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Abstract. Scenarios serve as a critical tool in climate change
analysis, enabling the exploration of future evolution of the
climate system, climate impacts, and the human system (in-
cluding mitigation and adaptation actions). This paper de-
scribes the scenario framework for ScenarioMIP as part of
CMIP7. The design process has involved various rounds of
interaction with the research community and user groups at
large. The proposal covers a set of scenarios exploring high
levels of climate change (to explore high-end climate risks),
medium levels of climate change (anchored to current pol-
icy), and low levels of climate change (aligned with current
international agreements). These scenarios follow very dif-
ferent trajectories in terms of emissions, with some likely
to experience peaks and subsequent declines in greenhouse
gas concentrations in this century. An important innovation
is that most scenarios are intended to be run, if possible, in
emission-driven mode, providing a better representation of
the Earth system uncertainty space. The proposal also in-
cludes plans for long-term extensions (up to 2500 AD) to
study long-term impacts, climate change-related processes
on long timescales, and (ir)reversibility. This proposal forms
the basis for further implementation of the framework in
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terms of the derivation of emissions and land use pathways
for use by Earth system models and additional variants for
adaptation and mitigation studies.

1 Introduction

Scenarios serve as a critical tool in climate change analysis.
Defined as plausible alternative descriptions of how the fu-
ture may develop based on a coherent set of assumptions,
they are used by different research communities to explore
potential future avenues of socio-economic conditions, as-
sess the effects of different drivers of climate change, char-
acterize future climatic conditions, and assess impacts of cli-
mate change as well as adaptation and mitigation responses.
As such, scenarios are also useful to bridge across differ-
ent research communities. The World Climate Research Pro-
gramme’s (WCRP) Coupled Model Intercomparison Project
(CMIP) has organized several rounds of the development
and use of such scenarios. The CMIP scenarios play not
only a pivotal role in climate research but also act as inte-
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grating tools for scientific assessment processes and policy
analysis. In the most recent phase 6 (CMIP6), CMIP dele-
gated the organization of experiments targeting specific re-
search areas and questions to the scientific community, and
CMIP6-Endorsed Model Intercomparison Projects were es-
tablished (Eyring et al., 2016). The Scenario Model Inter-
comparison Project (ScenarioMIP) formed a primary activ-
ity within CMIP6 that facilitated multi-model climate pro-
jections based on alternative plausible forcing scenarios that
are directly relevant to societal concerns regarding climate
change mitigation, adaptation, and future climate impacts
and risks! (O’Neill et al., 2016; Tebaldi et al., 2021).

In this continuing role, ScenarioMIP’s goal for CMIP7 is
the design of a limited set of scenario-based experiments to
be run by climate models, that (1) serve direct science ques-
tions, (2) function as input to other (science) communities
and (3) support policy. With regard to the direct science con-
tribution, the scenario information is used to study and un-
derstand climate processes and how their response to anthro-
pogenic forcings emerges from internal variability and model
structural uncertainties. To accomplish this aim, it is impor-
tant that the set of forcing variables considered is internally
consistent and varies over a plausible range of forcing lev-
els, and that the set explores futures that may result in very
different climate process dynamics (such as increasing and
declining concentrations). With regard to the contribution to
other (science) communities, ScenarioMIP ensures that data
becomes available about future changes in climate variables
(such as temperature, precipitation, humidity, etc.) together
with information on human forcings/drivers (such as popula-
tion, economic activity, land use, etc.) to a diverse set of user
communities beyond the physical climate sciences. This aim
is to facilitate further understanding of climate change, its
impacts, risks and response options, including adaptation and
mitigation choices. Targeted communities include, for in-
stance, researchers on impacts and mitigation, but also prac-
titioners, who might use this information for national or sub-
national or local risk assessment, climate finance, mitigation
policy or adaptation planning. Finally, regarding policy, Sce-
narioMIP aims to provide relevant outputs to support climate
policy development, including through their use in IPCC as-
sessments. Despite these important roles, climate modeling
groups participating in ScenarioMIP can only run a limited
set of scenarios. Computational expenses associated with set-
ting up, running and archiving output from climate model ex-
periments pose strict constraints on the number of scenarios
that ScenarioMIP’s protocol can include. Therefore, a small

n this paper, we are specifically concerned with those scenar-
ios that are used as external forcings to climate models, including
Earth System Models (ESMs), General Circulation Models
(GCMs), Climate Models of Intermediate or Reduced Complex-
ity (CMICs) and Simple Climate Models (SCMs). These exter-
nal forcings encompass elements such as emissions and atmo-
spheric concentrations of greenhouse gases, chemically reactive
gases, aerosols, and land use.
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set of scenarios needs to be selected such that the set satisfies
the three critical goals but does not require resources that are
beyond reach for current scientific and computational capac-
ity.

In preparation of the ScenarioMIP experimental design,
the first meeting of the ScenarioMIP project under CMIP7
was held on 20-22 June 2023, in Reading, UK. Based on the
meeting report, the Scientific Steering Committee (SSC) of
ScenarioMIP formed several task groups, including external
experts, and continued to work on an experimental design for
the next round of ScenarioMIP. The results are captured in
this document. The meeting also led to the expansion of the
SSC for ScenarioMIP as well as the creation of a large advi-
sory group (CMIP, 2026). Both these changes responded to
the desire to make ScenarioMIP more inclusive and broaden
awareness of diverse viewpoints and concerns. Since then,
the ScenarioMIP proposal was elaborated through various
rounds of review and participation. In September 2023, the
first ideas were shared with the research community in two
webinars, asking for direct feedback. Subsequently, draft ver-
sions of the proposal were sent out for review in late 2023
(to a group of around 80 people worldwide that expressed
interest in being involved as an advisory group) and in May
2024 (through an open review process to scientists and other
user groups). Both rounds resulted in a large set of review
comments. The paper was also subject to public review as
part of the EGUsphere review process. Development of [AM
emissions and land use scenarios based on the experimental
design described in this proposal began in September 2024
and is currently nearing completion. For each CMIP7 sce-
nario, a marker was selected that accurately represented the
description of the scenario. The results of this selection were
discussed with representatives of the CMIP panel as well as
potential scenario users. Earth system model simulations are
planned to start in spring 2026 for some scenarios and be
completed about three months later. Additional scenario sim-
ulations are planned to begin in June 2026.

2 Overall experimental design
2.1 Role of ScenarioMIP in CMIP6

Before discussing the design of the current scenario round,
it is useful to briefly evaluate the role of ScenarioMIP in
CMIP6 (O’Neill et al., 2016; Tebaldi et al., 2021). In CMIP6,
ScenarioMIP specified four Tier 1 and four Tier 2 scenar-
ios to be run by ESMs, coordinating the production of these
scenarios by the IAM community and the process to deliver
them in the form that ESMs need to make use of them as ex-
ternal forcings. These experiments (especially those in Tier
1) were run by most modeling teams participating in CMIP6
and are by far the most used scenario-based simulations of
CMIP6. The results of the ScenarioMIP experiments led to
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many physical science” papers describing changes in climate
characteristics, but also to many papers characterizing the
impacts of those changes on society and ecosystems. Fur-
ther, ScenarioMIP results contributed to the assessment re-
ports of all Working Groups of IPCC, supplying a dimension
of integration that is reflected in the Synthesis Report of AR6
(IPCC, 2023a). The most direct use was in WGI, where Sce-
narioMIP climate model simulations formed the backbone
of the assessment (IPCC, 2021). The use in WGII (IPCC,
2022b) was more limited because of a lag in production of
literature on impacts and adaptation based on ScenarioMIP
results. In WGIII, ScenarioMIP results made an indirect but
fundamental contribution via the calibration of simple cli-
mate models (SCMs) that allowed characterization of proba-
bilistic global temperature projections and the resulting clas-
sification of a large set of baseline and mitigation scenarios
produced by Integrated Assessment Models that were not run
by ESMs (IPCC, 2022a; Kikstra et al., 2022). There were
some difficulties related to the process. This includes the rel-
atively long period from data production (IAM model runs
and harmonization) until final climate model runs (from 2015
to 2020). This means that studies on climate impacts (relying
on ESM runs) could even start later given the need for ad-
ditional downscaling and bias adjustment. This even meant
that the underlying projections from IAMs were somewhat
outdated by the time climate model output became available
(several projected years (2015-2020) had already become
historical by that time). Also, over time, critiques emerged
about the plausibility of the most extreme scenarios (SSP5-
8.5 and its precursor, RCP8.5; SSP1-1.9) (Hausfather and
Peters, 2020; Engels et al., 2024; Ritchie and Dowlatabadi,
2017).

2.2 General design principles

In view of the multiple aims of the ScenarioMIP scenarios,
the experimental design was created with a set of general
principles in mind. The principles will be further discussed
below:

— The scenarios form illustrative, internally consistent de-
scriptions of future emissions and land use.

— The scenario set covers a wide and plausible range of
emissions and climate forcing.

— Most scenarios will be run in emission-driven mode (for
CO») in ESMs.

— The scenarios cover the period up to 2100 AD, and long-
term extensions are stylized continuations of the narra-
tive without large discontinuities.

2Various model types exist to explore the physical climate sys-
tem, including Earth System Models (ESMs), General Circulation
Models (GCMs), EMICs (Earth System Models of Intermediate
Complexity) and SCMs (Simple Climate Models). Here, we use the
term ESM to refer to all types of climate models.
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2.2.1 The scenarios form illustrative, internally
consistent descriptions of future emissions and
land use

The primary purpose of the ScenarioMIP scenarios is to pro-
vide emissions and land use pathways to drive ESMs. Sce-
narioMIP will produce these pathways based on plausible,
internally consistent socio-economic and technological sce-
narios>. It should be noted, however, that there are many
different scenarios that could produce similar emissions and
land use outcomes. The particular storylines and quantitative
drivers constituting the ScenarioMIP scenarios are therefore
illustrative. In fact, the resulting ESM simulations are in-
tended to be used in future studies in combination with many
different pathways describing future socioeconomic devel-
opment (van Vuuren et al., 2014). In this context, it is use-
ful to note that even the regional patterns of emissions of
short-lived forcers and land use, found to have effects within
single model studies (Lau and Kim, 2017; Lin et al., 2018)
do not necessarily translate to a unique climate change path-
way, since they, for now, have been shown to lack a robust
regional climate signal in a multi-model context (Westervelt
et al., 2020; Tebaldi et al., 2023).

In CMIP6, the Shared Socioeconomic Pathways (SSPs)
provided the socio-economic and technological storylines
and drivers underlying the emissions and land use pathways
in ScenarioMIP (Riahi et al., 2017). The SSPs continue to
be in wide use and recently the demographic and economic
drivers for these scenarios have been updated (ITASA, 2024).
However, other storylines and drivers could be adopted or
created as a basis for the ScenarioMIP emissions and land use
pathways. In practice, the IAM teams have based their cur-
rent scenarios on various SSPs, as it was generally deemed
pragmatic as these come with already available, suitably rich
quantifications and were implemented by the participating
modelling teams within the given timeline.

2.2.2 The scenario set covers a wide and plausible
range of emissions and climate forcing

The scenarios should encompass a wide range of policy-
relevant emission trajectories considered to be plausible (i.e.
that have a non-negligible likelihood of occurring; see Box
1 for a definition of a plausible scenario and other related
terms). As a set, the ScenarioMIP scenarios should thus cover
plausible outcomes ranging from a high level of climate
change (in the case of policy failure) to low levels of climate
change resulting from stringent policies. For the 21st century,

3We use the term scenarios here for internally consistent, com-
prehensive descriptions of the future. The term pathways is some-
times used to refer to specific scenario elements (such as socio-
economic development). We adopt this use of the term pathways
here. In other literature, the term pathways is sometimes used to re-
fer to goal-oriented scenarios or the terms scenarios and pathways
are sometimes used interchangeably.

https://doi.org/10.5194/gmd-19-2627-2026
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this range will be smaller than assessed before: on the high-
end of the range, the CMIP6 high emission levels (quanti-
fied by SSP5-8.5) have become implausible, based on trends
in the costs of renewables, the emergence of climate policy
and recent emission trends (Hausfather and Peters, 2020). At
the low end, many CMIP6 emission trajectories have become
inconsistent with observed trends during the 2020-2030 pe-
riod.

Plausibility is a subjective judgment. Moreover, in several
cases our plausibility judgments are conditional on assump-
tions that are themselves hypothetical. For example, in all
scenarios we assume that there are no climate change impacts
(see further in this document). This can be justified by the
overall scenarios framework in which impact analyses will be
carried out by impact models using ScenarioMIP ESM sim-
ulations (and human drivers) as inputs. In other words, the
ScenarioMIP scenarios are judged to be plausible conditional
on the assumption of no climate change impacts. This con-
ditionality is most consequential for the high climate change
scenarios, in which impacts would be largest. The medium
scenarios make subjective assumptions on current policies
(see further). For low scenarios, we take into account geo-
physical and techno-economic limits, particularly regarding
ramp-up rates of emission reduction and CDR, and technol-
ogy and policy trends/constraints in the short-run. Views on
plausibility evolve over time, as evidenced by the changing
scenarios assumptions in successive [IPCC WGIII assessment
reports. It should therefore be acknowledged that there might
be potential futures outside the ScenarioMIP scenario range.

Recent attempts have been made in the scenario literature
to produce probabilistic emissions projections (Rennert et
al., 2022; Moore et al., 2022; Liu and Raftery, 2021). While
such studies can provide valuable insights, they require sev-
eral methodological choices and subjective judgments that
are not widely shared across the community. We therefore
do not provide probabilities of occurrence for the scenarios
of this experimental design. We only prescribe that all sce-
narios should be plausible (see Box 1). That said, the design
criteria specify that the High scenario should be “as high as
plausible” while the Very Low scenario should be “as low as
plausible”, particularly in its degree of exceedance of 1.5 °C
warming. To meet these criteria, assumptions about one or
more of the elements driving emissions outcomes in these
scenarios will need to push the boundaries of plausibility. By
construction, then, we anticipate that these scenarios will be
considered less likely than those in the interior of the emis-
sions range. However, we leave likelihood judgments as a
research question to be addressed by the community on the
basis of the emissions scenarios ultimately produced.

One aspect of the future also concerns elements of eq-
uity and justice. Given the focus of the ScenarioMIP sce-
narios to explore the broad, global relationships between the
main drivers of climate change and the resulting global cli-
mate outcomes, the scenarios described here do not explicitly
address a range of justice assumptions. However, it is criti-
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cally important that the wider scenario literature, related to
the ScenarioMIP scenarios, pays more attention to equity and
justice issues. This is discussed further in Box 2.

2.2.3 Most scenarios will be run in emission-driven
mode for CO,

Up to now, ScenarioMIP experiments were driven by CO;
concentrations. As this does not account for uncertainty in
the carbon cycle response to climate, the decision was made
for CMIP7 to run most simulations preferably in emission-
driven mode (Sanderson et al., 2024). This means that for
Earth System Models (ESMs), their carbon-cycle representa-
tion determines the concentration of CO» in the atmosphere
that ensues from the prescribed emissions. This may lead to
a wider concentration range as processes related to carbon
cycle-climate feedbacks are newly involved in the scenario
simulations, with their uncertainties. While the wider range
may lead to some challenges in interpretation, it will better
represent the uncertainty range resulting from both the car-
bon cycle and the climate system. The climate model simula-
tions would also take better advantage of current ESM capa-
bilities, especially regarding the outcomes of land-based mit-
igation solutions, which are heavily dependent on feedbacks
that are not represented in concentration-driven experiments.

Concentration data will also be provided for all scenar-
ios for ESMs that can only run in concentration-driven mode
(without an active carbon cycle; see for a discussion of the
current capabilities of state-of-the-art ESMs (Hajima et al.,
2025; Séférian et al., 2020). For the concentration-driven
simulations, the median values of the concentrations as es-
timated by the carbon cycle emulators calibrated to CMIP6
included in Simple Climate Models (SCMs) can be used
(Nicholls et al., 2025b). This means that the concentration-
driven models will likely have a narrower outcome space
compared to the emission-driven set, which will have conse-
quences for interpretation and use of certain variables. Re-
garding CDR options, only afforestation and reforestation
will be based on endogenous representation of land use in
ESMs. For all other CDR options, we will include their emis-
sion impact within the TAM emission output (see Sect. 5). To
better assess the impact of running in emission-driven mode
over the range of climate system outcomes produced by the
multi-model ensemble, we propose that modeling groups
adopting the emission-driven mode also run at least one sce-
nario in concentration-driven mode, for comparison.

It is proposed that under the ScenarioMIP protocol mod-
els be run in emission-driven mode for CO, only. Other
well-mixed greenhouse gases (CH4, N»>O, halocarbons) re-
main with prescribed concentrations in the core experiments.
Aerosol precursor emissions (e.g., SOz, NO,, VOCs, black
carbon, organic carbon) will be provided for models with in-
teractive aerosol schemes, though tropospheric and strato-
spheric 3d optical aerosol properties will be provided for
those models which require it. Similarly, ozone concentra-

Geosci. Model Dev., 19, 2627-2656, 2026
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There are several terms commonly used to describe the likelihood of a scenaric. Likelihood is often expressed as the
probability of cccurrence of a selected event, e.g. a projected change lying in a given range (Mastrandrea et al., 2011).
Applied to scenarios, a likely (or probable) scenario has a relatively high probability of occurring based on knowledge of
current trends and common expectations about future developments and actions. In the ScenarioMIP experimental design,

we focus on plavsibility. A plausible scenario encompasses a range of outcomes that have a non-negligible likelihood of

scenarios to a feasibility space (Jewell and Cherp, 2023).

occurring (Carter et al., 2007). We do not quantitatively define the distinction between a plausible and implausible
scenario in terms of a threshold likelihood (1.2, a “non-negligible”™ likelihood). Rather. we define it qualitatively by
considering a scenario to be implausible if its likelihood is too low to be considered relevant to the purposes of the
ScenarioMIP exercise. In the end, plausibility 15 a subjective judgment that can be based on several criteria. One way of
making this distinction is that plausible scenarios should have a causal pathway to an outcome that aligns with current
scientific understanding of natural and social processes (Jewell and Cherp, 2023). In some cases, further criteria can be
adopted from the related concept of feasibility. Feasibility iz defined as the potential for an action to be implemented
(Ipce, 2022a) or as “doable under realistic assumptions™ (Jewell and Cherp, 2023) and is most relevant for scenarios
featuring strong climate policy or action. Therefore, when making judgments about the plavsibility of mitigation
scenarios we can borrow from approaches used in feasibility assessments; plausible scenarios should have a significant
degree of feasibility. For example, the IPCC used multiple dimensions of feasibility — geophysical, technological,
economic, sociocultural and institutional — to inform its judgments (Brutschin et al., 2021; Jewell and Cherp, 2023;

Juetal, 2023; Riahi ef al., 2022; Allen et al., 2018). Other approaches include historical analogies and mapping

Box 1. Terms characterizing scenario likelihood.

tions will be provided for models which require this as an
input (while models with full interactive chemistry can cal-
culate it based on emissions).

Running historical simulations in an emission-driven con-
figuration presents a challenge, as a model’s simulated CO»
concentration can drift from observations. However, this ap-
proach is a deliberate and core feature of the CMIP7 exper-
imental design (Sanderson et al., 2024). Rather than taking
measures to artificially correct this bias, we encourage ESM
groups to quantify CO, concentration evolution as a key di-
agnostic of model performance and carbon cycle sensitivity.
To facilitate this analysis, the ScenarioMIP protocol includes
at least one parallel concentration-driven simulation specif-
ically to allow for a clean diagnosis of the impact of these
emergent carbon cycle feedbacks on climate outcomes.

2.2.4 The scenarios cover the period 2025-2100 (AD)
with long-term extensions up to 2500 (AD)

The expectation is that the CMIP results will inform the pro-
cess of the upcoming IPCC Seventh Assessment Report and
the 2028 global stocktake as well as future research and as-
sessments in subsequent years. As IAM narratives do not
start until after 2025, ideally emissions would be harmo-
nized until that point. However, historical emissions data for
all relevant emissions species are not immediately available.
Moreover, the historical emissions dataset used for harmo-
nization must align with what is used for historical emis-
sions in CMIP7. Emissions were therefore harmonized for

Geosci. Model Dev., 19, 2627-2656, 2026

the year 2023. For the 2024-2025 period, IAMs were asked
to stay close to current trends — but based on individual model
output. This is a major update compared to CMIP6 that had
historical data up to 2015, and means that several critical pe-
riods (Covid-19, trends in natural gas use) will be included.
IAM modelled emissions changes following the scenario nar-
ratives cover the period 2026-2100. It is also expected that
differences among emission scenarios will remain within a
relatively narrow plausibility range until 2030 (see Box 1 for
a definition of plausibility).

There are important reasons to model long-term climate
system dynamics beyond the end of the century, which serves
the needs of communities studying long-term impacts and
(ir)reversibilities over multi-century time scales (e.g., ice
sheet, sea level rise, and species extinction researchers). The
period after 2100 AD is covered by long-term extensions of
emissions and land use to 2500 AD based on simple exten-
sion narratives and harmonization logic (See Sect. 4). We
recognize that the period up to the end of the century, tra-
ditionally covered by future scenarios, becomes significantly
shorter with every new phase of CMIP. Future phases will
see [AM-based scenarios reach beyond 2100, but that tech-
nical development was not possible within the current time-
line. Rather, for this iteration of ScenarioMIP, we request that
the ESM models run all scenarios at least to 2150 AD, using
the 2100-2150 AD forcing from the extension protocol (see
Sect. 4). In addition, teams are also requested to run at least

https://doi.org/10.5194/gmd-19-2627-2026
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two long-term extensions up to 2500 (preferably H-ext and
VL-ext).

Considerations of equity and justice are a cornerstone of
the global climate discourse. These considerations are in-
creasingly also raised regarding how justice issues have been
addressed in the scenarios used by the climate research com-
munity (e.g. Zimm et al., 2024; Kanitkar et al., 2024; Hickel
and Slamersak, 2022). These authors highlight that in many
scenarios used in the IPCC assessments, global inequalities
in aspects of the scenarios such as income and energy use
persist through time and that equitable sharing of emissions
reductions efforts, carbon dioxide removal and adaptation
implementation across countries is often insufficiently con-
sidered. While these concerns are very important, the type
of scenarios discussed in this paper do not address equity
and justice explicitly. Their overall goal is to explore the
broad, global relationships between the main drivers of cli-
mate change and the resulting climate outcomes, covering a
wide range of plausible futures and connecting various re-
search communities. ESMs using the scenarios are sensitive
to outcomes such as global emission levels and land use, but
are not, when considered in a multi-model ensemble, con-
sistently responsive to underlying considerations related to
equity and justice, which will strongly affect the regional
or sectoral distribution of these outcomes (see Bauer et al.,
2020). So far, the multi-model differences in climate due to
different regional patterns of land use or emissions of short-
lived forcers are still beset with uncertainty (see Sect. 2.2,
main text).

While the ScenarioMIP experiments described in this pa-
per refrain from exploring equity and justice assumptions
explicitly, they include a regional differentiation of mitiga-
tion effort in the first few decades, motivated by plausibility
considerations based on the role various parties are currently
playing. In addition, there are other features of IAMs that
can have implications for equity between regions, societal
groups and generations (e.g. Rubiano Rivadeneira and Car-
ton, 2022). For example, the timing of emissions reductions
in IAMs is influenced by the assumed discount rate (Emmer-
ling et al., 2019), while also assumptions on mitigation po-
tential can have consequences for the timing and location of
mitigation efforts — with possible implications for equity.

The ScenarioMIP climate projections are expected to be
used in combination with a range of socio-economic path-
ways. It is important that questions related to equity and jus-
tice are addressed prominently in future research on miti-
gation and impact analysis (as has been done to some de-
gree in the past). Research on just transitions will comple-
ment the work of ScenarioMIP by combining the climate
outcomes (directly or based on climate emulators) with a
range of socio-economic development and policy informa-
tion. We strongly recommend that both the mitigation and
impact research communities consider a wide range of socio-
economic scenarios and policy assumptions that are consis-
tent with equity and justice considerations in their research.
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This can be seen as a subsequent phase of scenario develop-
ment - both to inform policy making and assessment.
Another aspect of justice concerns the development pro-
cess of the ScenarioMIP protocol (IPCC, 2023b). To en-
hance transparency and inclusiveness, we have expanded the
ScenarioMIP scientific steering committee to better repre-
sent relevant regions and disciplines. We also established a
broader advisory group consisting of over 80 people from
different parts of the world. Finally, the proposal, before this
paper was submitted, underwent two rounds of review, one of
which was public, to gather extensive feedback. A last open
review took place as part of the submission to this journal.

2.3 Scenarios

Based on the design principles and interactions with relevant
communities, the following scenarios are proposed. Two sce-
narios populate the high-end of the emission range to explore
risks in case the world does very little to combat climate
change throughout the century and beyond (in one case) or
until the second half of the century (in the second case). The
storylines for these scenarios include substantially slowing
current observed trends towards rapid expansion of renew-
able energy. A pair of medium scenarios explore the impact
of current policies either remaining at current levels or, after
a delay, leading to a pathway towards net zero emissions. On
the low side of the spectrum, three scenarios explore the tem-
perature range that has been associated with the Paris climate
goals. In the full set, several scenarios explore overshoot dy-
namics at high and low concentrations levels. This leads to
the following proposal (see further details in Sect. 3):

— High emission scenario: A scenario with emissions as
high as judged to be plausible, based on assuming de-
velopments that include a rollback of current mitigation
policies. This scenario is expected to result in forcings
below SSP5-8.5.

High-to-Low emission scenario: A scenario that follows
approximately the same emissions pathway as the High,
but changes course in the second half of the century,
applying strong mitigation measures to reach net zero
CO» emissions by 2100.

— Medium emission scenario: A middle scenario explor-
ing consequences of extending current policies and
trends into the future.

— Medium-to-Low emission scenario: A scenario explor-
ing a delayed increase in mitigation efforts, short of
the Paris temperature goal but achieving net-zero CO;
emissions by the end of the century, with a period of net
negative CO, emissions thereafter to achieve 1.5 °C on
a multi-century timescale.

— Low emission scenario: The Low emission scenario is
designed to be consistent with the pursuit of holding
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Considerations of equity and justice are a cornerstone of the global climate dizcourse. These considerations are increasingly
also raised regarding how justice 1ssues have been addressed in the scenarios used by the climate research community (e.g.
Zimm et al., 2024; Kanitkar et al., 2024; Hickel and Slamersak, 2022). These authors highlight that in many scenarios nsed
in the JPCC assessments, global inequalities in aspects of the scenarios such as income and energy use persist through time
and that equitable sharing of emissions reductions efforts, carbon dioxide removal and adaptation implementation across
countries is often insufficiently considered. While these concerns are very important, the type of scenarios discussed in this
paper do not address equity and justice explicitly. The overall goal here is to explore the broad, global relationships between
the main drivers of climate change and the resulting climate outcomes, covering a wide range of plausible futures and
connecting various research commumities. ESMs using the scenarios are sensitive to outcomes such as global emission levels
and land use, but are not, when considered in a multi-model ensemble, consistently responsive to underlying considerations
related to equity and justice, which will strongly affect the regional or sectoral distribution of these outcomes (see Bauer et
al., 20207. So far, the multi-model differences in climate due to different regional patterns of land use or emissions of short-
lived forcers are still beset with uncertamnty (see Section 2.2, main text).

While the ScenarioMIP experiments described in this paper refrain from exploring equity and justice assumptions explicitly,
they include a regional differentiation of mitigation effort in the first few decades. motivated by plausibility considerations
based on the role various parties are currently playing. In addition, there are other features of LAMs that can have implications
for equity between regions, societal groups and generations (e.g. Rubiano Rivadeneira and Carton, 2022). For example. the
timing of emissions reductions in IAMs is influenced by the assumed discount rate (Emmerling et al.. 2019), while also
assumption on mitigation potential can have consequences for the timing and location of mitigation efforts — with possible
implications for equity.

The ScenaricMIP climate projections are expected to be used in combination with a range of socio-economic pathways. It is
important that questions related to equity and justice are addreszed prominently in future research on mitigation and impact
analysis (as has been done to some degree in the past). Fesearch on just transitions will complement the work of ScenarioMIP
by combining the climate outcomes (directly or based on climate emulators) with a range of socic-economic development and
policy information. We strongly recommend that both the mitigation and impact research communities consider a wide range
of socio-economic scenarios and policy assumptions that are consistent with equity and justice considerations in their research.
This can be seen as a subsequent phase of scenario development - both to inform policy making and assezsment.

Another aspect of justice concerns the development process of the ScenarioMIP protecol (Ipee, 2023%). To enhance
transparency and inclusiveness, we have expanded the ScenarioMIP scientific steering committes to better represent relevant
regions and disciplines. We alsc established a broader advisory group consisting of over 80 people from different parts of the
world. Finally, the proposal, before this paper was submitted, uaderwent two rounds of review, one of which was public, to

gather extensive feedback. A last open review took place as part of the submission to this journal.

Box 2. The Role of Equity and Justice Considerations.

warming to a level likely below 2 °C, without returning
to 1.5 °C before the end of the century. The scenario is
extended beyond 2100 by an emissions trajectory lead-
ing to a slow decrease of warming afterwards.

— Very Low emission scenario: The Very Low emission
scenario is designed to keep the temperature level as low
as plausible given feasibility constraints. This scenario
is thus relevant for the low end of the Paris range (stay-
ing as close as plausible to 1.5 °C at the time of peak
warming and limiting warming to 1.5 °C by the end of
the century).

— Low-to-Negative emission scenario: The last trajectory
is a scenario with a higher overshoot of the 1.5 °C goal,
followed by stringent climate policies resulting in net-
negative greenhouse gas emissions to return to lower
warming levels, thus supporting research into the re-
versibility of climate outcomes and their impacts.

Note that all scenarios are named after emission trends.
The global mean temperature associated with these scenar-
ios will be determined by ESM experiments and will form a

Geosci. Model Dev., 19, 2627-2656, 2026

range of outcomes. The temperature levels discussed above
only guide the scenario design and are being assessed dur-
ing the design phase using SCMs. The overall logic of the
current design shares key characteristics with the proposal of
Meinshausen et al. (2024). A summary of the scenario defini-
tions is given in Table 1 while Fig. 1 illustrates the potential
outcomes, based on preliminary results from IAMs and an
SCM. In Sects. 3, 4 and 5 we further explore ideas and con-
siderations relevant to the various scenarios.

The global average temperature trajectories shown in
Fig. 1 were produced using an ensemble of the FalR simple
climate model calibrated during the IPCC Sixth Assessment
Report (AR6) (IPCC, 2021). FalR is a reduced-complexity
climate model useful for scenario assessment and idealized
climate runs (for a full description (FalR team, 2025). Data
in the figures is available at Zenodo (Sanderson and Smith,
2025). It should be noted, however, that the final emission
and forcing data will be produced by IAM model runs that
will replace the stylized data shown here. The figures in-
clude the first 50 years of the extensions discussed in Sect. 4,
since ESMs are requested to run scenarios for the period
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Figure 1. Proposed scenarios for CMIP7 ScenarioMIP, showing (a) GHG emissions pathways as a function of time for each of the proposed
scenarios (based on GWP-100) and (b) the associated global average temperature outcomes using the probabilistic FalR ensemble used in
IPCC ARG6 (Smith, 2025; Smith et al., 2024). The shaded area for emissions shows £8 GtCO, around the expected marker scenario value
while for temperature outcomes, it shows the 33—67 percentile range of the distribution for the same expected marker scenario. Data for the
historical period can be found in Nicholls et al. (2025a). Scenarios are (H) High, (HL) High-to-Low, (M) Medium, (ML) Medium-to-Low,
(L) Low, (LN) Low-to-Negative and (VL) Very Low. The final emission trajectories will depend on the finalized IAM runs but are expected to
be roughly consistent with the illustrations provided here. The final temperature outcomes will be known only at completion of Earth system
models’ experiments, and will, for this phase of ScenarioMIP, include also the effects of carbon cycle feedbacks. Models are requested to
run the scenarios for the period 2025-2150; the textured regions for the 2100-2150 period (AD) indicate that these emissions and forcings

are defined in the extension protocol.

2025-2150. The overall set of scenarios covers a plausi-
ble range of global emissions in 2100, from around —10 to
—20GtCO, yr~! up to levels of about a third greater than
today’s emissions. It is expected that the temperature results
from the scenarios range from around 1.5 to almost 3.5 °C
increase in 2100 over the 1850-1900 level.

2.4 Other design issues
2.4.1 Natural forcings (Solar and Volcanic)

The solar forcing recommendations for CMIP7 are provided
by the SOLARIS-HEPPA group. The historical forcing re-
construction covers the period up to 31 December 2023, and
is extended through 31 December 2024. For future simula-
tions from 1 January 2025, through 2299, the data uses an
intermediate scenario from a stochastic ensemble of future
solar activity, which is based on a surrogate analysis of cos-
mogenic isotope datasets. The complete recommendations
and dataset construction are described in Funke et al. (2024).
The CMIP7 forcing task team has developed a new histori-
cal reconstruction for stratospheric aerosol optical properties
and volcanic sulfur emissions covering the period from Jan-
uary 1750 to December 2023 (Aubry et al., 2025). The future
volcanic forcing will involve a 9-year linear ramp-up from
the historical values at the end of 2023 to a new background
level. This background is defined as the mean stratospheric
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aerosol optical depth (SAOD) calculated over the 1850-2021
period (a value that results to be higher than the average be-
tween 2000 and 2020, a relatively quiescent volcanic erup-
tion period). The SAOD will ramp up until 2033 and then
hold steady at this piControl climatological value for the re-
mainder of the future simulations. Notably, the major erup-
tion of Hunga Tonga-Hunga Ha’apai in 2022 is deliberately
excluded from the future forcing scenarios to avoid its large
and anomalous cooling signal from complicating the analy-
sis of the anthropogenic warming signal in the scenario runs.
Full details of the methodology and dataset are forthcoming
(Aubry et al., 2025).

2.4.2 Air pollution control

All scenarios include air pollution representation (Short
Lived Climate Forcers (SLCFs), among which aerosols in-
cluding sulfur, black carbon (BC) and organic carbon (OC)
emissions) and assumptions related to air quality measures.
The effects of air quality measures on global radiative forcing
can be significant (Skeie et al., 2024). Despite lack of agree-
ment among different ESMs over the response of regional
climate to aerosol forcings, and a low signal to noise ratio
of these responses, aerosol emissions have been observed to
shape regional climate and will be one of the major drivers
to influence climate change in coming decades (Persad et al.,
2022). In the low scenarios, sulfur and aerosol emissions will
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Table 1. Scenarios, naming, key design criteria, and their priority (expressed as Tier 1 and 2). These priorities are meant to be for models
participating in emission-driven mode. We also request that these groups run, as part of Tier 1, the Medium scenario in concentration driven
mode in order to distinguish the effects of the active carbon-cycle on the outcomes. Two more scenarios in concentration driven mode for
these models are part of Tier 2. All the scenarios listed here will be provided also as concentrations for models that want to run ScenarioMIP
in concentration mode, and for which Tier 1 will include all 7 scenarios. If run concentration driven, the scenario-ID is the current name

without the prefix “esm-".

Scenario group

Scenario name

Primary emissions or
temperature design criteria

Additional emissions Tier
or temperature

characteristics

Scenario-ID

High scenarios,
emissions-
driven

High (H)

Emissions as high as plausible
consistent with climate policy
rollback

esm-scen7-h

High-to-Low (HL)

High emissions until second
half of century, followed by
rapid decline to net zero CO;
in 2100

esm-scen7-hl

Medium
scenarios,
emissions-
driven

Medium (M)

Emissions consistent with
current policies frozen as of
2025

|
—

esm-scen7-m

Medium-to-Low (ML)

Medium emissions until 2040
followed by gradual decline to
net zero CO, in 2100

esm-scen7-ml

Low scenarios,
emissions-
driven

Low (L)

Emissions consistent with
staying likely below 2 °C and
not returning to 1.5 °C before
the end of the century

Emissions decline 1
toward net zero GHG
emissions by 2100

esm-scen7-1

Very Low (VL)

Emissions consistent with
limiting warming to 1.5 °C at
the end of the century with
overshoot as low as plausible

Rapid emissions 1
decline toward net zero
GHG emissions

esm-scen7-vl

Low-to-Negative (LN)

Emissions consistent with
limiting warming to 1.5 °C at
the end of the century with
higher overshoot compared to
the VL scenario

Rapid emissions 1
decline begins later

than in VL scenario

and leads to net

negative GHG

emissions by 2100

esm-scen7-In

Concentration-
driven

High, Concentration
driven (HC)

Variant of H,

concentration-driven for
models that also run the
emission-driven variant

scen7-h

Medium,
Concentration driven
MC)

Variant of M,

concentration-driven for
models that also run the
emission-driven variant

scen7-m

Low, concentration
driven (LC)

Variant of L,

concentration-driven for
models that also run the
emission-driven variant

scen7-1

Geosci. Model Dev., 19, 2627-2656, 2026
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be low as a result of the reduction in fossil fuel use. For the
higher GHG emission scenarios, the emissions of air pol-
lutants are also strongly influenced by specific air pollution
control policies (as observed in many regions historically). In
the High and High-to-low scenarios, the levels of air pollu-
tion control vary consistent with underlying assumptions on
socio-economic development. Alternative scenarios could be
run in AerChemMIP and RAMIP (Wilcox et al., 2023)

2.4.3 Ensembles

Recommendations on the use and size of initial condition en-
sembles are particularly relevant at the low end of the sce-
nario range where the emergence of a climate signal rela-
tive to other low scenarios is expected to require relatively
larger ensembles but are also important to enable sampling of
longer return period events (rarer events) at all levels of forc-
ing. For CMIP7, we encourage running ensembles of at least
5 members or more for each scenario ideally, to quantify the
role of initial condition/internal variability uncertainty in sce-
nario outcomes. The three low scenarios could be prioritized
forthe creation of ensembles, depending on modeling cen-
ters’ capacities. Sufficient representation of natural variabil-
ity is decisive to inform climate risk assessments and adap-
tation decisions (Lehner and Deser, 2023; Pfleiderer et al.,
2025).

2.4.4 1AM model runs

Based on the mostly qualitative formulation of the seven sce-
narios in this document, ScenarioMIP asked the IAM com-
munity to provide a database of alternative (i.e., ideally more
than one) quantitative interpretations of each of the scenarios
(see also Box 3). The Scenario Working Group of IAMC or-
ganized the planning, development, and vetting of the emis-
sions and land use scenarios, including the selection of single
“marker” implementations of each scenario for provision to
ESMs. This process and its results were nearly finished at
the time of the final publication of this protocol and will be
documented in further publications. The final set of [AM sce-
narios is fully consistent with the scenarios described in this
paper. The full database of alternative scenarios will provide
a basis for the broader IAM community to explore variants
that alter key parameters, such as underlying socio-economic
assumptions, climate policy and equity considerations and
CDR use. These variants could also explore the implications
of climate change impacts for the scenarios (see below under
“Impacts and adaptation” for a discussion of this particular
issue). Additional quantifications from models beyond those
doing the initial quantification is strongly encouraged.
Emission reduction strategies can differ in timing, geo-
graphic location, the choice of technologies and other mit-
igation actions (including the use of CDR). Such differences
in mitigation strategies form the main focus of mitigation re-
search, including relationships with justice. Some of these
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differences also lead to different climate outcomes, includ-
ing timing and overshoot. Several land-related mitigation op-
tions such as bioenergy with carbon capture and sequestra-
tion (BECCS) and afforestation may not only impact green-
house gas concentration but also, for instance, albedo. These
differences are also important for ScenarioMIP. This does
also inform us about one element of the scenario matrix, i.e.
the degree to which different socio-economic scenarios can
be combined with all climate scenarios. Carbon dioxide re-
moval strategies play a central role — as they can influence the
timing of mitigation action, the ambition, but also land use.
In this paper, for this reason we have a separate section on
the representation of CDR. It should be noted that solar radi-
ation management is not included in these experiments, but
is covered in a separate MIP (GeoMIP) (Visioni et al., 2024).
Novel CDR methods (such as ocean alkalinity enhancement)
will be a focus in CDRMIP.

2.4.5 Impacts and adaptation

ScenarioMIP requests that the IAM teams produce simula-
tions that do not include climate change impacts on soci-
ety or ecosystems (e.g. on agriculture, energy use, economic
growth, or biodiversity). There are two main reasons for this.
First, one of the main uses of the scenarios and their cli-
mate outcomes is to drive impacts estimation by the impact
modeling community, which uses both the climate projec-
tions and the direct human drivers (such as land use and agri-
cultural systems changes) as input to their analyses. If the
IAM scenarios (and therefore the climate projections based
on them) already include impacts, further impact modeling
based on these scenarios would lead to double counting. Sec-
ond, IAMs currently do not represent a full range of potential
impacts and generally lack the required detail needed to rep-
resent many regional impacted systems and adaptation strate-
gies. Including impacts in the IAM scenarios would therefore
only provide a partial and somewhat arbitrary accounting of
potential climate effects. The IAM and ESM scenarios are
therefore not intended to provide complete pictures of poten-
tial future worlds. Rather, they must be augmented by impact
and adaptation studies that complete that picture so that it
includes climate shifts, mitigation, impacts, adaptation, and
development. At the same time, demand for fully consistent
scenarios is growing. It is, therefore, encouraged that [AM
developers undertake research projects to produce additional
scenarios in which impacts are accounted for. This work may
also lead to different scenario protocols for future Scenari-
oMIP exercises.
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Emission reduction strategies can differ in timing, geographic location, the choice of technologies and other mitigation
actions (including the use of CDR). Such differences in mitigation strategies form the main focus of mitigation research,
including relationships with justice. Some of these differences alzo lead to different climate outcomes, including timing and
overshoot. Several land-related matigation options such as bioenergy with carbon capture and sequestration (BECCS) and
afforestation may not only impact greenhouse gas concentration but alzo, for instance, albedo. These differences are alzo
important for ScenarioMIP. This does also inform us about one element of the scenario matrix, i.e. the degree to which
different socio-economic scenarios can be combined with all climate scenarios. Carbon dioxide removal strategies play a
central role — as they can influence the timing of mitigation action, the ambition, but also land use. In this paper, for this
reason we have separate section on the representation of CDEL It should be noted that solar radiation management is not
included in these experiments. but 1s covered in a separate MIP (GeoMIP) (Visioni et al. 2024). Novel CDE. methods (such
as gcean alkalinity enhancement) will be a focus in CDEMIP.

Box 3. Different emission reduction and carbon dioxide removal strategies.

2.4.6 Modeling assumptions

The modeling paradigms and assumptions underlying IAM
implementations relate to questions of socio-economic de-
velopment, technological progress, mitigation preferences
and climate justice. Exploring the implications of these as-
sumptions, and alternative implementations, is of critical im-
portance to provide policy relevant science to inform the
deliberations on mitigation efforts and their regional distri-
bution. These important questions, however, are outside the
scope of ScenarioMIP, which is an exercise of CMIP that is
focused on providing scenario forcing data for ESMs (see
Box 2). The use of IAMs within ScenarioMIP is limited to
providing emissions and land use forcing time series that al-
low for the exploration of different global climate futures.
An exploration of alternative implementations of the Scenari-
oMIP scenario narratives using different modeling paradigms
and normative assumptions is explicitly encouraged. Mean-
while, our working assumptions, from a climate modeling
perspective, are that the regional distribution of carbon emis-
sions do not matter to ESM outcomes, having long been
characterized by their “well-mixed” nature, and therefore
do not produce regional responses linked to the location of
the sources of emissions. Regional distributions of land use,
aerosols and other localized forcers have been shown to pro-
duce local responses that are, for now, model dependent and
result in non-robust patterns of climatic changes in a multi-
model context, such as CMIP-type ensemble experiments
(Westervelt et al., 2020; Tebaldi et al., 2023).

2.4.7 The role of complex climate models vs emulators

Some further exploration is needed of the role of different
tools at different levels of the modeling hierarchy, especially
ESMs vs emulators of climate model output. By emulators
we refer to computationally efficient tools that, when driven
by a scenario, are able to provide impact-relevant variables
akin to climate model output in spatial resolution and time
frequency, bypassing the need to run ESMs. Emulators need
to critically rely on available ESM ensembles over a wide
range of scenarios for training. Their use can be attractive
both to fill gaps in the design and to accelerate the uptake
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of some of the outcomes of new scenarios by the wider re-
search community. Thus, it is useful to consider how emu-
lators can further reduce the computational load on complex
climate models for scenario exercises and the expectation is
that, given the rapid developments in the emulation space of
the last few years, especially with the deployment of machine
learning and more broadly Al climate models, the use of em-
ulators to augment or even substitute for ESM output may
become more feasible in the not-so-distant future (Eyring et
al., 2024). As of now, however, no emulator can address the
provision of all outputs from an ESM and for all types of
scenarios. High frequency (e.g. daily) output, jointly simu-
lated variables (respecting correlations between them), and
more generally variables other than average temperature and
precipitation still present a challenge to emulators. In the sce-
nario space, overshoot/peak-and decline scenarios (intended
here as temperature trajectories that exceed a global warm-
ing level of interest for a limited time and later experience
a decline, due to declining GHG concentrations including
from negative emissions) constitute particularly open ques-
tions, given the scarcity of this type of scenario simulation
by ESMs on which emulators could be trained. The Scenari-
oMIP protocol therefore requests all scenarios to be run using
ESMs. However, we expect emulator to be useful in filling
the scenario space. Emulators may also be useful to boost
ensembles sizes of existing ESM simulations.

2.4.8 Input variables for ESMs and impact models

ScenarioMIP will provide data as external forcing for Earth
system model simulations and additional information on
socio-economic development and related parameters for the
Impacts, Adaptation and Vulnerability research community.
Table 2 illustrates what type of data could be made available,
although further parameters may also be provided. We note
here that some variables, such as gridded population and ur-
ban land cover, are the result of dedicated efforts by the larger
research community, rather than being a byproduct of IAM
simulations.

Further, the CMIP7 Forcings Task Team is in place to ad-
dress some of these issues (required forcing input files, har-
monization) and coordinate the provision of ESM forcings
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Table 2. Input data for Earth System Model (ESMs) and Vulnerability, Impact and Adaptation (VIA) research communities (illustrative list).

ESMs VIA
Data provided during — CO; emissions (fossil 4 land use) + — Gridded population
CMIP6 concentrations (harmonized with — Energy system parameters
historical data) — Gridded land use/crop data
— Land cover change (harmonized) (in addition to land cover)
with historical data — Gridded water consumption and irrigation
— CHy, N7O, CO, NOy, Hp, VOC, SO»,
halogenated gases emissions and
concentrations (harmonized with
historical data)
— Aerosol optical properties and ozone
concentrations (based on run via
atmospheric chemistry model driven
by scenario emissions data)
Additional data — Gridded urban land cover — Gridded urban land cover

— Data on CDR activity (afforestation and

— Income distribution and poverty/inequality

reforestation areas; net-negative emissions)

— Gridded water consumption
— Fertilizer use

— Crop yields

— Gridded energy consumption

— Fertilizer use

— Crop yields

— Gridded energy consumption
— Air pollution

through the input4mips effort. This includes, for instance,
harmonization of historical emission data and provision of
consistent gridded land use data.

2.4.9 Consistency with earlier scenario sets

In CMIP6, one of the scenario design’s stated goals was to
facilitate comparison with CMIP5 and some studies were
published that quantified the relative contribution of dif-
ferent scenario composition versus different models to the
changes in temperature range under comparable global radia-
tive forcing pathways. However, we believe that for the study
of consistencies and differences due to model development,
the experiments prescribed as part of CMIP’s Diagnostics,
Evaluation and Characterization of Klima (DECK) are more
suitable. Therefore, no design choice was added to produce
global forcings comparable to CMIP6 scenarios.

2.5 Timeline

One of the goals of ScenarioMIP is to produce scenarios that
can be useful to the 7th Assessment Report of IPCC. This
means that studies forming the basis of the assessment and
relying on the new scenarios outcomes need to start appear-
ing in the peer-reviewed literature in the 2026-2027 time-
frame. We recognize that although the IPCC and CMIP7
timelines will facilitate a rigorous assessment of CMIP7 sim-
ulations by Working Group I, the research time available for
the vulnerability, impacts and adaptation (VIA) research us-
ing CMIP7 data is quite constrained. Therefore, several of
the IAM scenarios based on this proposal and the subsequent
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data steps to create input data for ESMs are intended to be
completed around the end of 2025/early 2026, so that the cli-
mate model simulations can start early in 2026. This should
allow for some of the ESM experiments based on the Tierl
scenarios to start becoming available in mid-2026.

3 Further elaboration of the design of the emission
scenarios for CMIP7

The ScenarioMIP scenarios are elaborated using IAMs. As
indicated in Table 2, the key output data for ESM model runs
include emissions of CO;, non-CO; greenhouse gases and
air pollutants and land use. Subsequently, the emission data
is harmonized with historical data (Nicholls et al., 2025a)
(following similar methods as used in CMIP6 (Gidden et
al., 2019)). The output is run through simple climate models
and an atmospheric chemistry model to provide concentra-
tion data for ESM that need such input. For land use, the data
is harmonised to a historical data set, again following a pro-
cedure similar to CMIP6, but now also including additional
information for CDR (see Sect. 5) (Hurtt et al., 2020). Below,
further guidance is given to the elaboration of the individual
scenarios and their role in the overall set.

3.1 Design of the High emission scenario (H)

The High emission scenario explores a future world that
weakens or even abandons mitigation actions and policies —
in combination with other development trends that could lead
to high emissions. A scenario exploring the high-end of the
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plausibility range is important for addressing questions such
as: what are the impacts associated with a scenario in which
climate mitigation policy largely fails? What is the risk of
reaching potential tipping points in the Earth system at a rel-
atively high level of future warming? What do extreme events
look like at such warming levels? And how far beyond cur-
rent conditions are known adaptation measures viable?

The scenario is based on trends that may not be the most
likely (based on a current assessment), but that are still plau-
sible (see Box 1). These trends can be characterized as policy
roll-back, lack of cooperation in addressing global environ-
mental concerns, increased interest in fossil fuel resources,
adoption of resource- and energy-intensive technologies and
lifestyles and lack of development in low-emission technol-
ogy. Clearly, this scenario is not a “business-as-usual” sce-
nario nor the no-policy reference scenario for the other sce-
narios. The scenario is intended to explore the upper end of
GHG emissions resulting from deep political, technological,
and structural deviation from current trends. The are various
reasons why such a scenario could emerge. For instance, a
rollback of climate policies could result from a lack of pub-
lic support for the energy transition. This could be related
to, for instance, local opposition to building new wind farms
or concerns about impacts on fossil industries related to jobs
and national energy security. Also, the rapid cost decrease in
renewable energy of the past decade could be discontinued,
possibly as a result of regional scarcity and limited tradability
in materials for solar and wind technologies and EV batteries
(IEA, 2021; Schlichenmaier and Naegler, 2022).

In terms of socio-economic development, a High-emission
scenario could be consistent with a range of pathways, in-
cluding high economic growth scenarios (e.g. SSP5) and re-
gional competition scenarios (such as SSP3). In the devel-
opment process for CMIP7, IAM teams have explored sev-
eral possibilities, showing that the emissions associated with
SSP3 and SSP5 based variants could be reasonably similar,
with SSP5 often being slightly above SSP3 scenarios. The
high challenges to adaptation in SSP3 would make these vari-
ants more interesting from an impact perspective. In SSP3-
based High scenario, resurgent nationalism, concerns about
competitiveness and security, and regional conflicts push
countries to increasingly focus on domestic or regional is-
sues. Policies shift to becoming increasingly oriented toward
national and regional security issues, including barriers to
trade. A low international priority for addressing climate con-
cerns leads to a collapse of international and national climate
policies. This means that the SSP3 variant was preferred to
the High emission scenario. For the High-to-Low marker sce-
nario (discussed below), instead the SSP5 scenario was used
as the SSPS5 storyline is more amendable to a shift in policy
trends. However, the exercise demonstrates that multiple de-
velopment pathways can lead to high emissions. It is impor-
tant to realize that the climate outcomes resulting from the
High scenarios can still be combined with different socio-
economic development pathways.
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The High emission scenario, by design, does not include
climate impacts (Sect. 2). This implies that the judgment of
plausibility of this scenario is conditional on this assumption.
Another plausibility question relates to the volume of fossil
fuel reserves and resources. Clearly, the cumulative amount
of fossil fuel use in the High emission scenario is consider-
ably larger than the estimated total reserves (known deposits
that are extractable at current prices and technologies) (Bauer
et al., 2016; Rogner, 1997). However, it is also considerably
lower than total resources estimates (estimates of undiscov-
ered deposits and/or those not recoverable at current prices)
meaning that future technologies and price trends could make
the resource trend possible.

3.2 Design of the High-to-Low emission scenario (HL)

The High-to-Low scenario represents a global emission trend
that is similar to the High scenario up to the middle of the
century, but that is followed by a deep reduction towards net
zero COy by 2100. Such a trend could result from climate
policy based on observed impacts. The scenario can address
questions like: What would the climate consequences be of
substantially delayed mitigation after following a high emis-
sions pathway? And, assuming that emissions of CO;, be-
come net negative beyond 2100 (which is part of the sce-
nario extensions design, see Sect. 4), how large of a temper-
ature overshoot might this lead to, and what would its conse-
quences be for natural, managed, and human systems?

This scenario has similar considerations as the High sce-
nario regarding the socio-economic pathway that could lead
to high emissions and, in addition, must consider what type
of pathway would also produce the capacity for rapid miti-
gation late in the century. The SSP5 pathway could provide
a consistent story as it assumes rapid technological devel-
opment and high economic growth. Based on this, the sce-
nario would assume little effort to avoid global environmen-
tal concerns up to the second half of this century; after that,
increased concerns and technology development may lead to
deep reductions. The high technological capacity for miti-
gation in this scenario, combined with strong international
institutions that can support coordinated action, fosters rapid
reductions to net zero CO; emissions by the end of the cen-

tury.
3.3 Design of the Medium emission scenario (M)

The Medium emission scenario is a benchmark that shows
the consequences of the current policy situation (as of 2025)
and trends continuing over the century. In the scenario, it is
assumed that policy effort is continued at the current level.
As for other scenarios, also this scenario should not be con-
sidered as a “most likely” scenario. It can be used to address
questions such as: what future physical, socio-economic,
and ecological risks are implied by current levels of climate
change policy (Roelfsema et al., 2020; Rogelj et al., 2023)?
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When comparing lower scenarios, what are the relative ben-
efits and costs of taking further mitigation actions? What are
the needs for adaptation implied by current policy levels?
What are limits to adaptation if mitigation actions are not
strengthened?

A key assumption in the Medium scenario is that only poli-
cies are considered that are actually officially being imple-
mented, similar to current policies scenarios in the literature
(Roelfsema et al., 2020). The scenario does not include fu-
ture policy goals if not backed up (yet) by actual policy. This
means that also the pledges of the Nationally Determined
Contributions (NDC) and the net zero announcements are not
included, if not backed up by explicit policies. As a result,
the Medium scenario does not meet the aggregated NDCs
expressed for 2030, as current policies are less ambitious.

In determining the impact of current policies, we assume
that they stay in place during the announced period. For the
period beyond this, the IAM community has developed sev-
eral methods to extend current policies (typically beyond
2030) (van Soest et al., 2021). Here, it is assumed that current
policies stay in place, while no new policies are accounted
for. This does provide a clearer baseline against which the
effect of new long-term policies can be evaluated in future
studies. The scenario can be seen as an updated version of
the reasoning from the “CurPol” scenario assumptions used
in Working Group III of IPCC AR6 (IPCC, 2022a).

The marker implementation of this scenario is based on
SSP2, with its middle of the road assumptions about socio-
economic development. However, it would be interesting to
explore these scenarios under a wider set of socio-economic
assumptions. While we assume that climate policies remain
at current levels, other policy areas could still develop. In
addition, underlying technology assumptions are allowed to
evolve, and the sensitivity of results to these assumptions
should be assessed.

3.4 Design of the Medium to Low emission scenario
(ML)

The Medium to Low emission scenario (see Fig. 1) describes
a future in which strengthened mitigation efforts are delayed,
falling short of the levels required to meet the objectives of
the Paris Agreement. As such, the scenario can be used to ex-
plore the impacts of temperature levels between the Medium
and Low scenarios. Moreover, after 2100 AD, when the sce-
nario’s extension transitions to net negative CO;, emissions,
the scenario explores an overshoot trajectory to assess the
possibly related impacts, The underlying logic of the sce-
nario is that political constraints limit rapid near-term ac-
tion; however, these lessen over time as the magnitude of
observed climate impacts increases and mitigation costs de-
cline with technological progress. As a result, the scenario
is expected to reach peak warming and net-zero CO; emis-
sions at approximately the end of the century, with modest
levels of net-negative CO, emissions thereafter aiming at the
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1.5 °C level on a multi-century time scale. It is based on the
same socio-economic development pathway assumed for the
Medium scenario. In terms of underlying socio-economic de-
velopment, multiple SSPs could be possible. In the elabora-
tion of the IAMs, SSP2 was mostly used.

3.5 Design of the Low emission scenario (L)

The Low, Very Low and Low-to-Negative emission scenarios
are all aimed to explore relevant trajectories in the context of
the Paris Agreement. In all three scenarios, emissions are re-
duced rapidly, but with different levels of ambition and with
different timing. Specifically, in the Low scenario, the aim is
to stay likely (> 66 % probability) below 2 °C at all times,
comparable to the C3 category of IPCC AR6 WGIII (Kikstra
et al., 2022; Riahi et al., 2022). Questions related to this sce-
nario are the associated climate impacts (vis-a-vis scenario
with higher emissions, but also those with even lower emis-
sions), as well as the required emission reduction measures.

In 2030, the emissions of the Low emission scenario will
be similar to the current emission pledges as captured by the
NDCs for 2030 (thus going beyond current policies). Af-
ter that, emissions are projected to be reduced further and
reach net-zero CO, emissions around 2070. Before 2070,
some carbon dioxide removal (CDR) use might offset hard-
to-abate emissions. After 2070, emissions reductions con-
tinue, reaching net-zero GHG emissions before 2100 and
staying at approximately that level in the long term. This de-
sign helps to better understand the long-term climate impli-
cations of sustained net-zero GHG emissions.

To conform with the design specifications and plausibility
criteria for short-term developments in 2030, carbon prices
need to be regionally differentiated in 2030 (leading to higher
taxes in high-income countries). After 2030, regional carbon
prices should converge until they reach a globally uniform
level in 2070. The exact elaboration is described further in
the IAM papers related to ScenarioMIP.

3.6 Design of the Very Low emission scenario (VL)

At this point of time, some overshoot of the 1.5 °C seems un-
avoidable (Reisinger et al., 2025.) The Very Low (VL) emis-
sion scenario is designed to keep climate change at the time
of peak warming are as low as can still be plausibly achieved
(see Box 1 on plausibility) and to return warming below
1.5 °C by the end of the century. Key questions therefore are
to what level can an overshoot be constrained and how fast
can warming be reduced after it peaks? As for other scenar-
ios, the actual temperature trajectory will be determined by
the ESM model runs.

Critical design elements of the VL scenario are reduc-
ing CO; emissions rapidly and deeply and reaching net-zero
CO» emissions as quickly as possible. Also, non-CO, emis-
sions are reduced deeply, including rapid CH4 emissions re-
ductions in the near-term to limit peak warming levels as
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much as plausible. After the point of net-zero CO; emis-
sions, the pathway is designed to transition to sustained net-
negative CO; emissions to increase the likelihood of limiting
warming to 1.5 °C in the second half of the century as com-
puted by SCMs. The scenario also considers other Sustain-
able Development Goals (SDGs), such as protecting biodi-
versity. The scenario also has ambitious assumptions about
air pollution controls. This is not to say that consideration of
SDGs is unimportant in other scenarios, but that they may be
of particular concern in the VL scenario, also given the pos-
sible concerns related to rapid emissions reduction in relation
to development goals. IAM teams are strongly encouraged to
explore this further in subsequent research on VL-type sce-
narios.

The VL scenario includes a range of measures and under-
lying trends leading to rapid emissions reductions, based on
plausible assumptions about the underlying pace of the sys-
tem transformations (see e.g. Brutschin et al., 2021), general
characteristics of low-carbon technology innovation (Oden-
weller et al., 2022; Wilson et al., 2020) and the dynamics
of sociotechnical innovation (Jewell and Cherp, 2023). An
important contribution to such very low emission pathway
can also be formed by a shift towards low greenhouse gas
emitting diets (e.g. the Lancet Planetary diet) (Willett et al.,
2019; Stehfest et al., 2009; Beier et al., 2025). Rapid emis-
sion reductions also limit the deployment of CDR in the VL
scenario compared to the Low-to-Negative, LN scenario dis-
cussed in the next Section.

Plausibility considerations play an important role in the
VL scenario. In the short-term (up to 2030), it should include
ambitious but realistic reductions, also to make sure that the
scenario can still represent a viable policy future in 2028-
30 when the scenarios are assessed and used. Concretely,
IAM teams were asked to make an assessment of “as low
as plausible”, based on considerations with regard to how
fast current technology and policy trends/constraints could
change until 2030 taking into account stated policy objec-
tives up to 2030 (including commitments beyond NDCs such
as the Renewable Energy and Energy Efficiency pledge, the
deforestation pledge, the Global Methane Pledge, etc.). Af-
ter 2030, the assumption is that policies can be sped up to
limit peak warming and reach the long-term climate target of
limiting warming to below 1.5 °C. This ambition is bounded
by considerations of techno-economic feasibility of low car-
bon technology deployment and, where relevant, sustainable
development goals.

A range of emissions abatement measures (not exhaus-
tive) are included in the VL scenario to reduce emissions:
(1) reduction in final energy demand, (2) rapid decarboniza-
tion of electricity supply (as measured by carbon intensity
of electricity based on gross CO, emissions), (3) deep elec-
trification of industry, transport and buildings, (4) deep de-
carbonization of residual non-electric fuel mix in industry,
transport and buildings, (5) widespread behavioral changes
in diet, transportation and consumption, (6) deep reduction
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of industrial process emissions, including also reducing fluo-
rinated greenhouse gases in line with the Kigali amendment,
(7) deep reduction of non-CO, gases, in particular methane,
(8) elimination of net CO; emissions from land use and rapid
deployment of land-based CDR measures (within sustain-
ability limits) to move to net-negative CO; emissions from
land use in the medium to long term, and (9) deployment
of CDR measures assuming plausible deployment rates, as
well as keeping geological storage (or storage in materials)
within technological and sustainability limits. Similar to the
Low emission scenario, also this scenario is run with dif-
ferentiated carbon prices. The suggested convergence year,
however, is 2050.

A number of particularly relevant scenario dimensions for
ESMs were identified that could be explored in variants of
the VL scenario in the future including: (1) land use and
afforestation/reforestation policy, (2) land- and ocean-based
CDR strategies, and (3) regionally defined renewable energy
production. Future coupling on these dimensions between
IAMs and ESMs (beyond this ScenarioMIP round) could
permit improved linkages in research.

3.7 Design of the Low-to-Negative emission scenario
(LN)

While the VL scenario aims to limit the overshoot of the
1.5 °C warming level, an alternative pathway would include
more overshoot. Looking into scenarios with more substan-
tial overshoot and compare them with less overshoot is cer-
tainly relevant, also considering that as of today, global
fossil-fuel related greenhouse gas emissions continue to rise
(Friedlingstein et al., 2025). There are several key questions
related to a scenario that aims to achieve the 1.5 °C target,
but with more overshoot. The first is related to how reversible
the climate system is (or whether a lot of hysteresis occurs).
This provides information on the viability of such an ap-
proach. Second, the scenario can facilitate the assessment of
the impacts of a larger temperature overshoot, compared to
the more limited overshoot. This includes understanding the
benefits, costs, and trade-offs of achieving declining temper-
atures in the long term. This means that the scenario can be
used to gain a better understanding of the near- and long-term
consequences of delaying emission reductions. This will help
inform ongoing policy discussions around plausibility and
implications of overshoot resulting from delayed actions.
There are several considerations regarding the design
of the Low-to-Negative (LN) scenario. First, the scenario
should be based on plausible levels of CDR. To compensate
for the overshoot, this pathway has much higher CDR lev-
els than the Very Low (VL) scenario, but this needs to be
within the assessed plausible range in the literature. Second,
the emission trajectories and scenario temperature outcome
of the Low-to-Negative scenario is still targeted to be consis-
tent with the Paris climate objectives (thus limiting warming
overshoot to well-below 2 °C). Third, the scenario needs to
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be sufficiently different from other scenarios in ScenarioMIP,
in terms of resolving differences between ESM runs. Such
differences include the timing of the CO, emission profile
and differences in emissions of short-lived climate forcers.
Earlier, for CMIP6, a separation of 0.25-0.3 °C was pro-
posed (Tebaldi et al., 2015); in the current set, this differ-
ence might be somewhat smaller. As we suggest in Section
6, it would be useful to explore whether a smaller separa-
tion would still produce distinguishable outcomes in ESMs
(McKenna et al., 2021) also given the use of emission-driven
scenarios (McKenna et al., 2021). The Very Low and Low-to-
Negative (LN) scenarios differ along dimensions in addition
to peak warming, including policies targeting methane and
those related to land use. The VL scenario also includes a
sustainable land future in line with the SDG narrative, includ-
ing reduced pressure from agricultural land and considering
environmental constraints. In contrast, the LN scenario has
very large scale and rapid upscaling of CDR in order to re-
duce warming after its higher peak. Finally, also this scenario
is run with differentiated carbon prices (like the other miti-
gation scenarios). The suggested convergence year is 2070.

4 Scenario extensions beyond 2100 AD

Several climate science research communities expressed the
desire to consider a set of scenario extensions going beyond
the 21st century. The purpose of these extensions is twofold:
to explore the long-term Earth System dynamics in response
to warming at different stabilized levels, including the risk
of breaching tipping points and triggering large scale irre-
versible changes, and also to explore reversibility of the sys-
tem under different long term net-negative emissions path-
ways, exploring overshoots from different peak warming lev-
els and different target long term climate states.

As has been the case under the CMIP6 ScenarioMIP de-
sign, the scenario extensions will consist of emission and
concentration trajectories to 2500 AD that are decoupled
from the outcomes of IAM simulations. While IAMs are use-
ful in generating the plausible evolution of greenhouse gas
emissions in the shorter-term, beyond the end of this century
the uncertainties that increasingly affect the socio-economic
drivers of these trajectories end up limiting the usefulness of
TIAMs for scenario design. The longer time-period of the ex-
tensions (relative to the 2300 AD time horizon in CMIP6) is
proposed to allow for a simulation of climate stabilization at
different warming levels, and to provide sufficient time to al-
low for a range of diverse overshoot trajectories. The period
2100-2150 covered by the extensions is meant to be run as a
continuation of each 21st century scenario simulation in Tier
1.

We extend the seven marker scenarios (H, HL, M, ML, L,
LN, VL) from 2101 to 2500 using differentiated methodolo-
gies tailored to the characteristics of each emission category.
For fossil and industrial CO;, a storyline-based approach has
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been applied combined with a functional representation of
post-2100 emissions. This has been harmonized to produce
continuous emissions trends during the transition and, after
that, fit the storylines outlined in Table 3. The CO;, emis-
sion trends described in the table are disaggregated by defin-
ing post-2100 AFOLU CO; emissions as a linear ramp-down
approach from 2100 levels, such that land use fluxes are re-
duced to have zero net effect on emissions post 2150. Non-
CO» species (including air pollution) are extended region-
ally, preserving spatial emission patterns from the IAM sce-
narios towards a global relaxation level consistent with each
species lowest emission value through the harmonized his-
tory and scenario trajectory. The extensions of methane and
sulfur emissions follow a similar logic for regional patterns,
but tend toward scenario narrative specific global relaxation
targets. Several scenarios include CDR options (described in
more detail in Sect. 5). The long-term extensions are all de-
signed to achieve temperature stabilization post-2300 AD.
The rationale and proposed GHG emissions trajectories for
the extensions of the main scenarios (Fig. 2) are described
below and summarized in Table 3.

The High (H) and Very Low (VL) scenario extensions
are put in Tier 1. The High scenario extension (H-ext) sim-
ulates the multi-century implications of the highest plausi-
ble emissions levels, while the Very Low extension (VL-ext)
simulates a long-term future relevant to the Paris agreement
goal. The other scenarios are requested with lower priority
and are part of Tier 2; Each extension pathway is designed
to maintain narrative consistency with each scenario’s un-
derlying socioeconomic and technological assumptions. All
scenarios (except VL-ext) ultimately reach net-zero CO, by
2300, which results in temperature stabilization on multi-
centennial timescales (Allen et al., 2018).

The Very Low (VL) scenario represents ambitious action
to meet 1.5 °C-consistent targets leading to net-zero green-
house gas emissions. Modest net negative CO, fluxes are
maintained in the extension to compensate for emissions of
other greenhouse gases for the duration of the extension in
the GWP100 calculation, and this results in a gradual, multi-
century cooling. The Low (L-ext), Medium-to-Low (ML-ext)
and High-to-Low (HL-ext) extensions explore increasingly
extreme overshoot scenarios, requiring protracted periods of
net CO, removal to achieve long term 1.5 °C-consistent tar-
gets. Each scenario continues reducing emissions trends in
2100, reaching significant net-negative CO2 fluxes in the
mid-22nd century (—9, —11 and —22 Gt CO; respectively),
which are phased out post-2200 to achieve net-zero CO; in
the mid-23rd century. In FalR ensemble experiments, these
three extensions each reach likely stable warming levels of
1.5°C by 2300 (Fig. 2). A more extreme overshoot is ex-
plored in LN-ext, which maintains very large net carbon re-
moval rates to achieve net-zero cumulative CO, by 2300.
This “climate reversal” experiment explores the potential to
return temperatures to near pre-industrial levels from 2300
onwards. Stabilization at higher warming levels is explored
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Figure 2. Extensions for ScenarioMIP in CMIP7. Top row shows CO, emissions and cumulative emissions. Second row shows methane
and sulfur dioxide emissions. Third row shows GHG emissions (calculated using GWP100) and total radiative forcing. Fourth row shows
atmospheric CO; concentrations and projected temperature outcomes. Simulations are conducted with a calibrated ensemble of the FalR
simple climate model (Smith, 2025; Smith et al., 2024; see Fig. 1 caption), where solid lines show the 50th percentile outcome and shaded
regions show the 5-95 percentile range. Data for the historical period is based on (Nicholls et al., 2025a). Scenarios are (H) High, (HL)
High-to-Low, (M) Medium, (ML) Medium-to-Low, (L) Low, (LN) Low-to-Negative and (VL) Very Low. The final emission trajectories will
depend on the finalized IAM runs but are expected to be consistent with the illustrations provided here.
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Table 3. Main characteristics of the scenario extensions.
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H-ext HL-ext M-ext ML-ext L-ext VL-ext LN-ext
esm-scen7-h- esm-scen7-hl- esm-scen7-m- esm-scen7-ml-  esm-scen7-1- esm-scen7-vl- esm-scen7-In-
ext ext ext ext ext ext ext
Tier 1 2 2 2 2 1 2
Purpose Assessment of Assessment of Assessment of Assessment of Assessment of Assessment of Assessment of
risk of large reversibility long-term potential to potential to long-term reversibility
irreversible from large implications of  stabilize stabilize response to following
changes in slow  warming in the  current policy, temperatures at  temperatures at  net-zero GHG ambitious 21st
components of  late 21st including large 1.5 °C Paris 1.5°Cif 21st emissions, century
the Earth century to overshoot and target on a century peak following mitigation,
system achieve 1.5°C reversibility multicentury warming held highly with a target of
ona timescale given  is below 2C ambitious 21st climate
multi-century insufficient century restoration
timescale action for 2 °C mitigation back to
before 2500. in 21st century preindustrial
temperatures
CO, Storyline Constant total Radical CO; emission Net zero COy Net CO, Net CO,p Net COy
(for total CO; emissions  emissions reduction is achieved in emissions are emissions are emissions
combined plateau slightly  reductions after ~ begins after ML in 2100. In  maintained at maintained at reach a floor of
fossil, above 2100 2070 in HL are 2100 with ML-ext, 2100 levels of approximately approximately
industrial and levels by 2120,  continued into reductions to emissions approximately —3.5GtCO, yr_1 —25GtCO; by
AFOLU fluxes) remaining the 22nd net zero COy reduction —10GtCO, yr_l in 2100 until 2100, and
constant until century, by 2250. trends are from 2100 until ~ 2450. This maintained at
2180, after reaching maintained, 2170, phased results in this level until
which there is —22 GtCO, yr_1 reaching out by 2250. approximately 2200, with a
linear reduction  net total CO, net-negative net-zero GHG phasing out of
reaching flux by 2150. CO, fluxes of emissions removals
net-zero COy This level is —13GtCO; by using GWP100 thereafter to
by 2280 and maintained 2150. This for the period achieve
remaining at until 2200 and level is 2100-2450. net-zero CO;
this level reduced to maintained by 2300.
thereafter. net-zero CO, until 2250, and
by 2300 phased out to

net-zero COp
levels by 2300

Note: All dates mentioned in the Table refer to AD.

in the Medium (M-ext) and High (H-ext) scenarios. In each
case, the extension narrative describes an eventual reduction
to net-zero CO, which allows the assessment of climate im-
pacts at higher, stable warming levels. As such, the Medium
scenario describes little or no advancement from current pol-
icy until 2100, but M-ext assumes that CO, emissions will be
reduced to net-zero emissions throughout the 22nd century.
H-ext maintains emissions at slightly above 2100 levels until
2180, reducing emissions to net zero by 2250. These nar-
ratives result in estimates of long-term stable warming levels
of around 4 and 6 °C above pre-industrial levels, respectively,
for M-ext and H-ext.

The extension parameters are calibrated to maintain these
narrative distinctions across the full 2101-2500 period. For
AFOLU emissions, all scenarios converge toward declining
land-use emissions as agricultural intensification and ecosys-
tem restoration reduce deforestation and increase carbon se-
questration, though at rates proportional to each scenario’s
overall ambition. Efforts will be made to implement this
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assumption in the workflow for producing spatial land use
emissions (LUH2) through a linear phase-down of 2100 af-
forestation/deforestation rates to maintenance levels in 2150.

Non-CO; extensions similarly reflect scenario-specific as-
sumptions: methane targets range from 95Mtyr~! in ambi-
tious scenarios to 520 Mt yr~! in the High emission pathway,
representing varying degrees of agricultural transformation
and fossil fuel phase-out; sulfur dioxide follows air quality
policy stringency, declining to 10 Mtyr~! in scenarios with
strong environmental governance while remaining higher in
the high-emission cases. As is the case for the 21st century
scenarios in ScenarioMIP, emission-driven simulations are
favored for the extensions to allow carbon-climate dynamics
to be simulated in the Earth System Models, with prescribed
CO» emissions, prescribed land cover change, and prescribed
non-CO; concentrations.
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Figure 3. Annual and cumulative CO, fluxes for extended climate scenarios (1850-2500). Left panels show annual emission rates, right
panels show cumulative totals. Brown areas represent gross positive emissions from fossil fuel combustion and industrial processes. Green
areas show emissions and removals from agriculture, forestry and other land use (AFOLU). Yellow areas represent aggregated carbon dioxide
removal (CDR) technologies including bioenergy with carbon capture and storage, direct air capture, ocean-based CDR, and enhanced
weathering. Black lines indicate net emissions (positive values) or net removals (negative values). The red dashed vertical line marks 2100,
separating historical data and original scenario projections (left) from extensions (right). Horizontal reference lines on cumulative plots (right
panels) show: green line = prudent CDR storage limit (Gidden et al., 2025), red solid line = proven fossil fuel reserves, red dashed line =
proved plus probable fossil fuel reserves (McGlade and Ekins, 2015). Scenario codes: VL = Very Low, LN = Low-to-Negative, L = Low,
ML = Medium-to-Low, M = Medium, H = High, HL = High-to-Low (see Table 1 for full scenario definitions).
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4.1 Geophysical plausibility of extensions

The extension methodology incorporates extended pathways
for carbon dioxide removal (CDR) technologies beyond
2100. Figure 3 presents a comprehensive analysis of CO,
fluxes including historical data (1850-2100) and future ex-
tensions (2101-2500) for each scenario, displaying both an-
nual gross emission and removal rates and cumulative totals.

Carbon dioxide removal encompasses multiple technolo-
gies including bioenergy with carbon capture and storage
(BECCS), direct air capture with carbon storage (DACCS),
ocean-based CDR, and enhanced weathering (see Sect. 5). In
the extended scenarios, CDR deployment is scaled to main-
tain consistent 2100 baseline ratios. Gross unabated fossil
fuel emissions are defined using functional forms which are
continuous with 2100 values and continued according to the
scenario narrative (though all scenarios are defined to have
zero unabated fossil fuel emissions by 2300). Required gross
CDR fluxes are calculated as the difference between the net
fossil fuel and industrial flux trajectory, and the gross positive
fluxes.

This approach ensures technological deployment patterns
remain consistent with the original scenario logic while ex-
tending to the end-of-millennium timeframe. The method-
ology preserves regional heterogeneity in CDR deployment,
maintaining the spatial distribution patterns established in the
2100 baseline year. This regional consistency is crucial for
Earth system model implementations, as some CDR tech-
nologies have spatially dependent climate impacts and im-
plementation constraints.

Figure 3 shows both cumulative emissions and removals
for each scenario in the context of geophysical constraints as
assessed in the literature. The prudent cumulative CDR limit
of —1460 GtCO; estimated by Gidden et al. (2025) repre-
sents an assessment of potential limits of geologic carbon
storage, reflecting both geological storage capacity and risk
management considerations. This indicates that both the ML
and HL scenario assumptions risk exceeding limits of pru-
dent use of sequestration capacity.

Similarly, the cumulative emission analysis provides criti-
cal context by comparing net emissions trajectories with es-
timates of fossil fuel reserves. Proved fossil fuel reserves,
2866 Gt CO, (McGlade and Ekins, 2015), represent currently
economically extractable resources, while proved plus prob-
able reserves (8032 Gt CO;) include additionally discovered
resources that may become economically viable. Cumulative
emissions to 2300 in M-ext, HL-ext and H-ext all exceed
proven reserves, while H-ext may also exceed proven plus
probable reserves.

This consideration of geophysical limits to both fossil fuel
availability and sequestration capacity underlines that the
judgment of the plausibility of the extended scenarios is lim-
ited to their geophysical dimension and is not as compre-
hensive as the plausibility judgments for the pre-2100 sce-
narios. In addition, some outlier scenarios challenge current
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estimates of geophysical feasibility. However, they are in-
cluded for three reasons: first, assessments of geophysical
feasibility are highly uncertain and are expected to evolve on
the century timescale. Second, one of the goals of the exten-
sions is to assess nonlinearities in Earth System responses;
as such, it is advantageous to include scenarios such as H-
ext, which explore the upper limits of feasible fossil carbon
emissions, and large overshoots such as LN-ext, which ex-
plore the upper feasible limits of removals. Third, extensions
are designed to ultimately serve as narratives for interactive
CDR deployment experiments in Earth System Models (for
example, in CDRMIP), and scenarios in which the limits of
CDR are challenged are useful for identifying where Earth
System Models are unable to deliver the scenario negative
emissions rates (for example if bioenergy yields in the ESM
are lower than the IAM estimates).

5 Representation of carbon dioxide removal

Carbon dioxide removal (CDR) methods are an important
component of climate action and mitigation plans and have
a unique role in reducing greenhouse gas concentrations via
their potential to enable net-negative emissions. How these
methods are deployed will affect both land use and land man-
agement, as well as energy system compositions, impacting
broader sustainable development and biodiversity considera-
tions (Mace et al., 2021). Currently, a broad range of CDR
methods is being discussed within the policy communities
and considered as part of climate action plans. IAMs only
represent a subset of these approaches. The main CDR meth-
ods represented in [AMs are Bioenergy with Carbon Capture
and Storage (BECCS), Direct Air Capture with Carbon Stor-
age (DACCS), and afforestation and reforestation. In addi-
tion, [AMs are exploring new CDR methods such as biochar,
soil carbon sequestration, enhanced weathering, storage in
long-lived materials, agroforestry, improved forest manage-
ment, and ocean-based CDR, although only a subset of those
are included in most ScenarioMIP scenarios. CDR methods
will be investigated in ScenarioMIP scenarios, as well as
within other related MIPs such as CDR-MIP and LUMIP.

The IAM land-use and emissions data that is provided to
ESM teams, including data related to CDR, will be harmo-
nized to ensure continuity with historical datasets and to en-
sure a consistent data format for all scenarios. Both IAMs
and ESMs are expected to report gross as well as net emis-
sions for each sector to help with analysis of each scenario.
It is important to ensure a high level of consistency between
the IAM and ESM models regarding land-use change and
CDR activities. This requires increasing our understanding of
the way relevant processes are implemented in various mod-
els. This also means that underlying information on drivers
of land-use change (especially food production vs bioenergy
crop production) will be reported. Below, we briefly discuss
how the various CDR methods are implemented.
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5.1 Reforestation and Afforestation

For reforestation and afforestation, the I[AMs provide grid-
ded representations of where they intend trees to be planted
(and protected) to store carbon as vegetation biomass. Since
ESMs typically have capabilities for modeling tree/forest
growth and carbon storage, in ScenarioMIP the IAM infor-
mation on land use and land-cover change and hence af-
forestation/reforestation is forwarded (after harmonization)
to the ESM frameworks (with land use representation) to
create a process-based representation of the uptake and stor-
age of carbon by these biomes in the ESMs. This will allow
the calculation of the net emissions associated with reforesta-
tion and afforestation in ESMs that can be compared with the
IAM information. However, since forest growth rates, forest
management, potential biomass density as well as the repre-
sentation of wildfires are likely to differ between individual
ESMs and IAMs, there will still inevitably be differences be-
tween the carbon stored in trees/forests between these models
(e.g. Melnikova et al., 2022). In-depth comparison is possi-
ble if IAMs also report the carbon storage in a geographi-
cally explicit way, similar to the “secondary mean biomass
density” variable used in historical data for LUH3 (includ-
ing information about the intended species and management
practices used).

In the exchange between IAMs and ESMs, information on
afforestation and reforestation will be provided as gridded
areas of land-use for new forested areas in previously non-
forested locations (afforestation) and/or previously forested
areas (reforestation). This will be reported as two separate ar-
eas, along with existing forest areas. This information (from
both IAMs and ESMs) will allow comparison of the differ-
ences in carbon storage from afforestation/reforestation be-
tween IAMs and ESMs and also will be used in biodiversity
and impacts analysis. For ESMs, it should be noted that af-
forested and reforested area need to be represented as man-
aged forests.

5.2 Bioenergy with Carbon Capture and Storage
(BECCS)

IAMs typically include a detailed description of bioenergy
and BECCS. This includes the representation of a variety of
feedstocks, including bioenergy crops, forest biomass, and
agricultural/forest residues. Moreover, in IAMs bio-energy
yields are typically improving over time resulting from re-
search, development, and innovation. This means that the
carbon content for a given plot of bioenergy crop can in-
crease over time and that a smaller area is needed to produce
the same amount of bio-energy (or CDR).

Table 4 (based on a recent survey of ESMs in preparation
for CMIP7) summarizes the current readiness of ESMs to
model CDR processes, including BECCS. Based on this sur-
vey, it was concluded that most ESMs are not yet ready to
simulate the specific crop types used for BECCS and to in-
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Table 4. Results of a survey among ESMs participating in CMIP7
on their capabilities of BECCS representation.

BECCS processes needed Percentage of ESMs ready

within ESMs to compute/model these
processes (out of 19 ESM
teams responding)

BECCS-specific crop types 26 %
Technological yield improvements 42 %
Anthropogenic carbon storage pools 47 %
Bioenergy generation 26 %
Efficiency of carbon capture at 11%
bioenergy plants

Geological carbon storage 33%

clude the bioenergy crop management and harvest schemes
needed to compute the associated emissions and storage.
Therefore, it has been decided that for BECCS, the carbon
storage and/or net emissions from BECCS will be provided
to ESMs as part of the emissions data from IAMs (rather than
computing these emissions in the ESMs). Still, it is useful to
try and harmonize as much as possible the representation of
bio-energy and BECCS in the two model types.

ESMs will still need to model the emissions and biogeo-
physical climate impacts associated with land-use change
and management for bioenergy (and other) crops. To fa-
cilitate this, they will be provided with harmonized grid-
ded areas of bioenergy crops from IAMs. However, since
many ESMs are actually preparing to fully calculate the net
BECCS emissions as well, as much information as possible
will be transferred from IAMs to ESMs so that those analy-
ses and experiments can be undertaken in separate MIPs or
research projects that will take place over longer time pe-
riods than ScenarioMIP. In principle, the results of the ESM
BECCS calculations can feed into future versions of [AMs to
highlight areas of highest BECCS carbon uptake potential.

To relay key information around BECCS to ESMs, IAMs
will report the land-use change areas associated with first and
second-generation bioenergy crop deployment at the grid-
ded level. Also irrigation and fertilizer usage associated with
bioenergy crops will be provided. These data will enable
ESMs to model the climate impacts of land-use change as-
sociated with increasing or decreasing areas of bioenergy
crops, along with the climate impacts of managing these agri-
cultural systems. Regional BECCS-related carbon removals
will also be gridded and reported to enable ESMs to cap-
ture the effects of the emissions from bioenergy that replace
other emissions in the energy system and the emissions. Es-
sentially, the ESMs will use the harmonized land-use data
to calculate emissions associated with changes in land car-
bon pools and they will be provided with IAM data on emis-
sions (including the reductions associated with BECCS car-
bon storage). Table 5 further summarizes the AFOLU pro-
cesses associated with BECCS and whether the emissions/s-
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Table 5. The role of IAMs and ESMs in representing individual
processes associated with BECCS.

BECCS sub-processes Emissions/storage
computed by ESM or
provided by IAM for
ScenarioMIP

Land-use change associated with BECCS ~ESM

Management of land used for BECCS ESM

Emissions from bioenergy production IAM

Storage of carbon from CCS IAM

torage for each process will be provided by IAMs or com-
puted by ESMs in ScenarioMIP.

In comparing the IAM and ESM output, it is important
to realize that IAMs models report the impact of BECCS
in the region in which the bioenergy is used, not where the
biomass is grown. At the same time, [AMs report the biomass
growth in the original location. Therefore, biomass growth as
a driver of carbon dioxide removal will be consistent with the
underlying IAM, but emissions flux field could be inconsis-
tent because of biomass trade. However, since CO5 is a well-
mixed gas, for emissions fluxes, the importance of the spatial
pattern is not very important..

5.3 Direct Air Capture with Carbon Storage (DACCS)
and other forms of CDR

Outputs from [AMs for other CDR methods (such as
DACCS, enhanced rock weathering, biochar, soil carbon
management, and ocean-based CDR) will be provided by
IAMs as part of the total emissions data as well. Work is on-
going to provide gridded DACCS and “Other CDR” flows as
an output from IAMs for future simulations and studies out-
side of ScenarioMIP. In some cases, IAMs may also model
carbon removals related to agroforestry and improved for-
est management. As these flows relate closely to the woody
carbon stocks included in the harmonized land-use forcing
product, they are not included in the emissions data — simi-
lar to other land-use CO, emissions. However, since the har-
monized land-use forcing product, and ESMs generally do
not model the processes related to CDR methods such as en-
hanced rock weathering, biochar, and soil carbon manage-
ment, they are provided as part of the net emissions flux.

5.4 Overall information flows on CDR

Table 6 summarizes the data passed between IAMs and
ESMs for CDR. In addition to the required datasets that are
passed from IAMs to ESMs, as much additional information
as possible on the IAM intentions and assumptions associ-
ated with CDR should be provided for additional analysis by
ESMs and impact models. Moving forward, our goal is for
IAMs and ESMs to work towards enabling full calculations
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of land-based CDR emissions/storage within ESMs for fu-
ture MIPs and research projects.

6 Discussion and conclusions

We have proposed a limited set of scenarios that, modeled by
IAMs, would provide pathways of emissions, concentrations,
and land use for use as external forcings for ESMs participat-
ing in CMIP7. These scenarios with their climate system out-
comes are intended to facilitate studies of climate processes;
provide inputs to a wide range of studies of impacts, adapta-
tion, and mitigation; and support climate policy development
and communication. They cover a wide range of plausible
outcomes, from a High scenario representing policy failure
and strong drivers of greenhouse gas emissions, to a Very
Low scenario with dramatic emissions reductions.

The implementation of these scenarios in IAMs and ESMs
poses a number of challenges, not all of which can be ad-
dressed or fully explored within the ScenarioMIP process.
As aresult, in a number of cases it became necessary to make
design choices on the basis of current literature. Throughout
the article, we have indicated where further research could
advance the field and summarize important directions here.
Produce wider set of IAM scenarios:

— Produce idealized or counterfactual emissions and land
use scenarios to complement the plausible scenarios
proposed here. The ScenarioMIP design is limited to
scenarios judged to be plausible, but other scenarios
could also provide useful insight. For example, scenar-
ios that are higher or lower than those proposed here, or
that imagine counter-factual historical outcomes (Mein-
shausen et al., 2024), can be of scientific interest or pol-
icy relevant.

— Develop alternative implementations of the scenarios
requested here from the [AM community using different
modeling paradigms and normative assumptions. There
are a number of questions of wide interest to the sci-
entific and policy communities that would be unlikely
to imply forcing pathways different enough to substan-
tially affect climate system outcomes, given the role
of ScenarioMIP. They therefore fall outside the scope
of ScenarioMIP but are worth pursuing through other
means. For example, different normative bases for ap-
proaches to mitigation may lead to different regional
or sectoral emissions pathways, within approximately
the same global forcing pathway. Similarly, alternative
socio-economic pathways such as sustainable develop-
ment scenarios with rapid convergence of regional in-
comes and living standards are useful to pursue but, if
coupled with a target of limiting warming to (for ex-
ample) likely below 2 °C, would lead to similar global
forcing pathways to other 2 °C scenarios.
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Table 6. CDR data passed from IAMs to ESMs annually as part of ScenarioMIP in CMIP7, along with intended ESM usage of these data.
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CDR Method IAM data passed to ESMs (via ~ ESM use of this data
harmonization)
BECCS Gridded areas of first- and Compute emissions associated

second-generation bioenergy
crops, regional net emissions
associated with BECCS,
regional carbon storage
associated with BECCS.

with land-use change and
management of bioenergy
crops but do not remove and
store carbon. Use BECCS net
emissions or BECCS storage

(depending on ESM needs),
together with other emissions
data inputs.

Afforestation/Reforestation

Gridded areas of afforestation
and reforestation.

Plant, grow, and protect trees.
Compute carbon emissions and
storage associated with tree
growth.

Other CDR, i.e. DACCS, enhanced
weathering, ocean-based CDR,
biochar, soil carbon sequestration, and
other non-land CDR (where available)

Gridded net emissions
associated with CDR methods data.
included as part of the total

emissions provided to ESMs.

Use along with other emissions

Produce versions of the scenarios described here that
account for climate change impacts. The SSP-RCP sce-
nario framework by design does not include impacts in
community scenarios. This enables an independent as-
sessment of impact-climate relationships conditional on
a given SSP in the impact research community. How-
ever, incorporating impacts in these scenarios would
also be of interest, in particular to test whether this
would substantially alter global emissions and land use
pathways.

Consider options to better integrate adaptation and mit-
igation. There are several interactions between impacts,
adaptation and mitigation. At the moment, these are not
considered given the way information is forwarded from
one community to another. It will become increasingly
important to see how this issue can be overcome.

Explore methods for further characterizing the relative
likelihood of different scenarios. In this proposal we
have limited likelihood judgments to whether scenar-
ios are plausible or not, with some suggestion that the
H and VL scenarios may be considered less likely than
the others, by construction. It will be worth undertaking
a variety of approaches to judge the relative likelihood
of the various scenarios more broadly to help inform
risk assessments.

Explore climate (model) processes:

Explore the effect of carbon cycle uncertainty, including
climate feedbacks, on climate system outcomes. ESMs
are encouraged to run all scenarios in CO; emissions-
driven mode, so that the carbon cycle is modeled within
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the ESMs. The multi-model ensemble will then cap-
ture uncertainty in the carbon cycle across models. A
complementary analysis could test uncertainties in the
carbon cycle parameters in the emulators (derived from
the behavior of the CMIP6 ESMs) by deriving high and
low CO; concentration pathways for a given emissions
scenario using emulators. These concentration variants
could then be run with ESMs (in concentration-driven
mode) in addition to the median concentration pathway
recommended as part of the ScenarioMIP protocol, to
investigate the sensitivity of the climate system to the
emulators’ implementation.

Explore the effect of atmospheric chemistry uncertainty
on climate system outcomes. The ScenarioMIP design
calls for non-CO; greenhouse gases and air pollutants
to be incorporated primarily in the form of atmospheric
concentrations, with a single atmospheric chemistry
model providing concentration fields based on the emis-
sions scenarios. A fuller representation of uncertainty
would run emissions through additional atmospheric
chemistry models and then run through ESMs to assess
the sensitivity of climate outcomes to the representation
of atmospheric chemistry.

Explore climate model sensitivities:

— Further explore whether different mitigation strategies

achieving approximately the same global forcing path-
ways would produce detectable differences in climate
outcomes. The overall SSP-RCP scenario framework is
based on the premise that in a multi-model setting ESM
projections resulting from a given pathway of global av-
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erage forcing can be considered consistent with alterna- Appendix A: Acronyms
tive emissions and land use scenarios producing a simi-

lar global forcing pathway (van Vuuren et al., 2017). In AerChemMIP  Aerosol Chemistry Model Intercomparison Project

that way, ESM simulations based on one of the Scenar- AFOLU Agnculture, Forestry and Other Land Use
. . . . . . BECCS Bioenergy with Carbon Capture and Storage
ioMIP scenarios can be used in studies with alternative
. . X o CCS Carbon Capture and Storage
a.ssumptlon.s about socio-economic PathWaXS (?r Imtl.ga- CMIC Climate Model of Intermediate Complexity
tion strategies, as long as global forcing is similar. Lim- CMIP Coupled Model Intercomparison Project
ited existing research supports this assumption, but fur- CDR Carbon Dioxide Removal
ther study of the degree to which variations in regional DAC Direct Air Capture
forcing due to short-lived climate forcers or land use DACCS Direct Air Capture with Carbon Storage
could produce significantly different climate and impact DECK Diagnostics, Evaluation and Characterization
outcomes would be useful. of Klima
ESM Earth System Model
EV Electric Vehicle
GCM Global Circulation Model/Global Climate Model
— Further explore what minimum difference in global GHG Green-house gas
forcing is required to produce significantly different cli- GMST Global Mean Surface Temperature
. GSAT Global-mean Surface Air Temperature
mate system outcomes. Global forcing pathways that . .
ficient] df h oth GWP100 Global Warming Potential over 100 years
are not su c%ent y separated from eac 'ot er rpay not H High emission scenario
produce multi-model ESM ensembles with statistically H-ext High emission scenario extension
significant differences in important climate variables. It H-ext-OS High overshoot extension
may be that a forcing difference sufficient to produce a IAM Integrated Assessment Model
difference of 0.25-0.3 °C global average temperature is IAMC Integrated Assessment Modeling Consortium
required (Tebaldi et al., 2015), but further analysis with IEA International Energy Agency
the latest generation of ESMs is desirable. input4mip CMIP activity tasked with processing and
availability of input data for ESM
experiments under CMIP
Foster development of ESM emulators: IPCC Intergovernmental Panel on Climate Change
L Low emission scenario
L-ext Low emission scenario extension
— Develop spatially explicit, multi-variable emulators that LN Low to negative emission scenario
can emulate ESM outcomes, especially for temperature LN-ext Low to negative emission scenario extension
overshoot scenarios. Progress is being made in the de- LUMIP Land Use Model Intercomparison Project
M Medium emission scenario

velopment of ESM emulators, but currently there are not

enough overshoot scenarios run by ESMs to train these M-ext Med?um emission scenario extension
) . ; ML Medium-to-Low emission scenario
emulators and test their accuracy in overshoot condi- ML-ext Medium-to-Low emission scenario extension
tions. Emulators can subsequently be used to explore MIP Model Intercomparison Project
the outcomes of a much wider range of scenarios and NDC Nationally Determined Contributions
can help better quantify uncertainties, even facilitating RAMIP Regional Aerosol Model intercomparison Project
a probabilistic representation of climate outcomes. RCP Representative Concentration Pathway
SCM Simple Climate Model
SDG Sustainable Development Goal
Improve ESM representation of mitigation strategies: SLCF Short-Lived Climate Forcer
SSC Scientific Steering Committee
SSP Shared Socio-economic Pathways
— Develop and explore methods for ESMs to be able to TCRE Transient Climate Response to cumulative
compute CDR-related emissions and storage (including Emissions
BECCS). Because the implementation of CDR directly VIA Vulnerability, Impacts and Adaptation
in ESMs is not yet a widespread practice, the Scenari- VIACS Vulnerability, Impacts, Adaptation and
OMIP design calls for IAMs to estimate the emissions Climate Services ,
associated with these measures and pass these results to VL Very Low emission scenario ,
VL-ext Very Low emission scenario extension

ESMs. In future CMIP activities it would be desirable
to implement CDR measures directly in ESMs. This re-
quires research on what CDR related output is important
for IAMs to provide, and how ESMs can implement it
in a way that is consistent with the original IAM inten-
tions.

WGI/II/IIT Working Group I/II/IIL.
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