because many
others physical drivers, such as the redistribution of heat and carbon by the
ocean circulation (e.g., refs. 8,9), can impact this relationship. On the con-
trary, the fact that SCMs exhibit a strong direct relationship emphasizes the
inconsistency in the geophysical representation of the ocean heat-carbon
nexus in such a modeling platform.

Together, these structural and parametric simplifications of ocean
processes and relationships lead to a breakdown in a key mechanism of the
ocean heat-carbon nexus responsible for the saturation of the ocean
carbon sink.

Consequences for projections
We now investigate the impact of the representation of the ocean heat-
carbon nexus in SCMson future SSP-based projections46,47. In particular, we
use two high-mitigation/low-overshoot scenarios (ssp119 and ssp126), and
one high-overshoot scenario (ssp534-over) for our analysis.

In order to get a traceable comparison, we bring the representation of
the ocean heat-carbon nexus of the Pathfinder simple climate model40 close
to that simulated by the ESMs by constraining the relationship between the
ocean heat uptake and the ocean carbon uptake at 2×CO2 (see “Methods”).

Before applying such constraint, we find at peak warming ranges from
0.91 °C to 2.98 °C with a mean estimate of 1.66 °C for ssp119, and from
1.03 °C to 3.57 °C with a mean estimate of 1.94 °C for ssp126. The high-
overshoot scenario (ssp534-over) displays a range of peakwarming between
1.42 °C and 4.76 °C with a mean estimate of 2.60 °C (Table 1).

The application of the geophysical constraint in the ocean heat-carbon
nexus reinforced the simulated warming by about +0.1 °C for both high-
mitigation/low-overshoot scenarios and up to 0.2 °C for the high-overshoot
scenario (Table 1). Pathfinder simulates amean warming of 1.75 °C at peak
warming in ssp119 and 2.06 °C for ssp126. Under the high-overshoot sce-
nario the peak warming reaches 2.76 °C (Table 1). The constraint also
results in a slightly smaller spread in projected warming, that is about 5–8%
smaller with respect to the range of peak warming as simulated with the
unconstrained version of Pathfinder (Table 1).

The temperature increase is markedly stronger (>0.2 °C by 2100) in
medium to high emission scenarios (Table 1, see also Supplementary
Fig. S4) because both increases in Earth energy imbalance and in atmo-
spheric CO2 assumed in these scenarios speed up the occurrence of the
regime shift in the ocean heat-carbon nexus. Through the geophysical
constraints implemented in themodel, Pathfinder captures the timingof the
ocean stratification in response to increasing radiative forcing more con-
sistently. Ocean stratification reinforces the accumulation of heat in the
mixed layer and the atmosphere leading to exacerbate global warming with
respect to the unconstrained version of Pathfinder.

While seemingly low, this 0.1 °C difference is consequential in the case
of ambitious low-warming scenarios.With anolder versionof theMAGICC
simple climate model36 with 600-probabilistic parameters samples, it was
assessed that+0.1 °C at peak warming reduces the likelihood of the ssp126
scenario to stay below 2 °C from 66% to 54% and below 1.5 °C from 10% to
6%. A similar feature is found for Pathfinder under ssp126 when con-
sidering the influence of an improved representation of the ocean heat-
carbon nexus in the model on temperature outcomes (Supplemen-
tary Fig. S4).

A similar difference of 0.1 °C in MAGICC temperature outcomes was
also found in ref. 14when comparing the IPCC SR1548 andAR649 due to the
increase in assessed historical warming between SR1.5 and AR6, and an
improved (i.e., weaker) response to emissions. As stated in ref. 39, such
difference is enough to cause all the “1.5 °C no overshoot” scenarios to be
reclassified as “1.5 °C low overshoot” scenarios.

Here, for the recent categorization of scenarios50 by the IPCCWGIII,
this might be significant as the additional warming due to a more realistic
representation of the ocean heat-carbon nexus could result in emptying the
IPCCAR6WGIII class of scenario51 limitingwarming to 1.5 °C (>50%)with
no or limited overshoot (i.e., C1 class composed of 97 scenarios).

However, despite suggesting a systematic structural bias in SCMs,
further investigation iswarranted, as our estimates herewere obtained using
only one model and without altering its structure (that is, Pathfinder
remains with two distinct global ocean modules).

Finally, we also investigate the connection of the ocean heat-carbon
nexus with the timing of the peak warming. As the timing of the ocean
carbon uptake influences the temporal evolution of the airborne fraction of
anthropogenic emissions, it exerts a direct control on the radiative forcing
and, hence, on the peakwarming. Thismechanism takes place in all context
but exerts a major control on the climate response after anthropogenic
emissions are brought to zero (also known as the Zero Emission Com-
mitment, refs. 6,7) or in overshoot scenarios52.

When comparing the timing of the peak uptake in carbon and heat by
the ocean (Fig. 5),we showanoticeabledifference betweenESMsandSCMs.
SCMs simulate a peak in carbon uptake several decades after the peak as
simulated by ESM; implying a stronger uptake. A similar feature, although
with a smaller amplitude, is found for the ocean heat uptake, for which the
timing of SCMs lags several years behind that of ESMs.

Under such a controlled set-up where models are driven by con-
centration, we do not show a difference in the timing of projected peak
warming across the twomodeling platforms. However, when expanded to a

Table 1 | Maximum warming as predicted by Pathfinder with
(left) and without (right) accounting for the ratio between heat
and carbon uptake at 2×CO2 of ESMs

Peak warming (°C)

With constraints on
the nexus

Without constraints on
the nexus

Median Range Median Range

ssp119 1.75 1.03–3.57 1.66 0.91–2.98

ssp126 2.06 1.14–3.52 1.94 1.03–3.57

ssp534-over 2.76 1.57–4.72 2.60 1.42–4.76

2100 warming (°C)

With constraints on the nexus With constraints on the nexus

ssp245 3.11 1.75–5.40 2.91 1.58–5.43

ssp370 4.35 2.52–7.47 4.07 2.28–7.52

ssp585 5.21 3.00–8.99 4.88 2.73–9.04

These estimates are based on the 2000-member perturbed parameter ensemble future projections
of Pathfinder as shown in Supplementary Fig. S4. The maximumwarming corresponds to the peak
warming reached during the 21rst century for the overshoot scenarios (ssp119, ssp126, and
ssp534-over), whereas is corresponds to the warming reaches in 2100 for the other scenarios
(ssp245, ssp370, and ssp585).
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small ensemble of opportunity of emission-driven simulations (Supple-
mentary Fig. S5), ourfindings suggest anoticeable difference in the timingof
peak warming between the two modeling platforms, where projected
warming of SCMs peaks several years ahead of that of ESMs. A similar
feature has beenhighlighted by ref. 53 using theCESM2Earth systemmodel
and a large perturbed parameter ensemble using the finite amplitude
impulse response (FaIR) 1.3 simple climate model54.

Conclusion
Using results of current generation ESMs and SCMs, this study provides
insights into the impact of the representation of the ocean heat-carbon
nexus on future state-of-the-art scenarios. We find that state-of-the-art
SCMs have difficulties to replicate the ocean heat-carbon nexus of ESMs
because of a crude treatment of the ocean thermal and carbon cycle cou-
pling. This physical inconsistency of SCMs in the representation of the
ocean heat-carbon nexus can have important consequences in future
warming as modeled by the SCMs both in terms of magnitude and tim-
ing (Fig. 5).

Wepoint outwithPathfinder SCMthat amore realistic heat-to-carbon
uptake ratio lead to exacerbate the projected warming by 0.1 °C in the low-
overshoot scenarios and up to 0.2 °C in high-overshoot scenarios. Although
small, this difference in projected warming is enough as to impact the
scenario classification as well as the characterization of key geophysical
properties of overshoots scenarios.

Taken together, these findings question the emission-to-concentration
translation process achieved by SCMswithin the framework of the Coupled
Model Intercomparison project41. Our findingmay argue, at minimum, the
need to populate uncertainties in future CO2 concentration and global
temperature projections arising from SCMs geophysical assumptions, in
addition to the well-known uncertainties resulting from the treatment of
land-use land-cover change or lack thereof 55.

As SCMs are andwill remain an important and easily actionable tool to
assess environmental policy, it is key to improve where relevant the transfer
of knowledge across modeling platforms in order to deliver themost robust
estimates of future warming. Here, our work highlights that a largely
overlooked component of this tool, the ocean heat-carbon nexus, may
represent a potential for improving the geophysical consistency between
models used in the scenario generation process and assessment.

Methods
Earth systemmodels
This work exploits the results of 10 the current generation Earth System
Models (ESMs) that have taken part in CMIP628. They are listed in Sup-
plementary Table S3, and described in Supplementary Material. All simu-
lations providemonthly outputs of surface air temperature (tas), ocean heat
uptake (hfds) and ocean carbon fluxes (fgco2). All monthly gridded files
were either averaged or integrated globally, and averaged at the yearly fre-
quency. For the historical period, only the first available realization has been

considered in thiswork (the influenceofmultiple realization on the results is
negligible).

Simple climate models
In this work we also used 8 available simple climate model (SCMs). All of
these SCMs, except Pathfinder v1.0.140 and WASPCC have participated in
the Reduced Complexity Model Intercomparison Project phase 1
(RCMIP1) (ref. 37), namely, Hector V3 alpha, MCE v1-1, MAGICC v7.5.3
as used in IPCC AR6 WG3, OSCAR v3.1.1 as used in IPCC AR6 WG1,
SCM4OPT v3.0 and WASP v2.0. To be include in this work, SCMs must
provide a breakdownbetween the land and the ocean carbon uptake. That is
whyamodel such as thefinite amplitude impulse response (FaIR) 1.3 simple
climate model55 is not included in this work.

In this phase, SCMswere assessed in terms of globalmean temperature
responses, comparing them to observations and to the response of ESMs.
Pathfinder was assessed independently but following a comparable
protocol.

Importantly, phase 1 of RCMIP requested that all models provide one
set of simulations in which their equilibrium climate sensitivity (ECS) is set
to 3 °C. As shown in ref. 37, setting the ECS to the same value across all
SCMs removes amajor cause of difference between SCMs that is not related
tomodel structure.As such, this set-up is key to scrutinize the representation
of the ocean heat-carbon nexuswithin SCM.The key characteristics of the 8
SCMs are described in the Supplementary Materials.

Simulations
This work exploits a wide array of simulations that are either part of CMIP6
(ref. 28) or RCMIP phase 1 (ref. 37). The historical simulation spans from
1850 to 2014 and then branches out into several future scenarios based on
6 shared socioeconomicpathways46.Comparisonof the keyproperties of the
ocean heat-carbon nexus is conducted on an idealized simulation where
CO2 concentration rises up toquadrupling from its preindustrial levelwith a
rate of 1% per year, the so-called 1pctco2 experiment.

The analysis of the timing of peak warming (Fig. 5) was conducted by
branching a “reverse” simulation, where the CO2 concentration declines
back to its preindustrial level with a rate of 1% per year (the 1pctco2-cdr
experiment). This simulation is part of the CDRMIP protocol56.

Tracking model structure
The key properties from the various SCMs mirroring ESMs features have
been identified with the help of SCMmodeling groups or developers to get
further details on the ocean thermal and carbon modules, as well as the
interplay between both modules. The key information on the 8 SCMs is
gathered in the Supplementary materials (Supplementary Table S3).

Regime shift timing
In order to track objectivemeasures of the regime shift in oceanheat-carbon
nexus, we use a statistical linear model with a break-point at a given time

Fig. 5 | Peak warming, peak uptake of heat and
carbon as simulated by SCMs and ESMs in an
idealized overshoot simulation.Comparison of the
timing of peak warming (top), peak heat uptake
(middle) and peak carbon uptake (bottom) as
simulated by SCMs and ESMs. SCMs are given in
colored circles, individual ESMs in small gray tri-
angles. The black triangle shows the timing of the
ESMmulti-modelmean for each variable. Colors for
SCMs is the same as for Figs. 1–3. The idealized
overshoot simulation is obtained from the combi-
nation of the 1pctCO2 and 1pctCO2-cdr simula-
tions where atmospheric CO2 increase up to
quadrupling from preindustrial level and then
decrease with the same rate back to the initial state
(“Methods”).
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(Tshift). It can be written as follows:

OĈU ¼ αOHU þ OCU1 for t ≤Tshift ð1Þ

OĈU ¼ βOHU þ OCU2 for t>Tshift ð2Þ

whereOĈU is the least-squaredfit of the ocean carbonuptake as function of
the ocean heat uptake (OHU), α andOCU1 are the regression slope and the
intercept of the first linear segment and β andOCU2 are the regression slope
and the intercept of the second linear segment.

For each individual model, the timing of the “regime shift” is deter-
mined iteratively as a function of time in order to maximize the squared-
correlation coefficient (R2) for each of the statistical fits.

The R2 time series is computed using this algorithm from individual
model outputs.

However, ESMs and SCMs outputs cannot be compared directly
because ESMs account for interannual variability whereas SCMs do not.
Therefore, in order to minimize influence of the internal climate variability
of thefits, ESMoutputswherefilteredwith a LOESSfilterwith an equivalent
degree of freedom of 4.35. Alternative smoothing approaches such as cubic
splines were employed. They give comparable results for diagnosing the
Tshift of each individual ESMs.

The estimate of Tshift is diagnosed from the R2 time series when R2

start decreasing linearly (see Supplementary Figs. S2 for ESMs and S3
for SCMs).

Multi-model estimates of Tshift are then uses to compute ensemble
means and 1-σ ranges for both modeling platforms as shown on Fig. 3.

The break points described here depends on the degree of saturation in
the ocean carbon uptake. Consequently, the algorithm tracks the time at
which the proportional relationship between the strength in ocean carbon
uptake and the strength in the ocean heat uptake changes.

Correlation with the global mean mixed-layer depth
The role of the oceanmixed-layer depth in setting the oceanheat and carbon
uptake (Fig. 4c, d) has been evaluated using the correlation between the
deviation in ocean heat or carbon uptake with respect to the ESM multi-
model mean at 4×CO2 and the global averagemixed-layer depth as used by
the thermal or carbon cycle module of SCMs, respectively. For ESMs, the
same global average mixed-layer depth has been used for both correlation
analyses.

Applying the ocean heat-carbon constraints in Pathfinder
In order to test the influence of the representation of the ocean heat-carbon
uptake in SCM, we have employed Pathfinder v1.0.140. Pathfinder SCM is
simple enough to be calibrated using Bayesian methods, which enables
assimilation of the latest data from complex ESMs. In its current set-up,
Pathfinder accounts for 19 geophysical constraints, none of them directly
controls the ocean heat-carbon nexus.

To apply the ocean heat-carbon constraints in Pathfinder, we intro-
duced a novel constraint built from ESM data using the ratio between the
ocean heat and carbon uptake at 2×CO2 (year 70 of the 1pctco2 simulation).
The distribution of this model-based constraint is assumed normal, and
taken from theCMIP6 ESMs’ average and standard deviation.We integrate
this novel constraint to the 19 others already used during the Bayesian
calibration of Pathfinder. The main effect is to generate a correlation
between the parameter reflecting the depth of the mixed layer and the
parameters of the climate module.

Data availability
Earth systemmodel outputs used in this work is based on standard outputs
of the 6th phase of the CoupledModel Intercomparison Project. As such, all
the files are available through the ESGF. SCMs output are part of the
Reduced Complexity Model Intercomparison Project (RCMIP) and can be
found here https://www.rcmip.org/. Global ocean and climate variables

from the 8 Simple Climate Models used in this study is available on https://
zenodo.org/records/11070854.

Code availability
All codeused in the current study is available fromthe correspondingauthor
upon reasonable request.
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