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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 policy),

and low levels of climate change (aligned with current international agreements). These scenarios follow very different
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uncertainties. To accomplish this aim, it is important that the set of forcing variables considered is internally consistent and
varies over a plausible range of forcing levels, 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 population, economic activity, land use, etc.) to

a diverse set of user communities beyond the physical climate sciences. This aim is in—service—ofto facilitate, further _ - ‘[Formatted:
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understanding of climate change, its impacts, risks and response options, including adaptation and mitigation choices. Targeted
communities include, for instance, researchers on impacts and mitigation, but also practitioners, who might use this information

for national or sub-national or local risk assessment, climate finance, mitigation policy or adaptation planning. Finally, with
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as well as the creation of a large advisory group (see https://werp-cmip.org/model-intercomparison-projects-
mips/scenariomip/). 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
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Box 1: Terms characterizing scenario likelihood
There are several terms commonly used to describe the likelihood of a scenario. Likelihood is often expressed as the

probability of occurrence 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 plausibility. A plausible scenario encompasses a range of outcomes that have a non-negligible likelihood of

occurring (Carter et al., 2007). We do not quantitatively define the distinction between a plausible and implausible

scenario in terms of a threshold likelihood (i.e., 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 is 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 & Cherp, 2023). In some cases, further criteria can be

adopted from the related concept of feasibility. Feasibility is defined as the potential for an action to be implemented

(IPCC. 2022b) or as “doable under realistic assumptions” (Jewell & Cherp, 2023) and is most relevant for scenarios

featuring strong climate policy or action. Therefore, when making judgments about the plausibility 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 (Allen et al., 2018; Brutschin et al., 2021; Jewell &

Cherp, 2023; Ju et al., 2023; Riahi et al., 2022). Other approaches include historical analogies and mapping scenarios to a
feasibility space (Jewell & Cherp, 2023).

8
8

3

Formatted: Right: 0", Space After: 0 pt, Line spacing: 1.5
lines, Border: Top: (No border), Bottom: (No border), Left:
(No border), Right: (No border)

[~

Formatted: English (United States)

)

A

Formatted: Footer, Left, Indent: Left: 0", Line spacing:
single




250

255

260

265

270

275

280

~

3¢ - ‘[Formatted:

English (United States)

~

h Formatted: Space After: 0 pt, Line spacing: 1.5 lines, Tab
> stops: Not at 0.42"

,,,,,,,,,, - h " Formatted:

English (United States)

1 English (United States)

: English (United States)

1 English (United States)

1 English (United States)

. . . .. . . . . AYRAY
criteria, assumptions about one or more of the elements driving emissions outcomes in these scenarios will need to push the \ \\

\\ Formatted:

English (United States)

A\ | Formatted:

English (United States)

boundaries of plausibility. By construction, then, we anticipate that these scenarios will be considered less likely than those in \i\\\\

WA

{ Formatted:

Font: Italic, English (United States)

the interior of the emissions range. However, we leave likelihood judgments as a research question to be addressed by the

A\ .
. \{ Formatted:

English (United States)

community on the basis of the emissions scenarios ultimately produced.

\\{ Formatted:

English (United States)

{ Formatted:

English (United States)

1 English (United States)

o \[ Formatted:

English (United States)

English (United States)

\

NN ‘[ Formatted:
\ \[Formatted:
\

English (United States)

[ { Formatted:

English (United States)

””””””””” S . ‘[ Formatted:

English (United States)

ffffffffffffffffffffffffffffffffffffffffffffffffffffffff N ) { Formatted:

English (United States)

h ‘[ Formatted:

English (United States)

i {Formatted:

Space After: 0 pt, Line spacing: 1.5 lines

1 English (United States)

o A C JC JC G 0 0 0 0 0 U L )

1 English (United States)

1 English (United States)

scenario simulations, with their uncertainties. While the wider range may lead to some challenges in interpretation, it will

B ‘[ Formatted:

Space After: 0 pt

better represent the uncertainty range resulting from both the carbon cycle and the climate system. The climate model

simulations would also take better advantage of current ESM capabilities, especially regarding the outcomes of land-based

mitigation solutions, which are heavily dependent on feedbacks that are not represented in concentration-driven experiments.
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Inrecent years;q restions-have been <

Considerations of equity and iustice are a cornerstone of the g ;lobal climate discourse. These considerations are inereasingly

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

- Pvvay

1mp0rtant that questions related to equity and justice are addressed prominently in future research on mitigation and 1mpact
analysis (as has been done to some degree in the past). Research on just transitions will complement the work of ScenarioMIP
policy information. We strongly recommend that both the mitigation and 1mpia(;t 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 assessment. ,
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value for the remainder of the future simulations. Notably, the major eruption 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

analysis of the anthropogenic warming signal in the scenario runs. Full-details-of the-methodology-and datasetare fortheoming

sulfur, BC and OC emissions) and assumptions related to air quality measures. The effects of air quality measures on global

radiative forcing can be significant (Skeie-et-al2024)Despite- lack-of agreement

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).
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= —For the higher GHG emission scenarios, the

emissions of air pollutants 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 pollution control vary consistent with underlying

assumptions on socio-economic development. Alternative scenarios could be run in AerChemMIP and RAMIP (Wilcox et al.

but are also important to enable sampling of longer return period events (rarer events) at all levels of forcing. JFor CMIP7, we

condition/internal variability uncertainty in scenario outcomes. If necessary, the three low scenarios could be prioritized,

according to modeling centers’ capacities. —Sufficient representation of natural variability is decisive to inform climate risk

assessments and adaptation decisions (Lehner & Deser, 2023; Pfleiderer et al., 2025),

further publications.
The final set of IAM scenarios 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

particular issue). Additional quantifications from models beyond those doing the initial quantification is strongly encouraged,
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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 also lead to different climate outcomes, including
timing and overshoot. Several land-related mitigation options such as bioenergy with carbon capture and sequestration
(BECCS) and afforestation may not only impact greenhouse 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 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 CDR. It should be noted that solar radiation

. Novel

management is not included in these experiments, but is covered in a separate MIP (GeoMIP) (Visioni et al., 2024

CDR methods (such as ocean alkalinity enhancement) will be a focus in CDRMIP.

ecosystems (e.g. on agriculture, energy use, economic growth, or biodiversity). At-this-peint-in-time;-thereTherg, are two  ~« {Formatted:

mainreasonsmain reasons for this. First, one of the main uses of the scenarios and their climate outcomes is to drive impacts h N \{ Formatted:
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estimation by the impact modeling community, which uses both the climate projections and the direct human drivers (such
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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 potential 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 IAM
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of ScenarioMIP, which is an exercise of CMIP that is focused on providing scenario forcing data for ESMs (see Box 2). The
use of TAMs within ScenarioMIP is limited to providing emissions and land use forcing time series that allow for the
exploration of different global climate futures. An exploration of alternative implementations of the ScenarioMIP scenario
narratives using different modeling paradigms and normative assumptions is explicitly encouraged. Meanwhile, our working
assumptions, from a climate modeling perspective, are that the regional distribution of carbon emissions 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

changes in a multi-model context, such as CMIP-type ensemble experiments (Westervel-et-al;2020:-Tebaldi-et-al52023):
(Tebaldi et al., 2023: Westervelt et al., 2020),

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

in the emulation space of the last few years, especially with the deployment of machine learning;-the-use-of emulators—to

substitute for ESM output may become more feasible in the not-so-distant [uture (Eyring ct al.. 2024)._and more broadly Al
climate models, the use of emulators to augment or even substitute for ESM output may become more feasible in the not-so-

them), and more generally variables other than average temperature and precipitation still present a challenge to emulators. In
the scenario space, overshoot/peak-and decline scenarios (intended here as temperature trajectories that exceed a global

warming level of interest for a limited time and later experience a decline, due to declining GHG concentrations including

ran—ustng-The ScenarioMIP protocol therefore requests all scenarios to be run using ESMs. However, clearly it will be

interesting to use emulators to add to these runs. Emulators may also be useful to boost ensembles sizes of existing ESM
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historical emission data and provision of consistent gridded land use data. Fer-this;SeenarioMIP-is-working-closely-together
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Consistency with earlier scenario sets

range under comparable global radiative forcing pathways. H-is-assumed;-however;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. We-do—not-exclude—thepessibility-that-one—or-mere-seenarios
developed-aceordingto-the-newTherefore, no design eheiees-will-choice was added to produce global forcings comparable to

CMIP6 scenarios:

facilitate a rigorous assessment of CMIP7 simulations by Working Group I, the research time available for the vulnerability,

impacts and adaptation (VIA) research using CMIP7 data is quite constrained. Therefore, several of the IAM scenarios based

2025/early 2026, so that the climate model simulations can start early in 2026. This should allow for ESM experiments based

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

-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® (following similar methods as used in CMIP6 (Gidden et al., 2019)). The output is run through

small climate models and an atmospheric chemistry model to provide concentration data for ESM that need such input. For

land use, the data is harmonised to a historical data set, again following a procedure similar to CMIP6, but now also including

5 https://zenodo.org/records/17527153.
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additional information for CDR (see Section 5) (Hurtt et al., 2020). Below, further guidance is given to the elaboration of the

individual scenarios and their role in the overall set.
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3.1 Design of the High emission scenario (H),

The High emission scenario explores a future world that weakens or even abandons mitigation pelieies-andactions and that;+

eembinedpolicies — in combination, with other development trends;teads that could lead to high emissions-thatare-judged-te

be-as-highasplausible {see Boxt-on. A scenario exploring the high-end of the plausibility)—t range, is important for addressing
questions such as: what are the physical;socio-economie;-and-ecologicaljmpacts associated with a scenario in which climate

relatively high level of future warmingtevels? How large-might-theclimate-changerisks-be-to-which-seciety-may-have-to

adapt? Deo-nen-linearresponses-alter-the-nature-ofdo, extreme events as-the-werld-reaches-higher-look like at such warming

levels? HoewAnd how, far beyond current conditions are known adaptations viable? Whencomparingto-lower—emission

The scenario inchides—events—and-outeomes-is based on trends that may not be the most likely given(based on

trendsassessment), but that are still plausible—Fhe-werld-view-it represents-is-consistent-with- (see Box 1). These trends can be
characterized as policy roll-back, thelack of eeerdination-and,cooperation forin, addressing global environmental concerns,
societies-and-industries-depending onand-even reverting toincreased interest in, fossil fuel resources, theadoption of resource-
and energy-intensive preduetiontechnologies and lifestyles; and unforeseen-technological-barriers—TFhislack of development

in low-emission technology. Clearly, this scenario is not meantto-represent,a “business-as-usual” erscenario nor thg no-policy

reference scenario for the other scenarios. The scenario is intended to explore the upper end of GHG emissions resulting from

deep political, technological, and structural deviation from current trends.

In-this-seenarioThe are various reasons why such a scenario could emerge. For instance, a rollback of climate policies could+ - - {Formatted: Space After: 0 pt

result from a lack of public support for the energy transition (e.g. local opposition to building new wind farms), while the

position of fossil fuel industries could be strengthened given concerns about jobs, national energy security and existing assets.

be discontinued, possibly as a result of regional scarcity and limited tradability in materials for solar and wind technologies

and EV batteries

ity—(IEA, 2021; Schlichenmaier &

Naegler, 2022),
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-The High emission scenario, by design, does not include climate impacts (Section 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 considerably 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 undiscovered 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)
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The-marker-implementation-of this-seenario-islikelyto-beln 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 several 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, 2022b).
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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 reduced 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 scenario are the

associated climate impacts (vis-a-vis scenario with higher emissions, but also those with even lower emissions), 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), After that, emissions are projected to be reduced further and reach net-zero CO,  _ - ‘[ Formatted:
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emissions around 2070. Before 2070, some carbon dioxide removal (CDR) use might offset hard-to-abate emissions. After

2070, emissions reductions continue, reaching net-zero GHG emissions before 2100 and staying at approximately that level in

the long term. This design helps to better understand the long-term climate implications of sustained net-zero GHG emissions.  _ — { Formatted:
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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
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The VL scenario includes a range of measures and underlying trends leading to rapid emissions reductions, based on plausible

assumptions about the underlying pace of the system transformations (see e.g. (Brutschin et al., 2021), general characteristics

of low-carbon technology innovation (Odenweller et al., 2022; Wilson et al., 2020) and the dynamics of sociotechnical

innovation (Jewell & 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) (Beier et al., 2025; Stehfest et al., 2009; Willett

et al., 2019). Rapid emission reductions also limit the deployment of CDR in the VL scenario (compared to the Low-to-
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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

with regard to how fast current technology and policy trends / constraints could change until 2030;-and-(3) taking into account,

stated policy objectives up to 2030 (including commitments beyond NDCs such as the Renewable Energy and Energy
Efficiency pledge, the deforestation pledge, the Global Methane Pledge, etc.). Fhe-aim-is-to-derive-aVlseenario-thatean-stitt

P a—viablepohieyfuture11-—2028-30when-the-secenarto—wil-be-assessed-and-used—Atfter 2030, mitication—trend

shouldAfter 2030, the assumption is that policies can, be framed-in-terms—ofredueingsped up to limif

of techno-economic feasibility of low carbon technology deployment and, where relevant, sustainable development goals. Fhis
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in final energy demand, 2) rapid decarbonization of electricity supply (as measured by carbon intensity of electricity based on

gross CO; emissions), 3) deep electrification of industry, transport and buildings, 4) deep decarbonization of residual non-

electric fuel mix in industry, transport and buildings, 5) widespread behavioral changes in diet, transportation and consumption,

measures assuming plausible deployment rates, as well as keeping geological storage (or storage in materials) within
technological and sustainability limits. Seme-of-these-levers—(alternativefaels; AEOLU)-may-have-implications—for SLCE
emissions-and-air-peHution-Similar to the Low emission Scenario, also this scenario is run with differentiated carbon prices.

The suggested convergence year, however, is 2050.,,
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scenario in the future mcluding: 1) land use and afforestation/reforestation policy, 2) land- and ocean-based CDR strategies, \{ Formatted:
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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.
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seetionSuch 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 proposed (Tebaldi et al., 2015); in the current set, this difference

and those related to land use. The VL pathway also includes a sustainable land future in line with the SDG narrative, including

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 reduce warming after its higher peak. Finally, also this scenario is run with

differentiated carbon prices (like the other mitigation scenarios). The suggested convergence year is 2070. ,
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4. Scenario extensions beyond 2100 AD
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Several climate science research communities expressed the desire to consider a set of scenario extensions going beyond the
980 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 irreversible
changes, and also to explore reversibility of the system under different long term net-negative emissions pathways, exploring

overshoots from different peak warming levels and different target long term climate states.
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We extend the seven marker scenarios (H, HL, M, ML, L, LN, VL) from 2101 to 2500 using differentiated methodologies

tailored to the characteristics of each emission category.
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phase-down of 2100 afforestation/deforestation rates to maintenance levels in 2150.

Non-CO: extensions similarly reflect scenario-specific assumptions: methane targets range from 95 Mt/yr in ambitious
scenarios to 520 Mt/yr in the high-High emission pathway, representing varying degrees of agricultural transformation and

fossil fuel phase-out; sulfur dioxide follows air quality policy stringency, declining to 10 Mt/yr in scenarios with strong

environmental governance while remaining higher in the high-emission cases.
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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,« _ — { Formatted: English (United States) ]
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 \{ Formatted: Font color: Auto, English (United States) ]
aggregated carbon dioxide removal (CDR) technologies including bi gy with carbon capture and storage, direct air capture, {Formatted: Caption, Space After: 0 pt, Line spacing: ]

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-al52025);
ed id ine n d—£ 3 e ase e ed-dashe H = n d-p N ba e 3 e / o &

0 = 0 b 0 eSeEVe )\ de—d

0 } 5

m-(Gidden et al., 2025), red

k. 0 —DEeRa gesi—vis 0 ega €51 5 L eeHy
solid line = proven fossil fuel reserves, red dashed line = proved plus probable fossil fuel reserves (McGlade & 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 _ _ - Formatted
1 for full scenario definitions). %«? N States)
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scenario assumptions risk exceeding limits of feasibleprudent use of sequestration capacity. - -
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Similarly, the cumulative emission analysis provides critical context by comparing net emissions trajectories with estimates of _ _ - { Formatted: English (United States) ]
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[This consideration of geophysical limits to both fossil fuel availability and sequestration capacity underlines that the judgment - { Formatted: English (United States) )
of the plausibility of the extended scenarios is limited to their geophysical dimension and is not as comprehensive as the

plausibility judgments for ~the pre-2100 scenarios. In_addition, some outlier scenarios challenge current estimates of _ — { Formatted: English (United States) )
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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).
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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 management, as well as energy system compositions, impacting broader sustainable
development and biodiversity considerations (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:-hewewver;, IAMs only represent a subset of these

approaches. The main CDR methods represented in IAMs are Bioenergy with Carbon Capture and Storage (BECCS), Direct
Air Capture with Carbon Storage (DACCS), and afforestation and reforestation. In addition, IAMs are exploring new CDR

methods such as biochar, soil carbon sequestration, enhanced weathering, storage in long-lived materials, agroforestry,
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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 biogeophysical climate impacts associated with land-use change and< .. - { Formatted: Font color: Auto, English (United States) )
290 management for bioenergy (and other) crops. To facilitate this, they will be provided with harmonized gridded areas of ‘{Formatted: Right: 0", Space After: 0 pt, Line spacing: 1.5 }
lines

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 analyses and experiments can

be undertaken in separate MIPs or, research projects that will take place over longer time periods than ScenarioMIP. In - ‘[Formatted: English (United States)

principle, the results of the ESM BECCS calculations can feed into future versions of IAMs to highlight areas of highest h \[Formatted: Font color: Auto, English (United States)

295 BECCS carbon uptake potential. ‘[ Formatted: English (United States)

‘[ Formatted: Font color: Auto, English (United States)
To relay key information around BECCS to ESMs, IAMs will need-toreport;-at-the-gridded-level; the land-use change a areas__ { Formatted: English (United States)

associated with first and second-generation bioenergy crop deployment#ﬂgaﬂeﬁ at the gridded level. Also irrigation, and * ?\ ‘[Formatted: Font color: Auto
femhzer usage associated with bioenergy crops eeuld-alsewill,be provided. These data will enable ESMs to model the climate \\ N { Formatted: Font color: Auto

{ Formatted: Font color: Auto
{ Formatted: Font color: Auto

{ Formatted: Font color: Auto

: Font color: Auto, English (United States)

1 Font color: Auto, English (United States)
: Font color: Auto, English (United States)

305

{ Formatted: Font color: Auto, English (United States)
\\{ Formatted: Font color: Auto, English (United States)
””””””””””””””””””””””””””” oW IFormatted: Right: 0", Space After: 0 pt, Line spacing: 1.5

processes associated with BECCS and whether the emissions/storage for each process will be provided by IAMs or computed \\\

W
W\

by ESMs in ScenarioMIP.
VW

oy Ulines

310 N \\\\\\{ Formatted: Font color: Auto, English (United States)

o LR}

\

{ Formatted: Font color: Auto, English (United States)
. \{ Formatted: Font color: Auto, English (United States)

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, IAMs report the biomass growth in the \\{ Formatted: Font color: Auto, English (United States)
original location. Therefore, biomass growth as a driver of carbon dioxide removal will be consistent with the underlying IAM, { Formatted: English (United States)

but emissions flux field could be inconsistent because of biomass trade. However, since CO» is a well-mixed gas, for emissions

{Formatted: Font: 9 pt, English (United States)

315 fluxes. the importance of the spatial pattern is not very important.. /
Formatted: Font: 9 pt, Font color: Auto, English (United
- States)
Y
(Table 5: the role of IAMs and ESMs in representing individual processes associated with BECCS. = ~ { Formatted: Caption, Space After: 0 pt, Line spacing:
single, Tab stops: Not at 0.42"

BECCS sub-processes [Enmissions/storage _computed by ESM or | + . «[ Formatted: English (United States)
provided by IAM for ScenarioMIP h

{ Formatted Table
{Formatted: Footer, Left, Indent: Left: 0", Line spacing:

single

e A A L ) o 0 JC 0 0 ) L




320

325

330

335

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
A _____

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

Outputs from TAMs 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 ongoing to provide

gridded DACCS and “Other CDR” flows as an output from IAMs for future simulations and studies outside of ScenarioMIP.

In some cases, IAMs may also model carbon removals related to agroforestry and improved forest 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 — similar to other land-use CO, emissions. However, since the harmonized land-use forcing product, and

ESMs generally do not model the processes related to CDR methods such as enhanced rock weathering, biochar, and soil

carbon management, 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<~
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from IAMs to ESMs, as much additional information as possible on the IAM intentions and assumptions associated 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 of land-based CDR emissions/storage within ESMs for future MIPs and research

projects. ,
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CMIP activity tasked with processing and availability of input data for ESM experiments under CMIP

ESM Earth System Model

EV Electric Vehicle

GCM Global Circulation Model/Global Climate Model
GHG Green-house gas

GMST Global Mean Surface Temperature

GSAT Global-mean Surface Air Temperature
GWP100 Global Warming Potential over 100 years

H High scenario

H-ext High extension

H-ext-OS High overshoot extension

IAM Integrated Assessment Model

IAMC Integrated Assessment Modeling Consortium
IEA International Energy Agency

input4mip

IPCC Intergovernmental Panel on Climate Change
L Low scenario

L-ext Low extension

LN Low to negative emission scenario

LN-ext Low to negative emission scenario extension
LUMIP Land Use Model Intercomparison Project

M Medium scenario

M-ext Medium extension

ML Medium-to-Low scenario

ML-ext Medium-to-Low extension

MIP Model Intercomparison Project

NDC Nationally Determined Contributions
RAMIP Regional Aerosol Model intercomparison Project
RCP Representative Concentration Pathway

SCM Simple Climate Model

SDG Sustainable Development Goal

SLCF Short-Lived Climate Forcer
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SSC Scientific Steering Committee

SSP Shared Socio-economic Pathways

TCRE Transient Climate Response to cumulative Emissions
VIA Vulnerability, Impacts and Adaptation

VIACCS Vulnerability, Impacts, Adaptation and Climate Services
VL Very Low emission scenario

VL-ext Very Low emission scenario extension

WGI/TI/IT Working Group I/II/ITL.
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AFOLU Agriculture, Forestry and Other Land Use
BECCS Bioenergy with Carbon Capture and Storage
CCS Carbon Capture and Storage

CMIC Climate Model of Intermediate Complexity
CMIP Coupled Model Intercomparison Project

CDR Carbon Dioxide Removal

DAC Direct Air Capture

DACCS Direct Air Capture with Carbon Storage
DECK Diagnostics, Evaluation and Characterization of Klima
ESM Earth System Model

EV Electric Vehicle

GCM Global Circulation Model/Global Climate Model
GHG Green-house gas

GMST Global Mean Surface Temperature

GSAT Global-mean Surface Air Temperature
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GWP100 Global Warming Potential over 100 years

H High scenario

TAM Integrated Assessment Model
IAMC Integrated Assessment Modeling Consortium
IEA International Energy Agency

input4mip CMIP activity tasked with the processing and availability of input data for ESM experiments under CMIP

IPCC Intergovernmental Panel on Climate Change

L Low scenario

LUMIP Land Use Model Intercomparison Project

M Medium scenario

MIP Model Intercomparison Project

MOS Medium scenario with Overshoot

NDC Nationally Determined Contributions

OS Overshoot

RAMIP Regional Aerosol Model intercomparison Project
RCP Representative Concentration Pathway

SCM Simple Climate Model

SDG Sustainable Development Goal

SLCF Short-Lived Climate Forcer

SSC Scientific Steering Committee

SSP Shared Socio-economic Pathways

TCRE Transient Climate Response to cumulative Emissions
VIACCS Vulnerability, Impacts, Adaptation and Climate Services
VEEOVL Very Low with-Limited-Overshoot-emission scenario

VEEOVIext Very Low with-Eimited-Overshoot-emission scenario extension
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