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Abstract

Climate boundaries are planetary boundaries for the climate system: limits within which humanity can
sustainably prosper. Here, we introduce a new modelling framework to analyse global warming, ocean
acidification, sea level rise, and Arctic sea ice melt. Using a reduced-form model, we map out
anthropogenic CO, emissions, carbon dioxide removal (CDR), and solar radiation management (SRM)
pathways compatible with these boundaries. We define safety levels as the probability to stay within one
or several boundaries considering physical uncertainty. If CO, emissions peak in 2030, net-zero CO; is
reached in 2050, CDR capacity is 10 PgC per year, and without SRM, remaining within the global
warming boundary of 2°C exhibits a safety level of 80%. When all four boundaries are considered
together, the safety level drops to 35%. Our results highlight key trade-offs in mitigation options and

suggest a need to assess climate boundaries holistically to develop sustainable future strategies.
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Planetary boundaries define a safe operating space within which humanity can develop and prospert2.
Staying within boundaries implies limiting the level of anthropogenic interference with the Earth
system3. Therefore, there is a space of anthropogenic interference, and notably CO, emissions,
compatible with every planetary boundary and any combination thereof4. This compatible space has
been explored for individual planetary boundaries, for instance limiting phosphorus or nitrogen
fertilizers inputs5—7, or for the global warming boundary of 2°C8-10, Some interactions between few
planetary boundaries have been explored34.1112 but a systematic exploration of the compatible space

constrained by multiple boundaries is lacking.

Here, we introduce a modelling framework to systematically explore the compatible space for four
climate boundaries: global warming (GW), ocean acidification (OA), rate of sea level rise (RSLR) and
Arctic sea ice (ASI) melt. These boundaries differ from the original planetary boundaries of Rockstrom
et al.l. They were chosen for modelling purposes, as a more direct quantification of physical impacts of
climate change, and to give a complementary insight to the rich planetary boundary literature. For these
boundaries — individually or as a constellation — we investigate the shape of the compatible space of
CO2 emissions using indicators of these emissions describing the limits beyond which a boundary is

breached (for a certain safety level).

A typical indicator found throughout the literature to characterize the space compatible with the global
warming boundary is the remaining carbon budget!©: the total amount of CO, that can be emitted before
reaching a given global warming level. This concept is based on the near-linear relationship!3 between
cumulative anthropogenic CO, emissions and global warming. However, the carbon budget provides a
limited description of the compatible space of anthropogenic interference, and the near-linear

relationship tends to break down for other boundaries such as sea level rise (SLR)!4.

Here, to characterize compatible spaces under multiple boundaries, we focus on four indicators: the
year of peak CO, emissions, the year of net-zero CO» emissions, the maximum annual amount of Carbon
Dioxide Removal (CDR), and the maximum annual amount of Solar Radiation Management (SRM) if

applicable. Those four characteristics allow us to summarize a wide range of mitigation strategies.
Space of emissions constrained by climate boundaries

To derive the compatible space of emissions, we propose a inverse (or backward) approach!s using the
Pathfinder carbon-climate model. Pathfinder is a reduced-complexity model calibrated through
Bayesian inference on state-of-the-art complex Earth system models and constrained using
observational and IPCC AR6 datal®. A large set of atmospheric CO, concentration and global
temperature time series until year 2500 are generated randomly and used as input (Methods). We then
back-calculate compatible CO» emissions through mass balance, given the simulated land and ocean
carbon sinks, including permafrost emissions. The non-CO; radiative forcing is further obtained by
inversion of the model’s energy balance equations. We estimate CDR and SRM as subcomponents of net
CO2 emissions and non-CO- radiative forcing, respectively, using a mitigation floor!” taken from the
most intensive mitigation trajectories of the AR6 scenarios database!8, and assuming that mitigation
beyond that floor is attributable to CDR for CO; emissions and to SRM for non-CO., radiative forcing
(Methods). Pathfinder emulates physical variables related to our climate boundaries (Methods). To

account for the Earth system’s physical uncertainty, the model is run under 1500 different
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configurations obtained after the Bayesian calibration (Methods). The combination of configurations

and pathways gives several million possible futures used to map the compatible spaces.

The temperature pathways we generate all stay below +2°C and asymptotically reach +1.5°C, and by
construction remain within the GW boundary!®, The three additional boundaries are: avoiding a
collapse of ASI in summer, which is equivalent to not exceeding 1.7 + 0.2°C of global warming?2?; avoiding
OA with a pH decrease limited to -0.2 unit compared to the preindustrial level, a threshold beyond
which oceanic biodiversity integrity may be threatened?-23; and remaining below 5 cm of SLR per

decade, a precautionary threshold consistent with previous studies?2.23,

Because our framework accounts for physical uncertainty (Box and Figure 1), we define the concept of
safety level as the fraction of the 1500 configurations where we find at least one emission pathway
compatible with the targeted climate boundaries, in a space of emissions that can also be bounded by

constraints on the four key characteristics introduced earlier. We can explicit the definition as
safety level = ncqng(boundary, CDR, SRM, peak year, net zero year) / Neonsig

Where Nconsig = 1500 is the total number of configurations and nconsig is the number of configurations
with at least one pathway compatible with the considered boundary and under the chosen conditions
on pathways characteristics (CDR, SRM, peak year, net-zero year). Therefore, a 100% safety level
guarantees that it is physically possible to not exceed the boundary whereas a safety level of 0% means
that it is impossible to remain within the considered climate boundary. We discuss more stringent

definitions of the safety level in Supplementary Information.

To map a compatible space, we determine the limit value of a pathway’s characteristic beyond which a
climate boundary is breached for a given safety level. For instance, if in 67% of the model’s
configurations at least one pathway remains below 2°C with CO, emissions peaking in 2031, and this
condition is not met with CO, emissions peaking in 2032 or later, then 2031 marks the limit for peak
CO, emissions to meet the GW boundary with a 67% safety level. Note that the pathways found to be
compatible with a given boundary are not necessarily the same across physical configurations (Box and
Methods). Therefore, we actually map the point of the compatible space beyond which the climate
boundaries are breached (with a certain probability). Our safety level differs from the IPCC’s definition
of confidence level?4, as the latter assesses the chances for one scenario to cross boundaries while the

former is the probability that among all scenarios at least one remains within the boundaries.
Spaces of emissions compatible with climate boundaries

First, we confirm that our ensemble of compatible emission trajectories encompasses all IPCC AR6
scenarios!® that keep temperature below 2°C (Supplementary Figure 1). This implies that our approach
explores a larger space of possibilities than existing AR6 scenarios.

We find that without any CDR, it is possible to respect the GW boundary with a safety level of only 11%,
even if CO2 emissions peak in 2025. the corresponding safety levels are 10% for RSLR, 10% for OA, 5%
for ASI, and 4% for all four boundaries combined (Figure 2). In contrast, if large amounts of CDR are
available (up to 10 PgC yr), the safety level for GW increases to 80% with a peak in 2030 and net zero
later than 2050, and is 78% for RSLR, 71% for OA, 37% for ASI, and 35% for all boundaries combined

(Figure 2). This indicates that the restriction of the compatible space is non-linear when combining
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boundaries. The gap in safety levels between no-CDR scenarios with early peak emissions and CDR
scenarios with late peak emissions highlights the fact that CDR essentially enables delaying the peak of

emissions, which we investigate next.

The trade-offs between the year of peak emission and the amount of available CDR for a 67% safety level
is shown in Figure 3 (also Extended Data Figure 1a). The slope of the frontier in Figure 3a quantifies the
deployment of (maximum annual) CDR required to compensate a delay in the peak date of CO2
emissions. For example, peaking at the earliest year requires less than 4 PgC yr-! of CDR, while peaking
in 2030 requires more than 8 PgC yr-! of CDR to stay under the GW boundary. Over a range of peak
dates going from 2023 to 2030, the compatible space for RSLR and OA is approximately the same as
for GW. The ASI boundary, however, requires a stricter compatible space and necessitates at least 5.2
PgC yr-1 of CDR with the earliest peak or the assumed maximum value of 10 PgC yr-! with a peak in 2027,
because this boundary embeds additional physical uncertainty in its definition. Even for this maximum
level of CDR, the ultimate dates for emissions to peak is 2026 to remain within all boundaries, 2027 for
ASI, 2030 for OA, and 2031 for RSLR and GW (for a 67% safety level).

While a delay in the peak of CO, emissions can be compensated to some extent by the deployment of
CDR, this deployment does not need to happen in the very short term. Even for the ambitious target of
keeping within all boundaries with a 67% safety level, CDR does not appear at significant levels (defined
as >0.5 PgC yr1) before 2045 (Extended Data Figure 1b). To respect the GW boundary alone (at a 67%
safety level), CDR does not need to be significantly deployed before 2060, as long as CO» emissions peak
before 2030.

Achieving net-zero later than 2050 is mainly incompatible with climate boundaries in the case of a late
peak of emissions (Figure 2). For instance, staying within the OA boundary with a CO, emission peak
in 2030 and up to 10 PgC yr! of CDR has a 87% safety level if net zero is reached before 2050 (Figure
2), which drops to 71% if net-zero is reached later than that. Similar drops are observed for GW (90% to
80%), ASI (55% to 37%), RSLR (89% to 78%) and all boundaries together (55% to 35%). The drop in the
safety level due to a late net-zero date is significantly larger for a peak in 2030 than for a peak in 2023,

which demonstrates that reaching net-zero earlier helps offset a late peak in emissions.

The trade-off between net-zero year and peak emissions for all boundaries at the 67% safety level is
shown in Figure 3b. With the earliest peak, net-zero does not have to be reached before 2080 to remain
within the OA or the RSLR boundary as also shown in Figure 2. However, remaining within the ASI
boundary requires net-zero to occur no later than 2060. Delaying the peak of emissions requires net-
zero CO, emissions to occur earlier in the second half of the 21st century. A late peak means more
emissions to compensate for and less time to do so. For the RSLR boundary, we find pathways that peak
in 2031 if net-zero is reached in 2055, whereas if net-zero is reached in 2079, emissions must peak by
2025 at the latest. This example shows a stronger effect of short-term action on long-term strategy:

delaying the peak by 6 years requires bringing net-zero forward by 24 years.

The trade-off between peak emissions and the maximum rate of CDR deployment at the 67% safety level
is displayed in Figure 4a. With a maximum rate of -0.5 PgC yr-2, it is already too late to remain within
the ASI boundary, and remaining within other boundaries requires a peak at the latest in 2027 for OA,
in 2028 for RSLR and in 2029 for GW. Increasing the rate of CDR deployment (up to -1.5 PgC yr-2)
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would allow to delay the emissions peak by a few years (2027 for ASI, 2030 for OA, and 2031 for RSLR
and GW).

Adding solar geoengineering to the compatible space

Considering solar geoengineering to mitigate climate change raises ethical questions as this technology
has potential unexpected consequences?s. We nevertheless investigate whether SRM (represented as
additional negative non-CO2 radiative forcing) extends the compatible space of emissions.

Allowing the use of SRM in addition to CDR improves the safety level of the compatible spaces for a late
peak in CO2 emissions. With SRM, the safety level is 63% for an emissions peak in 2035 when respecting
all boundaries, compared to 1% without SRM (Figure 2). Specifically, there is a near-linear trade-off
between postponing the year of peak CO, emissions and implementing SRM (Figure 4b) for all
boundaries except OA. We see that allowing up to 2 W m-2 of SRM only permits delaying peak emissions
by 6 years (2036 instead of 2030) to stay within the OA boundary with a safety level of 67%, because
SRM does not reduce atmospheric CO2 concentration. This minimal benefit may be over-optimistic
because our OA quantification neglects the effects of temperature and of sulphur deposition from SRM
itself.

Our approach also allows to quantify SRM as a substitute for CDR in the case of a late peak in emissions.
If the peak is later than 2030, SRM could work as a substitute for CDR: at a 67% safety level. There is a
substitution of approximatively 2 PgC yr-! of CDR per 0.25 W m-2 of SRM allowed, to stay within any
individual or combined boundary (Extended Data Figure 2). Contrarily to the trade-off between SRM
and the year of peak CO., this trade-off is also valid for the OA boundary, because in this study CDR is
mainly used to decrease atmospheric CO» and the substitution would occur after its peak, that is when
SRM does not threaten the pH threshold of the OA boundary.

Strengths and limitations of the approach

This study shows that there is a very low probability of meeting climate boundaries without CDR, even
if CO, emissions peak in 2025. Significant CDR implementation may allow for a later emissions peak,
but the trade-off is limited and peaking later than 2030 still jeopardizes the chances to remain within
climate boundaries. Our results also suggest that ambitious CDR need not be deployed before the second
half of the 21st century and that early net-zero emissions (between 2050 and 2060) can offset later peaks,
contrasting with typical results arguing for net-zero emissions in 2050. In addition, the inclusion of
SRM can improve safety levels, except for the OA boundary due its being impacted by atmospheric CO»
concentration. Those conclusions are the consequences of our approach that ignores socio-economic
constraints. This choice allows us to explore the widest space of possible scenarios unburdened by
paradigmatic choices such as cost-optimality26-28. The compatible spaces we explore can be further
reduced by applying socio-economic criteria to eliminate scenarios that are deemed irrelevant or

unrealistic.

Our results show that assumptions about the level of future CDR and SRM have a significant impact on
the space of anthropogenic activities compatible with climate boundaries, in line with previous

studies!’.29-31. Qur inverse approach requires defining CDR and SRM as the additional mitigation
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needed when a floor of positive emissions or radiative forcing is reached. Because this floor is the lower
bound of the AR6 scenarios envelope!8 (excluding these technologies), we implicitly assume that all
possible mitigation efforts have been made before resorting to CDR or SRM. This assumption implies
that our results are conservative: if conventional mitigation cannot deliver as in the AR6 scenarios, the
need for CDR or SRM will be larger than presented here. Similarly, we impose a limit on the rate of CDR
deployment that is based on the fastest decarbonization rate in AR6 scenarios (approximately -1.5 PgC
yr-2). The sensibility of our results (notably the peaking date) to this assumption is illustrated in Figure
4b. This constraint is fairly permissive and strengthening it would significantly reduce the compatible

spaces, forcing all pathways to peak almost immediately.

Our treatment of non-CO., radiative forcing must be understood with all its limitations. Non-CO, GHGs
and aerosols have opposite radiative effects. While we distinguished both when defining the non-CO2
mitigation floor (Methods), attributing further radiative forcing decrease to SRM alone is simplistic.
Unfortunately, splitting the non-CO2 component is not feasible with our inverse modelling approach,
as explicitly modelling the related biogeochemical cycles would significantly increase computing cost,
and maintaining inverse solvation of the system would reduce the comprehensiveness of the explored
compatible space. Similarly, we did not include the impact of sulphate emissions for SRM on OA32-34,
noting that our results would not be significantly modified (Supplementary Information) because most
pathways with SRM are already excluded from the space compatible with the OA boundary (Figure 4b),
and additional acidification would only reinforce this incompatibility. Overall, we recognize that future
developments of the model should prioritize the improvement of the non-CO, term with a particular
focus on the correlation between methane and aerosols forcings.

With our notion of safety level, we assess the existence of at least one emission pathway compatible with
one or more climate boundaries, in a space bounded by constraints on the emission pathways’ key
characteristics. Importantly, in a given physical configuration of the model, not all pathways with a key
characteristic equal to the limit value of the compatible space adhere to the climate boundary. Indeed,
the chosen characteristics are relevant proxies, but they must be combined to comprehensively describe
the limits of the actual compatible space. In other words, individual limits quantified in this work are
necessary but not sufficient conditions to stay within climate boundaries, unless enough of them are
combined to form a comprehensive description of the compatible space. Furthermore, we investigated
safer constraints requiring more than one emissions pathway to be compatible with the boundaries,
which leads to more stringent limits of the compatible space (Supplementary Figures 2 and 3

Supplementary Text).

Global warming primarily depends on cumulative CO, emissions rather than on the magnitude or
timing of the emission peak35, so that long-term mitigation strategies often prioritize achieving a net-
zero CO; emissions target36. However, the diversification of boundaries diminishes the relevance of the
carbon budget as a unique indicator to define compatible spaces of emissions®. We showed here that
carbon budgets fail to capture the tightening of the compatible space, the uselessness of SRM against
ocean acidification, or the importance of the timing of emission peak. Our study highlights the
importance of considering additional key mitigation characteristics to comprehensively map the
compatible space of future CO, emissions. In particular, the timing of peak CO, emissions emerges as a

key factor in trade-off mechanisms. We have quantified how an earlier emissions peak can enable a shift
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in the net-zero CO, date, reduce the need for CDR measures, and eliminate the need for SRM
techniques.

Our concept of compatible space resembles the tolerable window approach introduced in the early
2000s2237-39 and extends the notion of the “closing door” introduced by Stocker4°. In addition, the
narrowing of the compatible space caused by combining climate boundaries has been shown by
Steinacher et al.41. However, our study goes beyond their 55 scenarios and the remaining carbon budget
as the sole characterisation of anthropogenic pathways. Our four climate boundaries could be
supplemented by additional boundaries arising from physical or anthropogenic impacts of climate
change, up to considering all planetary boundaries. The selected thresholds are also subject to debate

due to the inherent uncertainties and judgement values associated with this choice242.

The trade-off between peak emissions and negative emissions has already been highlighted in the results
of projections based on integrated assessment models (IAM), but the AR6 scenario framework!s
explored a narrower range of pathways than our study, often with strong negative emissions in the
second half of the 21st century30.43, without inclusion of SRM, and limited to the 2100 horizon. Here, we
produced a large ensemble of pathways ex-ante, ignoring socio-economic and technological constraints,
which allowed us to search for original scenarios consistent with the Paris Agreement that were not
analysed by IAMs. Pathfinder covers a wider range of possible pathways than was explored by the IAMs
(Supplementary Figure 1). Although the IAMs propose scenarios that respect all climate boundaries,

they are based primarily on the GW boundary and do not explore all alternatives.

Our inverse approach implicitly considers all cases of zero emission commitment (ZEC)44, which is the
committed temperature change after reaching net-zero CO2 emissions. Indeed, Pathfinder exhibits a
range of ZEC that covers the positive and negative domains, as complex models do'®. Since we use an
asymptotic definition for the long-term temperature target in our pathways, a positive ZEC implies
maintaining negative emissions to compensate for this committed warming, whereas a negative ZEC
leads to (slightly) positive emissions of CO2 while global temperature stabilises. In the latter case, since
we explore physical feasibility, configurations with negative ZEC would simply respect the targeted
boundaries more easily, thereby contributing to raising the safety level, because it is defined as the

percentage of configurations that match all the selected constraints.

The non-linearity of boundary combinations argues for diversification of climate impact indicators to
be considered ex-ante by scenario developers. It is instructive and complementary to IAMs to expand
the scope of emissions compatible with these boundaries. Even if these pathways turn out not to be
economically optimal, it is critical to first draw what is physically possible and then decide what is socio-
economically feasible and acceptable. To assess the relevance of a pathway in the socio-economic
dimension, coupling of Pathfinder with an 1AM or simple impact models seems a natural next step in
our work?8, as it would enable the exploration of compatible spaces that are also constrained in the
socio-economic and technological dimensions. In summary, the framework developed in this study can
contribute to enhancing dialogue among the Earth system, impacts, and 1AM communities, and

encourage scenario narratives that explore a wider range of possible futures in an integrated manner.
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Box 1: Method to determine compatible spaces

Our inverse approach is illustrated step by step in Figure 1. First, we generate around 15,000 different
trajectories of global mean surface temperature and atmospheric CO2 concentration that follow
historical data and, for temperature, asymptotically reach 1.5°C with an overshoot of up to the 2°C global

warming level (Methods). Those trajectories are used as inputs to Pathfinder (step 1).

To account for physical uncertainties, we run the model (step 2) with 1500 sets of parameters that can
be seen as 1500 possible states of the world with their own physics, all independent and calibrated on
historical observations. The parameters of the input trajectories (step 1) are chosen independently in

every physical configuration.

All pathways stay below the +2°C GW boundary by construction, and we define permissive conditions
on CO; anthropogenic emissions and non-CO. radiative forcing to remain within reasonable ranges: in
step 3, we exclude pathways rising too quickly (quicker than the most pessimistic pathway from AR6
scenarios), using too much CDR (more than 10 PgC yr-1), or seeing too fast decarbonization (faster than
the fastest decarbonization rate in the AR6 scenarios). In Figure 1, we use the envelope of all the
pathways that stay within a given boundary to illustrate the compatible space. We compare the envelope
of the space compatible with the GW boundary (black envelope in Figure 1) with envelopes obtained for
other climate boundaries, either independently (green envelope for OA) or combined (purple envelope).

As explained in the main text, respecting more boundaries leads to narrower envelopes.

The next steps are illustrated with the OA boundary only in Figure 1. To express the compatible space
in terms of key characteristics, we search for limit values on combinations of these pathway
characteristics for which there remains one last pathway in the compatible space. In step 4, we extract
three of these final pathways corresponding to a specific combination of date of emission peak and CDR

deployed. It shows that delaying the CO» emissions peak requires more CDR deployment.

In step 5, we represent the compatible space of two characteristics: CDR deployment and CO, emission
peak, for the OA boundary. Inside this compatible space, the model always finds at least one pathway.
The limit of the domain gives the trade-off between the two pathway characteristics that are represented,

assuming conditions on other key characteristics remain unchanged.

These successive steps are illustrated for one Pathfinder configuration only in Figure 1, but they are
repeated for all 1500 configurations. Therefore, for a given set of conditions on pathway characteristics
and climate boundaries, we assess the existence of at least one compatible pathway in all individual
physical states of the world (i.e. configurations). We define the safety level as the percentage of
configurations that find at least one emissions pathway compatible with one or more climate
boundaries, for the chosen set of conditions on pathway characteristics. This ultimate pathway may be
different across configurations.
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Figure 1. Overview of the inverse framework applied in this study. Here, only one of the 1500
configurations of Pathfinder is shown for illustrative purpose; we reiterate this process with all
configurations to take physical uncertainty into account. We define the safety level as the percentage of
configurations that find at least one emissions pathway compatible with one or more climate boundaries
for a given set of conditions on pathway characteristics. See Box text for a detailed step-by-step

walkthrough.



325
326
327
328
329
330
331
332
333
334
335

336

Figure 2. Safety levels of compatible spaces defined by various combinations of conditions on pathway
characteristics. Panels a) to f) distinguish conditions on the date of CO, emissions peak and of net-zero.
Net-zero after 2050 means that CO; net-zero is reached in 2050 or later. No information on net-zero
means that this pathways characteristic is not constrained. Peak in 2023, 2025, 2030 and 2035 means
that the compatible CO, pathways reach their peak in 2023, 2025, 2030, or 2035. Markers distinguish
conditions on speculative technologies (CDR and SRM), Up to 10 PgC yr-! of CDR available assumes
that only CDR will be available, possibly up to 10 PgC yr-1. Without CDR and SRM assumes that neither
SRM nor CDR will be available. CDR available and SRM allowed assumes SRM being possibly used up
to 2 W m-2in addition to up to 10 PgC yr-! of CDR available. Finally, the No CDR available but up to 2W
m-2 of SRM allowed case assumes that CDR will never be available, but SRM can be used up to 2 W m-
2, Marker lines show the 90%, 67% and 50% safety levels.
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Figure 3. Trade-offs between pathway characteristics at the 67% safety level. Panel a) shows
compatible spaces depending on CDR availability (PgC yr?) and the year of CO, emissions peak.
Panel b) shows compatible spaces depending on the years of CO2 emissions net-zero and peak.
Shaded areas represent the spaces compatible with climate boundaries and their combination.
Plain lines give the frontier of the compatible space: farther right or above these lines, it is not
possible to stay within the boundary. Markers plots show the limit of the compatible space if the
other pathway characteristic is not constrained and for three safety levels: 50% (squares), 67%
(diamonds) and 90% (circles). Black is for the GW boundary, green for the OA boundary, red for
the RSLR boundary, blue for the ASI boundary, and purple for the combination of all boundaries.
Reading example with black dashed lines on panel a): If up to 6 PgC yr? of CDR are available, all
boundaries (and the ASI boundary) can be respected with a peak in 2024, the OA boundary with a
peak in 2028 and the RSLR and GW boundaries with a peak in 2029, with a 67% safety level (i.e.
in 67% of the states of the world).
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Figure 4. Trade-offs between pathway characteristics at the 67% safety level. Panel a) displays the trade-
off between the year of CO2 emissions peak and the maximum rate of CDR deployment (PgC yr-2). Panel b)
displays the trade-off between the year of CO, emissions peak and the amount of SRM (W m-2) allowed.
Shaded areas represent the spaces compatible with one climate boundary. Plain lines give the frontier of the
compatible space. Black is for the GW boundary, green for the OA boundary, red for the RSLR boundary,
blue for the ASI boundary, and purple for the combination all boundaries.
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Methods

The Pathfinder model

Itis a compilation of existing formulations that describe parts of the Earth system, chosen for their good
balance between mathematical simplicity and physical accuracy, and brought together to form a
consistent carbon-climate model of reduced complexity. Here, the global temperature anomaly (T) and
global atmospheric CO, concentration (C) are given as independent inputs to the model. The model has
77 parameters. 33 of them are fixed and the other 44 parameters constrained through a Bayesian
calibration4> based on observations and AR6 assessments, as detailed in a previous paper!¢. The drivers
(T and C) are updated to observations available until 2021. However, the model is not designed to
provide insights for 2022, the first year of the simulation, due to the functional form used to generate
scenarios. We thus show and discuss the results only from 2023 onward.

A comprehensive description of Pathfinder is provided in Bossy et al.'6, and briefly summarized here.
The climate subcomponent that links T to effective radiative forcing (R) follows a widely used 2-box
model with deep ocean heat uptake efficacy46. The total R is caused by atmospheric CO; (following the
IPCC AR5 logarithmic formula4?) and an aggregate of non-CO; species. Anthropogenic CO;, emissions
are determined by the balance between atmospheric CO2, ocean and land carbon sinks, and permafrost
carbon emissions. The ocean carbon cycle follows the structure of the Bern Simple Climate Model“8. The
land carbon cycle follows the formulation of the compact Earth system model OSCAR49, although it is
aggregated into one global biome, land cover change is ignored, and it accounts for the so-called passive
soil carbon that is ignored in most complex models®°. It leads to a total of four land carbon pools.
Emissions from permafrost thaw are calculated with the emulator developed by Gasser et al.5!, but
aggregated into one unique region. Sea level rise is split into thermosteric, glaciers, Greenland and
Antarctica effects that each follows a first-order differential equation!452. Additionally, ocean surface
acidification follows a polynomial fit on C53.

The use of Bayesian inference allows for the integration of observational data into simplified models
like Pathfinder4s. This approach involves deriving joint probability distributions of parameters based
on prior knowledge of those distributions and the distributions of observed variables in the model. The
posterior probability of a sample from the joint parameter distribution, given a set of observations, is
proportional to the likelihood of the model simulating the observations and the prior probability of the
parameters. The 44 Pathfinder parameters estimated using Bayesian inference are constrained using a
set of 19 observations pertaining to most aspects of the global Earth System!6: T (present-day value and
derivative across five datasets4-58), ocean heat content®, non-CO; radiative forcing4?, recent global
carbon budget®© (for land, ocean, and atmosphere), preindustrial carbon poolsé! (land and atmosphere),
and satellite-derived sea level rise speeds®2. The prior distributions of the parameters are determined
based on literature values and multi-model ensembles. To estimate the posterior distributions, a full-
rank Automatic Differentiation Variational Inference (ADVI) algorithm is useds3, and the Pathfinder
model is solved using an explicit Eulerian exponential integrator scheme. The paper by Bossy et al.16,
provides detailed information on the parameter and observational constraints, as well as diagnostic

tests that validate the model.
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Input trajectories

We randomly and independently draw temperature and atmospheric CO, concentration trajectories
using four different approaches grouped into “series” (Supplementary Figures 4 and 5 for illustration).
Series 1, 2 and 3 correspond to different analytical expressions while series 4 is derived from AR6

scenarios!s. All series are divided in sub-series, and they all have common constraints:
T, %T and C are defined and differentiable;

(2) We impose an upper boundary so that T < 2°C;
(3) We also impose limi. T =1.5C;

(4) We randomly choose an asymptotic value for C which is determined by the share Ky finai Of NON-CO>
components in the global radiative forcing. Kxiinal is uniformly drawn from one of three equiprobable
ensembles: ky rinq €1 — 1, —0.1[; ky finas € [—0.1;0.1]; Ky pinas €10.1; 0.66[

In Series 1, for X being T or C, we choose X of the form X(t) = Xy + (Xjim — Xo) -w(t —ty) +a - t -

(1 —w(t—ty)), with Xo = X(t=ty) the initial value of X given by the historical calibration, with

. . ax ax
ty=2021, and X;m the asymptotic value. We determine a so that E| =
t=to

ax| .
, Where —| is the
0 dtlo

differentiated variable given by the historical calibration in 2021.

w(t) is the function we use to distinguish the sub-series. This function must tend towards 0 for t =0

and towards 1 for t - oo. To keep the continuity and differentiability for X and %, w must be

. . . . et — 2 g . .

continuously differentiable at least once. In series 1a, w(t) =1 — e Mot =K1 " 84 in series 1b,

t . . Uot*+ pqt . . . .

w(t) = ————, and in series 1c, w(t) = ———5 . Parameter distributions are given in
t+pe ko 1+ pgt

Supplementary Table 1.

Series 2 follows the probability density function of a Kumaraswamy distribution® until it peaks (i.e. for
t < tpea) X(t< tpeak) =Xo + [Xpeak - XO] ' [1 - (1= (t/(t - tpeak))a)_ﬁ (1 -
((to — )/ (1o — tpeak))“)ﬁ]. Peaking dates (tpeqx ) and peaking values (Xpeqr) are chosen

randomly in ensembles that are compatible with our constraints and for which we can maintain

continuity and differentiability of X and %. T, is defined such as f(T,) = —tpeqx wWith f(t) = —t -
ea ea _X . . .
(e t”Tk)“ -1 —a-B -%. Sub-series have different functional forms after the peak (t >
dtlo
toeak) to converge to the asymptotic value Xim. Series 2a follows the probability density function of a

_(t_tpeak)z
normal distribution such as X(t = tpeax) = Xiim + (Xpeak — Xum) - € = . With 7=

B/2
VXpeak — Xiim . _ . ( _(_ To )(1) . 2 . L.
) e (tpeak TO) 1 P— TG Series 2b follows the probability

o Slc)g(t/tpeak)z
function of a log-normal distribution so X(t = tyeqr) = Xiim + Xpeak — Xiim) * € a?
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B/2
. _ Xpeak =~ Xiim ( T ) _ ( _ (_ T )a> _ 2 .
With o = ) ey 1 — 1 P— PR Series 2c follows the

probability function of a Gompertz distribution®: X(t = tpeqr) = Xiim + Xpeak — Xiim) -

_ . -B/2
g 10w = o (LT (1) (1 ()Y

tpeak

JXpeak — Xo tpeak—To

/ﬁ) We apply all three sub-series to the temperature but only series 2a and 2c to the

atmospheric CO; concentration. Parameter distributions are given in Supplementary Table 1.
Series 3 follows the solution of the differential system of a damped harmonic oscillator with non-zero
initial positions and velocities. Depending on sub-series, it is either in a critical regime (series 3a) under

the form X(t) = Xjim + Ko—Xiim + (¢ - Xo—Xiim) +‘Z—)§| )-t)-e”*, or in an over-critical
0

regime (aperiodic) for series 3b, X(t) = Xim + [(Xo—Xjim) - cosh(vk* — Q% t) +
K (Xo—=Xiim) +2—):|0
V=02

Table 1.

sinh(vk? — Q2 - t)] - e . Parameter distributions are given in Supplementary

Series 4 is derived from the AR6 scenarios. Initially, we simulate all AR6 scenarios?? using Pathfinder
(as detailed in the subsequent section), and select only those scenarios where the maximum
temperature remains below 2°C. These T and C time series are the first members of Series 4. However
to add more scenarios “inspired” by AR6 scenarios, we introduce noise generated through an AR(1)
process®’. We then apply an 11-year moving average to smoothen the trajectories affected by noise.
We infer the lost 11 values by following the trend observed in the original T or C time series. To ensure
the generated pathways are continuously differentiable, we fit the resulting trajectories with spline

functions. These functions are defined piecewise by polynomials and allow for differentiation. Similar
. . . N ax N - .

to other series, we impose constraints on the initial values of X and T to maintain continuity with the

historical trajectory. Additionally, to prevent splines with excessively steep or rapid trends in 2100, we

also constrain the derivative at that point with the original value of the AR6 scenario before the noise.

Since Series 4 is derived from AR6 scenarios, the processed trajectories are limited to the year 2100.
However, for our purposes, we require pathways that span up to 2500. To address this, we employ
the analytical form of Series 3a to extend the trajectories from 2100 to 2500, ensuring continuity and

differentiability are maintained throughout the extended period.

Overall, all four series depend on parameters that are chosen independently in every configuration. It

means that the set of trajectories is different and independent from one configuration to another.

Implementation of AR6 scenarios in Pathfinder
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The ARG database?3 hosts the results of all scenarios explored by different IAMs assessed by the working
group 3 of the IPCC. However, these projections are inconsistent with the historical values of Pathfinder,
making it infeasible to directly incorporate the raw data into our model.

In the AR6 database, the drivers are CO2 emissions and non-CO; radiative forcing (Rx). To utilize
harmonized and vetted CO emissions and Ry scenarios as inputs in the forward mode of Pathfinder, we
perform linear interpolation to convert the decadal data into annual data. Subsequently, we rescale both
drivers to align with the historical trajectories of Pathfinder. Due to the inherent natural variability
present in Pathfinder's historical runs, it is not possible to directly utilize the year 2021 as a reference

for rescaling.

Therefore, we rescale future CO, emissions based on the 11-year mean values calculated in Pathfinder’s
historical and centered in 2016 and we infer the 2021 value using the trend in observational values®°.
This approach ensures consistency with Pathfinder's configurations, as the 1l-year mean value is
specific to each configuration. The rescaling factor is determined by comparing the reconstructed value

for 2021 with the corresponding value in the AR6 scenario.

Similarly, for Ry, we reconstruct the historical value in 2021 by extending the 11-year mean values
calculated in Pathfinder’s historical trend centred in 2016. Between 2016 and 2021 we incorporate the
trend in observational values (based on observations until 201929). However, the treatment of Ry differs
from that of CO, emissions due to its nature as a radiative forcing resulting from a combination of
various GHGs (positive) and aerosols (mostly negative). Consequently, depending on the model's
parameterization, the reconstructed historical Ry value in 2021 can be either negative or positive.
Rescaling Ry without accounting for this decomposition could potentially lead to an artificial reversal of
the sign of Ry in the scenarios. To address this, we decompose Ry and rescale each component separately:
RER® = RYES o5 + Rinerosols: Where R£RC is the radiative forcing due to non-CO; forcers in ARG scenarios,

AR6

RZRS 45 i the radiative forcing due to a combination of different GHGs in ARG scenarios, and R&5S.o<o1s

x,ghgs
is the radiative forcing due to aerosols in AR6 scenarios. As Pathfinder lacks such a decomposition, we

use the IPCC ARG extrapolated value of R,’}Ig,ﬁgs =1.18 + 0.14 W m~2 in 202168, Assuming a normal

distribution we randomly draw one value of the GHG component of Ry for each configuration of

hist

. . . . R . .

Pathfinder. Finally, the rescaling factor for GHGs is #f;ﬁ;l, and the rescaling factor for aerosols is
x,ghgs

R Reghas \here RIS is th d historical value in Pathfinder in 2021 and R#22%21 ang

—arezosr — Where Ry*" is the reconstructed historical value in Pathfinder in and Ry ;erosors-aN

Rx,aerosols

RAR6,2021
x,ghgs

in 2021.

are the respective ARG radiative forcing due to a combination of aerosols and different GHGs

Definition of SRM and CDR variables

Carbon Dioxide Removal (CDR) Because of our inverse modelling approach, we do not know the
CDR contribution to the net anthropogenic CO, emission pathways (E.,) we estimate. To do so, we
define a time-dependent floor (CDRy,,,) below which we consider that CDR is needed (Supplementary
Figure 6). This CDRy,,,, follows the lower bound of the CO, emission pathways envelope from the AR6

scenarios?3, excluding bio-energy with carbon capture and storage (Eg‘gf_mm) and CDR from land use
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harmonized and estimated by Gidden et al.®9. We consider only vetted scenarios excluding the GCAM
5.3 model scenarios following linear decarbonation until different net-zero dates (from 2035 to 2050)7.
We add a final filter to exclude scenarios that show net negative emissions despite removing the CDR
contribution. We interpret these net negative emissions as a misfiling of CDR and therefore the scenario
as not reliable.

In addition, the ARG scenarios were rescaled to be consistent with both Pathfinder historical values and

latest observed trends. Because, in that case, we want CDR to be 0 in 2021, we must rescale EZSS in-

This gives:
CDR = {ECOZ - CDRfloor lf Ecoz < CDRfloor
0 otherwise
with
Eco2,2021
CDRfip0r = Emé—Eéqgg,min'

C02,min,2021

where E¢p; 4021 is the Pathfinder’s anthropogenic CO> emissions in 2021 and E&5S i 2021 IS the lower

bound of the CO, emission pathways envelope from the AR6 scenarios in 2021.

Solar Radiation Management (SRM) AR6 scenarios do not include SRM or any removal
technology for GHGs other than CO2. Thus, we directly extract the Ry variable from the AR6 scenarios
implemented in Pathfinder, and we select the lower bound of the pathway’s envelope (Supplementary
Figure 5). We smooth it out by taking its minimum value over a rolling period of 5 years (Rf}ffnﬁin). Finally,
we offset this already rescaled floor by Pathfinder’s 2021 value (R, ,9,1). That is:

Ry — SRMfloor lf R, < SRMfloor

SRM = {
0 otherwise

with
— AR6 AR6
SRMfloor = Rx,2021 - Rx,min,ZOZl + Rx,min'

where R{RS - 0211s the lower bound of the Ry pathways envelope from the ARG scenarios in
2021.
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Data availability

No raw data is provided with this article because of the total size (=500 GB). However, we provide a

code to generate this data.

Code availability

The source code of Pathfinder is openly available at https://github.com/tgasser/Pathfinder (last access:
16 October 2023). A frozen version of the code as developed in the paper can be found on Zenodo at
https://doi.org/10.5281/zenodo.7003848 (ref’t). Additional code and data are available on Zenodo at
https://doi.org/10.5281/zen0do.15235819 (ref’2). This contains the code to reproduce the input

trajectories of Pathfinder as well as some examples of post-processing.
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