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Abstract

Due to sizeable anthropogenic CO> emissions, China’s transition towards carbon
neutrality will fundamentally alter global CO; emissions, providing critical insights into
warming levels, extreme events, overshoot, tipping points, and regional climate impacts.
Existing emission scenarios that fail to reflect this transition increasingly diverge from
reality. To bridge this gap, we developed an interdisciplinary and multi-model
framework that integrates up-to-date emissions inventory and emissions pathway to net
zero CO; by 2060 for China, and then constructed a reality-aligned, sector-specific
combined scenario (SSP2-com) for greenhouse gases and air pollutants across global-
to-regional, national-to-provincial, and multi-resolution-grid scales. Our emissions
pathway sees that global CO: will peak in concentration by 2062, and achieve net zero
in emissions by 2072. The Asia-Pacific region, particularly China, will lead these
reductions through contributions from the energy and industrial sectors. Climate
emulators show global temperatures will initially follow SSP2-4.5 but later become
more compatible with SSP1-2.6 trends, projected to peak around 2071 and reach a rise
0f 2.01°C by 2100 (~3.2 W m™?) or for the period 2091-2110, with temperatures falling
below 2°C in the first decade after 2100, relevant to the Paris Agreement target. We
further propose an evolving SSP2-com+ framework, integrating updated regional and
national emission trajectories, to align with commitments more timely and enhance
global cooperation. Our findings indicate that balanced, nationally-determined
decarbonization efforts can stabilize warming around 2°C without requiring early
unprecedented decarbonization rates or large-scale carbon removal efforts. These
strategies align more closely with current emission status and national commitments

than other existing scenarios, providing a more plausible basis for earth system models.
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Introduction

Scenarios are crucial for climate change research, guiding research communities
and policymakers in exploring future pathways, evaluating temperature targets, and
developing mitigation strategies % 3. Scenarios also serve as critical bridges among
diverse research communities, particularly by integrating earth system models (ESMs)
of the natural environment with integrated assessment models (IAMs) of
socioeconomic systems * . This connection enables a more holistic understanding of
the interactions between natural and social systems. The scenarios database of the sixth
assessment report (AR6) of the Intergovernmental Panel on Climate Change (IPCC),
hosted by the International Institute for Applied Systems Analysis (IIASA), plays a
central role in assessing global warming levels, capturing diverse assumptions about
emissions, technology, socioeconomic factors, and policy interventions % 7. The five
marker Shared Socioeconomic Pathways (SSP) from the Scenario Model
Intercomparison Project (ScenarioMIP)—SSP1-1.9 (radiative forcing of 1.9 W m™),
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5—widely used in the literature and
assessed in the IPCC ARG, span a wide range of possible socioeconomic and climate
futures, providing comprehensive external forcings, including emissions and
atmospheric concentrations of greenhouse gases, chemically reactive gases, aerosols,
and land use changes &% 1°,

The ScenarioMIP experiment within the Coupled Model Intercomparison Project
phase 6 (CMIP6), aligned to the base year 2015 °, is now almost a decade outdated.
During this period, global carbon and pollutant emissions have experienced large
changes, such as those induced by the COVID-19 pandemic and China’s clean air
actions and climate policies ''. Additionally, major carbon-emitting countries have
updated their NDCs !> '3 resulting in a significant divergence between many
ScenarioMIP pathways and current realities and commitments. Two new net-zero
scenarios were developed to incorporate the pandemic’s impact on emissions, assuming

significant reductions from 2023 '* 15, Nonetheless, these scenarios may increasingly
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diverge from the reality, as global emissions continue to rise in 2023 with no clear signs
of decline. Specifically, given that China accounts for approximately one-third of global

carbon emissions 61718

, its carbon neutrality efforts will significantly influence global
climate mitigation outcomes. The misalignment of existing scenarios with recent
developments has thus reduced their relevance for accurately projecting current and
future emissions trends '°. For instance, a combination of bottom-up and top-down
approaches in China estimates the 2020 carbon emissions from energy and industrial
processes at 11.5 Gt CO, ?°. In contrast, the SSP1-1.9, SSP1-2.6, and SSP2-4.5
scenarios estimated China’s CO2 emissions for the same period to be 10.8 Gt, 10.9 Gt,
and 11.5 Gt, respectively, showing a discrepancy ranging from 0 to 0.7 Gt CO.. Looking
ahead, the Chinese government has pledged to peak carbon emissions before 2030, with
an estimated total of 12.8 Gt by that year. The SSP1-1.9, SSP1-2.6, and SSP2-4.5
scenarios predict China’s 2030 CO> emissions to be 7.1 Gt, 9.0 Gt, and 11.8 Gt,
respectively, indicating a 0.9 to 5.6 Gt gap. For 2060, when China aims to achieve
carbon neutrality, the estimated total emissions will be around 0.9 Gt, with the surplus
offset by carbon sinks. In comparison, the SSP1-1.9, SSP1-2.6, and SSP2-4.5 scenarios
project China’s 2060 CO2 emissions to be -0.1 Gt, 1.9 Gt, and 7.4 Gt, respectively,
revealing a discrepancy of -6.4 to 1.0 Gt. It is evident that the projection ranges of the
ScenarioMIP marker scenarios remain valid. Nonetheless, the CO» emissions in China
under any marker scenario show a significant gap compared to the current situation and
committed targets. In addition to these discrepancies in estimates, the latest version of
the CEDS database, used for harmonized emissions trajectories, has substantially
corrected historical data that used in CMIP6. For instance, the global anthropogenic
CH4 emissions for 2015 have been revised down by 4.3%, from 373.7 in the CMIP6
release (v_2016_07 16) to 357.4 Mt CHa yr'! in the latest version (v_2024 04 01 pre-
release). Similarly, global anthropogenic volatile organic compounds (VOCs)
emissions have been reduced by 16%, from 163.9 to 137.3 Mt VOC yr'!'. Global black

carbon (BC) emissions have decreased by 29%, from 8 to 5.7 Mt BC yr’!, and global
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organic carbon (OC) emissions have dropped by 32%, from 19.5 to 13.3 Mt OC yr.
Developing scenarios rooted in current realities that align with recent policy
commitments and provide clear trajectories from the present to net-zero emissions for
China and the global community is key to guiding the international efforts towards
keeping the temperature goal for the Paris Agreement and reaching the Sustainable
Development Goals (SDGs). Due to the rapidly evolving landscape of climate policy
and technological advancements, future scenarios need to incorporate dynamic, region-
specific data and consider pledges, challenges, and priorities specific to regions and
countries to stay relevant. The network for greening the financial system (NGFS)
scenarios have been updated with new economic and climate data, policy commitments,
and model versions 2!, but a full set of gridded emissions data for ESM has not yet been
produced. To quickly address the challenges mentioned, CMIP has launched a CMIP7
fast-track with streamlined experiments to meet specific needs, including those of the
IPCC’s Seventh Assessment Report (AR7)*2. Creating a new version of CMIP is highly
complex and requires extensive coordination and time. Therefore, we propose a
simplified framework as a transitional product between CMIP6 and CMIP7 and as an
additional resource before the release of the CMIP7 fast-track. Here, we present an
interdisciplinary, multi-model framework (Fig. 1) that integrates up-to-date emissions
data and recent national commitments to reduce greenhouse gases and air pollutants,
offering a comprehensive tool for navigating the path to a sustainable future (SSP2-
com). In SSP2-com, the 2 indicates that the global scenario is derived from SSP2, while
com stands for combination, signifying that the scenario is constructed by integrating
diverse tools, methodologies, and national, regional, and global emissions. This
integrated framework incorporates recent updates on a series of activities and policies
on emissions and harmonizes a diverse array of global and national data sources,
including the AR6 scenario database and China-specific models, ensuring consistency
across sectoral and regional emissions trajectories. Inconsistencies in sector

categorization are resolved by redistributing emissions data to align with updated
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inventories, and global warming levels are calculated using three emulators. This
framework is designed to incorporate additional subregional input data in the future.

Detailed methodologies and data sources are outlined in Fig. 1 and the Methods section.
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Fig. 1. Integrated framework for emissions scenario development and climate
modeling for China and the world (yellow blocks are input data, gray blocks are
scenarios database, white blocks are methods, red blocks represent global and China’s
greenhouse gas and pollutant pathway, green blocks are emulator outputs, and purple
blocks represent gridded emissions for earth system models; regions represent global

divisions, while provinces denote subregions in China).
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Results

1. Stated policy emissions pathway for the world and China

Figure 2 presents the future global and China’s emissions pathway for key
greenhouse gases and pollutants expected to contribute most significantly to global
warming, along with their sectoral compositions, as a result of SSP2-com, AR6, and
recent updates (projected trajectories for other greenhouse gases are provided in

Supplementary Fig. 4).
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Fig. 2. Projected emissions pathway of key greenhouse gases and air pollutants in
total and by sector for the world and China (The solid lines in the first and third
columns represent the trajectories of SSP2-com, while the transparent lines represent
the trajectories in the database).

Globally, energy-related CO, emissions were 36.6 Gt in 2023, which would
slightly decrease to 35.3 Gt by 2030 and reach -6.4 Gt by 2100. Considering AFOLU
contributions, global net-zero CO; emissions are projected to be achieved around 2072,
which is similar to the low emission scenario in ScenarioMIP CMIP7 proposal 2*. The
decline in emissions from the early to mid-century is primarily from the energy sector,
with contributions from industry and transportation. The energy sector will achieve net-
negative emissions by 2065 when carbon capture and storage technologies enable
bioenergy carbon removal to exceed residual fossil CO> emissions from coal, oil, and
natural gas combustion. As decarbonization efforts continue in the industrial sector and
fuel switching and electrification progress in heavy and light transportation, emissions
from these sectors gradually decrease over the century. By the end of the century, the
industrial sector (3 Gt CO, yr!), transportation (0.8 Gt CO, yr'!), and residential and
commercial sectors (0.5 Gt CO, yr!) will be the primary sources of positive CO,
emissions. With large-scale afforestation, AFOLU is expected to achieve net-negative
emissions by 2045, contributing -4.5 Gt CO2 yr'! by 2100. Global CH4 emissions in
2022 were approximately 381 Mt, decreasing to 352 Mt by 2030 and further reducing
to 172 Mt by 2100. The energy, agriculture, and waste sectors primarily dominate CHa
emissions. The decline in future emissions will continue to be mainly from the energy
sector, while agriculture and waste sector emissions are expected to peak around 2030
and then decline, though agriculture will still emit 81 Mt CHs yr'! and the waste sector
44 Mt CHs yr!' by 2100. The global emissions of seven major air pollutants are
projected to decline over the century, with varying degrees of reduction. Compared to
2022 levels, SO,, BC, CO, and OC emissions are expected to decrease by over 70% by

2100, specifically 77%, 76%, 74%, and 71%, respectively. VOC emissions are
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projected to decline by 64%, NO; by 63%, and NH3z by 57%. In 2022, global SO>
emissions were approximately 76 Mt yr'!, mainly from the energy and industrial sectors.
As the energy sector transitions to non-fossil fuels and end-of-pipe pollution control
measures rapidly intensify, emissions will sharply decline, with the remaining small
amount of SO» emissions coming mainly from the industrial sector by 2100. Global
NO: emissions are primarily from the transportation sector, NH3 from agriculture, and
VOCs from solvent production and application, which are expected to remain the main
sources of these pollutants by 2100. OC, BC, and CO emissions are mainly from open
burning, residential and commercial sectors, and transportation. By the century’s end,
the most significant contributions to their pollution reduction will come from the
decline in emissions from the residential and commercial sectors due to economic
development, population stabilization, and the shift from traditional biomass use to
green energy, with reductions in open burning also contributing.

For China, following the peak in carbon emissions around 2028-2029, the
transition to renewable energy sources, particularly wind and solar power, will be
crucial for reducing carbon emissions in the energy and industrial sectors, ultimately
achieving carbon neutrality by 2060. The transportation and residential/commercial
sectors also contribute to this reduction from now to 2060. CH4 emissions are expected
to decline primarily from the energy sector, though the agriculture and waste sectors
will remain significant contributors through 2060. SO, emissions are projected to
decrease  significantly  across three sectors: industrial, energy, and
residential/commercial. Similarly, OC, BC, CO, and VOC emissions will see
substantial reductions from now to 2060, largely from industrial, transportation, and
residential/commercial shifts from traditional biomass and fossil energy to cleaner
energy sources. The industrial and transportation sectors will mainly influence the
reduction in NO; emissions by 2060. While the agricultural sector will also experience

a marked decline, it will continue to be a major source of NH3 emissions.



205
206

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

2. Diverse drivers at global-to-regional and national-to-provincial

scales

Figure 3a illustrates the future distribution of major greenhouse gas and pollutant
emissions across six key global regions under classification schemes from WGIII AR6
24 (Supplementary Table 2), highlighting the primary sectors and regions driving the
projected decreases in total annual emissions by 2100 compared to 2020. Currently, the
Asia and Pacific (APC) region is the largest contributor to global CO> emissions,
accounting for approximately 49% of the global total. However, it is also projected to
be the largest contributor to emissions reductions by 2100, with a decrease of
approximately 17 Gt CO, yr'! (42% of global reduction), compared to current levels.
The energy sector is expected to contribute the most (66%), followed by the industrial
(21%) and transport (9%) sectors. The Developed Countries (DEV) region, the second-
largest source of global carbon emissions, contributing around 29%, is projected to
achieve a reduction of approximately 11.7 billion tons of CO2 annually by 2100 (29%
of global reduction). The primary drivers of these reductions will be the energy and
transport sectors. While having lower carbon emissions, the Latin America and
Caribbean (LAM) region ranks third in future emissions reduction potential, owing to
its significant negative emissions potential. Africa (AFR) and Eastern Europe and West-
Central Asia (EEA) follow, with the Middle East (ME) contributing the least. In a
similar pattern to CO», the APC region, despite being the highest emitter of CH4
globally, is also expected to achieve the most significant reduction in methane
emissions by 2100, with a decrease of 75 Mt CH4 yr'! compared to 2020. The energy
sector will lead this reduction by 2100, followed by the industrial sector, with the waste
sector also making a notable contribution. Currently, the DEV, LAM, and AFR regions
each contribute similarly to global CH4 emissions (ranging from 14% to 17%), and their
reduction contributions by 2100 are expected to be comparable. Both the industrial and
energy sectors will contribute positively; however, in the AFR region, the waste sector

is expected to contribute negatively due to factors such as population growth and
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urbanization. For the seven major pollutants, the APC region, while currently the largest
emitter, is also projected to contribute the most to future reductions. By 2100, annual
emissions are projected to decrease by 34 Mt VOC (45% of global reduction), 20 Mt
NHj3 (57%), 35 Mt NO2 (56%), 25 Mt SOz (50%), 6 Mt OC (52%), 2.5 Mt BC (59%),
and 223 Mt CO (64%). The reductions in VOC emissions will primarily come from the
industrial, transport, and residential/commercial sectors, while NH3 reductions will
almost entirely come from agriculture. NO; reductions will be mainly from the transport
sector, SO> by the energy sector, and OC, BC, and CO reductions will be predominantly
from the residential and commercial sectors. The DEV region ranks second only to APC
in NHs and NOx reduction contributions, while AFR ranks second to APC in OC, BC,

and CO reductions.
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Fig. 3. Regional emissions pathway and sectoral emissions reductions of
greenhouse gases and air pollutants (a) Time series of annual total emissions from
2100 to 2020 for six regions in the world (APC: Asia and Pacific, EEA: Eastern Europe
and West-Central Asia, AFR: Africa, ME: Middle East, LAM: Latin America and the
Caribbean, DEV: Developed Countries); and (b) Top 10 provinces in China by
emissions reductions from 2020 to 2100, with pie charts showing their share of total
national reductions (SD: Shandong, HE: Hebei, NM: Inner Mongolia, HA: Henan, JS:
Jiangsu, SX: Shanxi, GD: Guangdong, AH: Anhui, LN: Liaoning, SN: Shaanxi, ZJ:

Zhejiang, SC: Sichuan, HB: Hubei, FJ: Fujian, YN: Yunnan, HN: Hunan, HL:
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Heilongjiang, and GZ: Guizhou) (Each column in a or subplot in b represents an
individual species)

For sub-regions and sub-national levels, more detailed carbon emission
trajectories will allow us to develop greenhouse gas and carbon emission trajectories,
providing a more detailed depiction of net zero scenario for each sub-region. Taking
China as an example, we have derived complete regional scenarios by building on the
provincial carbon emission trajectories, utilizing quantile rolling window and time-
dependent ratio techniques. Figure 3b illustrates the primary provinces and sectors
driving the reduction in CO> and pollutant emissions in China by 2060 compared to
2020, with pie charts representing the share of emissions reductions attributed to the
leading ten provinces relative to the total reductions across all provinces. For CO,, the
largest decreases are from the energy and industrial sectors, with significant
contributions from provinces like Shandong, Hebei, Inner Mongolia, and Henan. VOC
reductions are predominantly led by the industrial sector, with notable contributions
from Guangdong, Zhejiang, Jiangsu, and Shandong provinces. NH3 reductions are
almost entirely from the agricultural sector, particularly in Yunan, Sichuan, and Henan

provinces.

3. Projected warming levels by 2100

Figure 4 presents the projected temperature rise, the warming level in 2100, and the
cumulative years exceeding 2°C for the SSP2-com scenario as simulated by three
different climate emulators (50th percentile across all members of the full run).
According to MAGICC, global surface temperature is projected to increase by 2.03°C
above pre-industrial levels by 2100, with the temperature surpassing 2°C in 2058 and
peaking at 2.10°C in 2081 before gradually declining (Supplementary Table 3). FalR
estimates a slightly lower increase of 1.99°C by 2100, with temperatures exceeding 2°C
as early as 2047, peaking at 2.12°C in 2071. CICERO forecasts a 2.02°C rise by 2100,
with the temperature crossing the 2°C threshold in 2051 and peaking at 2.15°C in 2071.

Projected warming trajectories, as estimated by three independent emulators, indicate
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that global temperatures are likely to reach approximately 2.01°C above pre-industrial
levels by 2100 (with consistent projections for the 2091-2100 period), relevant to the
Paris Agreement’s temperature target. Our projected trajectories also show distinct
warming patterns across adjacent decades: average temperatures for 2091-2100 are
projected at 2.04°C, while the subsequent decade (2101-2110) shows a slight decline to
1.98°C, suggesting that the year 2100 represents a critical inflection point in the 2°C
threshold trajectory. This warming lies between the SSP1-2.6 and SSP2-4.5 scenarios—

higher than the more idealistic SSP1-2.6, yet significantly lower than SSP2-4.5.
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Fig. 4. Climate model projections of SSP2-com from three emulators: MAGICC,
FalR, and CICERO-SCM. (a) Surface temperature change relative to pre-industrial
levels; (b) temperature rise by 2100 for different scenarios; (¢) cumulative years above
2°C; (d) effective radiative forcing of major components and (e) simulated atmospheric
CO; concentrations.

In the SSP2-com scenario, the total radiative forcing by 2100 is around 3 W m™,
with MAGICC estimating 3.4 W m™ and FalR 3.1 W m™. The effective radiative
forcing from CO; is the dominant contributor, with MAGICC and FalR estimating 2.7
W m? and 2.4 W m™, respectively. CH4 and N2O continue to play significant roles,

contributing approximately 0.3 W m. F-gases also contribute, albeit less significantly,



301  ataround 0.1 W m™. Aerosols remain a cooling force, though the magnitude is uncertain;
302 MAGICC suggests a near-zero direct and indirect aerosol effect, whereas FalR
303  estimates an indirect cooling effect of approximately 0.4 W m™. The differences
304 between MAGICC and FalR in simulating aerosol indirect eftects likely stem from their
305 model structures and parameterization methods. MAGICC uses a detailed physical

25, while FaIR employs a

306 parameterization to represent aerosol-cloud interactions
307  simplified response model that relies more on historical data fitting 2°. By 2100,
308 MAGICC projects the global atmospheric CO2 concentration to reach 448.9 ppm, a 61%
309 increase from pre-industrial levels, with a peak of 482.5 ppm in 2062. FalR projects a
310  COz concentration of 439.5 ppm by 2100, reflecting a 58% increase, peaking at 476.1
311  ppm in 2062. The concentration changes of CHs and N>O are illustrated in
312  Supplementary Fig. 5.

313 The temperature overshoot in SSP2-com is generally limited to a maximum of
314  0.15°C, with only a few years exceeding 0.1°C (about 10 years in FalR and none in
315 MAGICC). This suggests that very fast and deep decarbonization or rigorous carbon
316  dioxide removal pathways, which usually entail substantially higher costs and equity
317  concerns, may not need to be emphasized to limit warming to ~2°C at 2100. Given the
318  substantial uncertainties surrounding overshoot pathways that rely on large-scale
319  carbon removal—particularly due to overconfident model projections of Earth’s
320  response to overshoot scenarios, questionable reversibility of regional climates, and the
321  challenges of human adaptation post-overshoot 2’—our scenario, with its very limited
322 2°C overshoot, offers a precautionary approach that may help reduce these uncertainties.
323  The temperature is expected to stabilize around 2°C by 2100, reducing the likelihood
324  of triggering critical climate tipping points associated with the 2 to 3°C warming

325  projected under current policies .

326 4. Gridded emissions bridging IAMs and ESMs

327 Building on the reality-aligned emissions pathway that span from global to regional

328 and national to provincial scales, we developed a global sector-specific gridded
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emission dataset with a 10 km x 10 km resolution. This new dataset provides two
advantages over previous gridded data. It offers a more accurate depiction of current
global emissions and can incorporate updated regional and national carbon peak and
neutrality pathways, thereby creating a more plausible foundation for earth system
modeling. Additionally, the high-resolution grid of 10 km x 10 km is compatible with
the requirements of various global climate models (GCMs) and provides detailed initial
conditions essential for high-resolution regional climate models. Figure 5 illustrates the
global distribution of carbon emissions for 2020, 2060, and 2100, alongside the total
and sectoral differences between 2100 and 2020. Compared to 2020, most global
regions experience significant carbon emissions reductions by 2060, particularly in
high-emissions areas of the Northern Hemisphere. By 2100, emissions decline
consistently and markedly across all regions, with the majority achieving net-zero
emissions. The most substantial reductions from 2020 to 2100 are observed in East Asia,
Western Europe, North America, and South America. In East Asia, Western Europe, and
North America, nearly all sectors show substantial decreases, accompanied by notable
negative CO> emissions, positioning these regions as the most critical contributors to
global net-zero targets. In South America, while absolute reductions in energy,
industrial, and transportation emissions are limited, the region’s significant deployment
of negative emissions technologies, such as bioenergy with carbon capture and storage,

plays a crucial role in global emissions reductions.



350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

L My
\y EA3
b
) —t
"\ - o 1
x10-2 108
Differences in ne gative emissions Differences in residential commercial other
between 2100-2020 (kg m 25~ - between 2100-2020 (kg m~25-%)

600 55P245
—— ssP2-com

450 /-\

55P245
370 — ssP2-com 50

3
8
8

1800

g 360
g 2
\ 2 350 2
5 g
S 1400 S5P245 -50 340 -50
—— ssP2-com 3
1200 330

N

concentration (ppb)
Latitude (*N)

€O, concentration (ppm) (.
g
Latitude (*N)

3
2
38
Latitude (°N)
o
N;O concentration (ppb)

CH

B Pl iR e S P Sl iR L S S S P il il i vl

9, 9, 9

420 440 460 480 1200 1400 1600 1800 2000 340 350 360
€O; (ppm) for SSP2-com CH, (ppb) for SSP2-com N2 (ppb) for SSP2-com

Fig. 5. Spatial and temporal variations in CO: emissions. (a-c) Global CO: emissions
for 2020, 2060, and 2100; (d-1) differences in total and sectoral CO2 emissions between
2100 and 2020; and (j) time series of global average and zonal distributions of CO.,
CHa4, and N>O concentrations.

From 2020 to 2100, global CH, emissions undergo a pronounced decline, with the
most significant reductions observed across East Asia, South Asia, Europe, North
America, and South America (Supplementary Fig. 6). This widespread decrease is
predominantly from agricultural, waste, and energy mitigation efforts. Emissions
reductions in agriculture are particularly pronounced in East Asia, South Asia, South
America, and Africa, where targeted interventions have substantially curbed CH,
outputs. Emissions of the seven major air pollutants exhibit marked declines from 2020
to 2060, with further reductions extending to 2100, especially in regions such as East
Asia and South Asia, where current pollutant levels are notably elevated
(Supplementary Fig. 7, 8, and 9).

We adjusted the SSP2-4.5 concentration files using MAGICC's global

concentration outputs to align with the zonal distributions, to enhance their applicability
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in earth system modeling. Detailed global average and zonal distribution fields for CO,,
CH,, and N,O concentrations are shown here. CO, and CH, concentrations are
projected by MAGICC to follow a trajectory of peaking before declining. CH, is
expected to peak around 2030, notably earlier than CO,, due to its comparatively
shorter atmospheric lifetime and heightened sensitivity to changes in emissions. This
may also contribute to the zonal distribution of global CHa concentrations, which
exhibits higher levels in the Northern Hemisphere, with peak concentrations observed

at mid-latitudes.

5. Regional and national scenario combination framework (SSP2-

com+)

A regional and national scenario integration framework, SSP2-com+, is further
proposed aimed at facilitating the exchange of carbon emission trajectories that are
more precisely tailored to the unique circumstances of individual regions and countries.
Under this framework, each region or country is expected to provide at least one carbon
emission trajectory, which is used to generate detailed greenhouse gas and pollutant
trajectories. These trajectories will be integrated into the SSP2-com+ framework and
re-run monthly to produce updated warming levels and gridded emissions input for
ESM. To ensure the relevance and flexibility of the scenarios, the SSP2-com+
framework plans to publish updated versions every six months, thereby keeping the
framework dynamic and responsive to new data and commitments.

Previous scenario update cycles were lengthy, limiting their effectiveness for timely
analysis and decision-making support. This approach allows for the scenarios to be
more finely tuned to the distinct environmental and socioeconomic realities of different
regions and nations, significantly enhancing their policy relevance for climate change
mitigation efforts. By enabling the integration of diverse data inputs and the flexibility
to update scenarios as needed, the SSP2-com+ framework is poised to increase the
applicability and robustness of the scenarios. The transparency and accessibility of this

framework can facilitate countries, especially those lack of capacity, to propose and



395  analyze their own and global scenarios.



396

397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422

Discussion

Our study establishes an interdisciplinary, multi-model framework that integrates
up-to-date emissions inventories, national commitments, and sector-specific
trajectories to construct a global scenario aligned with national emissions pathways.
This framework addresses critical gaps in existing scenario databases by harmonizing
regional and national data across scales—global to sub-provincial—while
incorporating the latest policy developments and emissions trajectories. A key
innovation lies in its open-source and general design, which enables researchers,
particularly those from nations lacking IAM capabilities, to rapidly generate emissions
pathways, SCM outputs, and gridded emissions datasets for ESMs. Compared with the
CMIP6 ScenarioMIP framework, which relies on decade-old baselines and requires
extensive coordinating resources, our approach is lightweight, modular, and adaptable
to frequent updates. We acknowledge that the CMIP6 ScenarioMIP offers
comprehensive and forward-looking projections that span a wide range of
socioeconomic and climatic futures. Building on this legacy, our work serves as a
complementary effort to ScenarioMIP, refining its broad projections into policy-
relevant, target-specific scenarios grounded in real-world developments.

The SSP2-com scenario, derived from this framework, provides a suite of outputs,
including an emissions pathway, SCM projections, and high-resolution gridded inputs
for ESMs. Notably, it incorporates subnational details for China, calibrated to reflect
provincial-level emissions trajectories and sectoral contributions, offering detailed
granularity in scenario development. Our global scenario is derived from strictly
selected SSP2 emissions scenarios to inherit SSP2 assumptions and updated 2022/2023
baselines and global and China’s NDCs. Our scenario’s warming targets are higher than
SSP1-2.6, but significantly lower than SSP2-4.5 (Supplementary Fig. 12). Initially, our
temperature trajectory closely follows SSP2-4.5, but it aligns more closely with SSP1-

2.6’s trends post-2050. By 2100, our scenario closely aligns with SSP1-2.6, predicting
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temperatures about 0.2°C higher. Unlike SSP1-2.6, which ensures that warming does
not exceed 2°C annually by 2100, our scenario shows small but sustained overshoots
of 2°C, with temperature over 2.1°C about 10 years in FalR and none in MAGICC.
Since these overshoots are comparatively minor, our scenario may obviate the need for
extensive deployment of negative emissions technologies in the near term to sequester
COas. Thus, our scenario is closely aligned with currently stated ambitions and still
avoids a high overshoot of 2°C. This will mitigate the potential risks associated with
overshoot, including triggering strong Earth system feedbacks, leading to sustained
warming in both the near and long term ?’. Regarding atmospheric CO concentrations
(Supplementary Fig. 13), our future concentration trajectory mirrors that of SSP1-2.6,
first rising and then declining, with the gap between the two peaks around 2060 before
narrowing. This trajectory starkly contrasts the continuous rise observed in SSP2-4.5,
SSP3-7.0, and SSP5-8.5, without following a steep decline depicted in SSP1-1.9.
Compared to the 2015 commitments, the probability of exceeding 4°C in global mean
surface temperature change by 2100 is significantly reduced under both the updated
pledges-continued ambition and updated pledges-enhanced ambition scenarios 2°, while
the likelihood of constraining temperature change below 2°C and 1.5°C is substantially
enhanced ?°. Current policy trajectories project a median warming of 2.6°C by century's
end *°. When incorporating both high- and low-confidence net-zero targets, this median
projection decreases to 2.0°C *, aligning with the SSP2-com warming level. This
convergence suggests that strengthened climate commitments could effectively reduce
the anticipated temperature rise relative to current policy implementations. Compared
with NGFS scenarios, the SSP2-com scenario results in higher cumulative emissions
by 2080 compared to Low Demand, Net Zero 2050, Below 2°C, and Delayed Transition
scenarios, with stronger negative emissions after 2080. SSP2-com has a slower near-
term emissions decline but accelerates decarbonization post-2050, surpassing NDCs
and Fragmented World scenarios, which show continued temperature increases. In

contrast, SSP2-com stabilizes warming by ~2070, followed by a decline, highlighting
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the importance of early, coordinated climate action compared to the slower reductions
under Current Policies.

The framework’s flexibility is further demonstrated through its SSP2-com+
extension, which allows six-month updates of regional and national pathways. This
contrasts with the multi-year revision cycles of CMIP6 and NGFS, ensuring scenarios
remain responsive to evolving policies and technological breakthroughs. For example,
integrating China’s provincial-level trajectories—which account for heterogeneous
economic and industrial profiles—enhances the spatial accuracy of global gridded
emissions data. Such granularity is absent in most existing scenarios, which often
homogenize regional dynamics.

Some uncertainties of our work are also acknowledged here. Our scenario
construction, which spans provincial, regional, and global scales, incorporates data
from multiple sources. These databases harbor inherent uncertainties that, when
coupled with cross-mapping between source categories, introduce additional
complexities. Despite these uncertainties, rigorous efforts have been made to align these
diverse data sources to minimize discrepancies. Additionally, uncertainties arise during
the harmonization and infilling processes for different species, regions, and sectors’
emission trajectories. To mitigate these errors, we adhere to the CMIP6 input protocol
4915 A further source of uncertainty is the grid allocation process. We distribute grids
globally, across six major regions down to China’s provinces, without accounting for
inter-regional variability within other regions outside Asia. The SSP2-com+ scenario
will incorporate pathways from additional countries and regions, thereby enhancing the
granularity of regional variations within the framework..

Despite these challenges, our scenario has made significant progress in plausibly
approaching the specifics of global and national current status and commitments. The
produced gridded data has been used by several ESMs, including BCC-CSM and
CESM2, to assess the levels of global warming, future losses and damages, and impacts

on extreme events, overshoot, and tipping points. Gridded emission data will be updated
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in a timely manner, as our scenario framework incorporates the emissions pathway from
more countries, particularly developing countries and at subnational levels, which will
better serve future IPCC assessment cycles, climate negotiations, and international

mitigation actions >!.
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Data and Methods

1. Scenario database: AR6 and recent updates

The AR6 Scenario Database is a pivotal integral resource to the IPCC’s Sixth
Assessment Report *2. Hosted by the IIASA>?, this database collects, harmonizes, and
assesses scenarios from various integrated assessment models, climate models, and
impact assessment models across the globe. The AR6 Scenario Database facilitates an
in-depth understanding of climate futures based on various assumptions regarding
greenhouse gas emissions, technological advancements, socioeconomic factors, and
policy decisions. This database comprises a comprehensive collection of global to
national-level energy, emissions, and sector scenarios spanning from September 2019
to July 2021, encompassing 189 models, 1,389 scenarios, 1,791 variables, and 244
regions.

This study integrates two additional scenarios (SSP245-cov) that account for the

15 into our infilling database. The

impact of the COVID-19 pandemic on emissions
moderate green scenario anticipates a moderate investment increase in green and low-
carbon technologies post-2023, targeting a 35% reduction below NDCs by 2030 and
achieving net-zero CO; emissions by 2060. The strong green scenario envisages a
significant increase in such investments, aiming for the same 52% reduction below
NDCs by 2030 and achieving net-zero CO2 emissions by 2050. Additionally, the
scenarios FossilFuel and TwoYearBlip in SSP245-cov are also included in the database.

The recently updated scenario data from Cheng, Tong ** are also added in our
infilling database for China. Specifically, the scenarios include baseline, clean air, on-
time peak-clean air, on-time peak-net zero-clean air, and early peak-net zero-clean air.
These scenarios were developed using the Global Change Assessment Model (GCAM-
China) and the dynamic projection model for emissions in China (DPEC). In these

scenarios, emissions from the heating sector were categorized into the industrial sector

rather than the energy sector, creating inconsistencies with other inventories. To address
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this, we adjusted the emissions by redistributing the heating sector’s data to the energy
sector based on the relative proportion of heating and industrial emissions from a
detailed 22-sector inventory. For CO, emissions, we further aligned the data using the
newly released harmonized inventory !7, ensuring consistency across all sectors.
According to the unconditional commitments set by NDCs, carbon emissions will
increase by 1% in 2025 and decrease by 2% in 2030 (relative to 2019) *°, which is close
to SSP2. The SSP2 scenario (MESSAGE) and the latest SSP245-cov scenario (30
pathways in total) were selected from the AR6 global scenario database for global
scenarios (Supplementary Table 1). For China’s scenarios, 257 pathways were selected
from the AR6 scenario database and recent updates from Cheng, Tong ** after integrity

checks, consistency checks, and removal of old versions (Supplementary Method 1).

2. THU-CMA CO; emission trajectory for China and provinces

For this study, we incorporated projected CO» emissions in China from Zhang,
Huang ?°. The THU-CMA trajectory, developed by an economy-wide computable
equilibrium model, the China-in-Global Energy Model (C-GEM) 3¢ outlines a
comprehensive CO; emissions reduction strategy for China. The trajectory suggests that
China’s CO> emissions will peak around 2028-2029 at approximately 12.8 GtCOx.
Following this peak, emissions are projected to decline to about 11.2 GtCO> by 2035,
further decreasing to 3.6 GtCO> by 2050 and ultimately reaching 0.9 GtCO, by 2060
(Supplementary Fig. 10). This scenario integrates both bottom-up emissions factor
methods and top-down atmospheric CO, concentration inversion methods !°, ensuring
a robust and cross-validated approach. Additionally, the trajectory aligns with China’s
updated NDCs, which aim to peak CO: emissions before 2030 (achieve carbon
neutrality before 2060). It also incorporates economic considerations, projecting a
cumulative GDP cost of approximately 0.9% between 2020 and 2060. This scenario is
instrumental in evaluating China’s potential to achieve carbon neutrality while adhering
to the 2°C global temperature rise limit. Given that the carbon emissions in 2060 under

the THU-CMA trajectory fall between the SSP1-1.9 and SSP1-2.6 scenarios, the post-
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2060 emissions trajectory for China was derived by taking the average of the emissions
pathways from these two scenarios. This approach provides a balanced representation
of potential future emissions, aligning the THU-CMA trajectory with established low-
carbon scenarios.

We also utilized provincial-level CO, emission trajectories >’

, which provide
detailed emission trajectories for 30 provinces, aligning with the national THU-CMA
trajectory. These trajectories were developed using the China Regional Energy Model
(C-REM) to assess the economic impacts of the proposed scenarios. C-REM is a
recursive-dynamic, multi-sector, and multi-region computable general equilibrium
model that captures China’s economic and energy systems with high granularity at the
provincial level *8. It shows that China’s CO2 emissions will peak around 2028-2029 at
about 12.8 GtCO,, with significant contributions from major emitting provinces such
as Shandong, Hebei, Inner Mongolia, Jiangsu, Guangdong, and Shanxi *
(Supplementary Fig. 11). By downscaling the national trajectory to the provincial level,
this study provides a comprehensive framework for understanding regional
contributions to China’s carbon neutrality goals. The detailed provincial trajectories

facilitate targeted policy development and academic research, ensuring that mitigation

strategies are tailored to the specific circumstances of each province.
3. Historical emissions data

The Community Emissions Data System (CEDS) offers a comprehensive dataset of
global anthropogenic emissions for various pollutants and greenhouse gases from 1750
onwards *°. Developed by the Joint Global Change Research Institute, CEDS integrates
numerous regional and sector-specific inventories, providing consistent emissions data
for climate and air quality modeling. The system’s robust methodology includes
historical data reconstruction, making it a critical resource for understanding long-term
emissions trends and their impacts on climate change. Its latest release in April 2024
updates driver and emissions data, extending the emissions time series to 2022. Major

features include updated default data from IEA, Energy Institute, and EDGAR, refined
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country inventories, extended liquid fuel data, and expanded representation of the metal
smelting sector.

The Emissions Database for Global Atmospheric Research (EDGAR), managed by
the European Commission’s Joint Research Centre, delivers detailed global emissions
data for various air pollutants and greenhouse gases *"*** 4. Covering various sectors,
including energy, industry, and agriculture, EDGAR combines data from international,
national, and regional inventories. It employs a uniform methodology to ensure
comparability across regions and periods, making it indispensable for policy analysis,
scientific research, and international climate assessments. EDGARVS.0, developed by
the JRC and IEA, offers estimates of CO>, CHas, N>O, and fluorinated gases by sector
and country. The newest version, EDGARVS.1, spans from 1970 to 2022 and includes
emissions data for ozone precursor gases (CO, NO,, NMVOC, CHas), acidifying gases
(NH3, NO2, SO»), and primary particulates (PMio, PM2.5, BC, OC).

The Multi-resolution Emission Inventory for China (MEIC) is an advanced
emissions inventory system that provides high-resolution data on air pollutants and
greenhouse gases, specifically for China **. Developed by Tsinghua University, MEIC
incorporates data from numerous Chinese sources, offering detailed temporal and
spatial resolution. The latest update, version 1.4, released in May 2023 by the MEIC
team, now spans from 1990 to 2020, covering key sectors such as power, industry,
transport, residential, and agriculture, and includes 22 sub-sectors. It tracks emissions
of pollutants, including SO>, NO,, CO, NMVOC, NH3, PM» 5, BC, OC, and CO..

The Global Carbon Budget (GCB) is an annual evaluation of the sources and sinks
of CO», produced by the Global Carbon Project. It provides estimates of emissions from
fossil fuel combustion, cement production, land-use changes, and natural carbon sinks
in oceans and terrestrial ecosystems. In the 2023 edition **, the GCB includes detailed
data on CO; emissions from the Agriculture, Forestry, and Other Land Use (AFOLU)
sector, which has been adopted for this study.

The Global Fire Emissions Database (GFEDSY) offers a detailed record of biomass
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burning emissions worldwide, integrating satellite observations with biogeochemical
models %47, GFEDS5 provides data on fire emissions’ temporal and spatial distribution,
including various greenhouse gases and aerosols. The database is essential for studying
the role of fires in the carbon cycle, climate system, and air quality. It supports research
on fire dynamics, land-atmosphere interactions, and the impacts of fire emissions on
global and regional scales. The current version, GFEDS, offering a spatial resolution of

0.25 degrees covering the years 2002 through 2020, was used in this study.
4. Harmonizing emissions pathways

In our study, we utilize the open-source software Aneris to automate emissions
harmonization *, aligning model outputs with a standardized historical emissions
dataset to ensure seamless transitions into future projections. This process is critical for
the accuracy of global climate models, which depend on the continuity of emissions
and concentration fields. Harmonization adjusts model outputs to a specified base year
while addressing discrepancies caused by different underlying datasets. Aneris selects
appropriate methods—ratio and offset or convergence techniques—based on the
differences between model results and historical data, ensuring that both regional
details and sector-specific dynamics are accurately represented. This methodological
framework supports the integrity of model projections and facilitates the detailed
analysis of emissions pathways across diverse global activities. All harmonization is
based on the following equations, where [ 1is the harmonization convergence

rat

parameter in Equation (1), m is the ratio-based harmonization in Equation (2),

m°/f is the offset-based harmonization in Equation (3), and m™ is the linear-

interpolation-based harmonization in Equation (4). Each equation is a function of
historical and model trajectories, base year (t;), convergence year (t¢), at which point

the harmonized trajectory converges to the unharmonized trajectory.

t—t;

1-—L,
B(t t,ts) = tr=ti
0, otherwise

[ <
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mr(t,m, h, t;, t;) = [B(t, ti, tr) (M - 1) + 1] m(t) (2)

m(t;)
moff (e, m, ht;, ¢) = B(¢6, t;, ) (h(t) — m(t;)) + m(t) (3)

m(tf)—h(ti) B
; ———(t—t;) +h(t), ift<t
mmt(t’ m, h, t; tf) — ti—t; ( l) ( l) f f

m(t), otherwise

(4)

Since 2020 in AR6 database is an estimated year and emissions database, including
CEDS, EDGAR, and GFEDS5, has been updated to varying degrees, there are
discrepancies in the baseline year 2020 that need to be aligned (Supplementary Fig.
14&15).

To ensure consistency in global emissions data, we adopt the CEDS database to
align CO2, CH4, and pollutant emissions due to previous practice from CMIP6
ScenarioMIP and its approximation of ensemble averages as shown in IPCC WGIII
reports 2. In the CMIP6 scenarios, 2015 is established as the baseline year using CEDS
v2016. However, the 2024 update to the CEDS significantly revised historical
emissions data (Supplementary Fig. 16). Updating historical data could help refine the
alignment, enhancing the accuracy and relevance of the projections. The latest report
from the International Energy Agency (IEA) shows a 1.1% year-on-year increase in
global energy-related CO2 emissions in 2023. This growth rate informs the update of
CEDS global carbon emissions from 2022 to 2023. In addition, CEDS emissions cover
61 sectors, differing from IAM model classifications, and both are unified into ten
categories as specified by ScenarioMIP, including agriculture, energy, industrial
processes, transportation, residential, Commercial, and other sectors, solvents
production and application, waste, international shipping, aircraft, and biomass burning.
Since CEDS does not include fluorinated greenhouse gas emissions, we adopt the
EDGAR database used in IPCC AR6 (latest EDGAR 8.0, updated to 2022) for
alignment with emissions of 12 types of fluorinated gases. For fire emissions, CMIP6
uses GFED4, but GFED4 has been updated to GFEDS (latest in 2020), which shows
global carbon emissions 60% higher than previous versions. To maintain consistency

with CMIP6, we align GFEDS5 with GFED4 using average values from 2004-2014 (with
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details provided in the Supplementary Method 2). The IPCC AR®6 references the GCB
2020 report, which estimated average annual carbon emissions from global AFOLU at
5.9 billion tons of CO; for 2010-2019 and 6.6 billion tons in 2019. However, the GCB
2023 report revised the 2019 figure to 4.6 billion tons, aligning with GCB 2022 data.
To ensure consistency in China’s emissions data, THU-CMA CO> emissions, CEDS
CH4 and N>O emissions, MEIC pollutant emissions, and EDGAR F-gas emissions are
used (Supplementary Fig 18).

Adopting the alignment method consistent with CMIP6 ScenarioMIP, specific
methods are selected based on different criteria. Overall, our approach involves
harmonizing emissions for 3 major greenhouse gases (CO2, CHs, N2O), 7 pollutants
(NO», SO2, VOC, NH3, OC, BC, and CO), and 12 halogenated greenhouse gases, using
databases including THU-CMA CO: Emissions, CEDS, MEIC, and EDGAR
(Supplementary Fig. 17&18). The harmonization year for global carbon emissions and
pollutants is 2022, while the harmonization year for China's carbon emissions and

pollutants is 2020.
5. Extending with endpoints

Our global scenario follows the CMIP7 Scenario MIP proposal for a 2°C low
scenario. This scenario maintains current commitments until 2030 and aims to achieve
global net-zero CO» emissions around 2070. According to the unconditional
commitments set by NDCs, carbon emissions are projected to increase by 1% in 2025
and decrease by 2% in 2030, relative to 2019 levels *. These projections establish the
global carbon emissions totals for 2025 and 2030. For post-2030 carbon emissions, we
employ the quantile time projection method, using 30 pathways in total from the SSP2
MESSAGE scenarios and the latest SSP245-cov scenario (see Supplementary Method
3). This method assumes that an emissions trajectory maintains a fixed quantile in the
filled database, allowing us to extend its time series from the last available data point
(2030). By applying this technique, we obtained the global carbon emission trajectory

for 2030-2100. We slightly adjusted the projected trajectory to align with the goal of
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achieving net-zero CO> emissions around 2070, resulting in a comprehensive future

global carbon emissions scenario (Supplementary Fig. 19).

6. Infilling missing emissions species

The Quantile Rolling Window (QRW) technique processes time series by
segmenting them into rolling windows and performing quantile calculations within
each window to derive relationships. The quantile rolling window technique is stable
and suitable for large-scale databases. It has already been applied in the AR6 WGIII
report and SSP245-cov scenario production '> 4. The QRW method includes rolling
window determination, normalized distance calculation, weights calculation, and
cumulative weights calculation. First, the time series are divided into multiple windows,
each with a central position on the timeline. The windows can overlap, and both the
width of each window and the interval between their central positions can be adjusted
according to specific needs. Second, the normalized distance (d,,) is calculated based

on Equation (5), where f is a decay factor, b is the distance between window centers.

d — X~ Xwindow 5
SENEUN ©

Thirdly, data points are weighted in each window based on the weights (w (X, Xyindow))

calculated from Equation (6), with those farther from the center of the window

receiving lower weights.

1
@ (X, Xyinaow) = 757 (6)

Finally, we calculate the cumulative weights (c,,) and then the cumulative sum up to
half weights (cy,,) based on Equation (7, 8), where w is the raw weight.

Co = Xiz1 @i (7

Chw = Cw — 0.5 X w (8)

Utilizing the QRW technique, we derived future emissions trajectories for CHa,

N20, AFOLU, 7 pollutants, and 12 halogenated greenhouse gases for both China and

the world (see Supplementary Method 7). For global projections, the future emissions

trajectories were obtained from 30 pathways from the SSP2 MESSAGE scenarios and



706
707
708

709

710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733

the latest SSP245-cov scenario. For China, the future emissions pathway was derived
from selected 257 pathways from the AR6 scenario database and recent updates.

China’s emissions pathway extended further into 2100 (Supplementary Fig. 20).
7. Climate emulators

To assess the warming levels within our global scenario, we employed three
emulators to obtain effective radiative forcing, surface temperature increase, and
atmospheric concentrations of greenhouse gases. These three emulators include
MAGICC (the Model for the Assessment of Greenhouse-gas Induced Climate Change),
FalR (the Finite Amplitude Impulse Response model), and CICERO-SCM (the
CICERO Simple Climate Model). The MAGICC model is an advanced and highly
configurable climate model emulator that has been influential in climate policy and
research discussions 2°. Version 7.5.3 of MAGICC continues its tradition of providing
projections of global temperatures and other climatic variables under various
greenhouse gas emissions scenarios. This version features updated calibrations based
on the IPCC WGI report and includes enhanced ocean and carbon cycle feedback
modules. MAGICC is renowned for its ability to simulate historical climate data and
project future changes, informing national policy-making and international climate
agreements.

The FalR model focuses on the relationship between global temperatures and
atmospheric concentrations of greenhouse gases, aerosols, and other forcing agents 2%
0 It is designed to quickly estimate the Earth’s temperature response to emissions
scenarios with relatively few input parameters and is also evaluated as highly accurate,
similar to MAGICC, by WGI cross-chapter box 7.1. FalR v1.6.4 includes updates that
improve aerosol forcing calculations and compatibility with the latest emissions
databases. Its simplicity and speed make it a popular tool for educational purposes and
integrated assessment models, which aids in rapid policy analysis and feedback.

CICERO-SCM model version 1.1.2 is developed by the Center for International

Climate Research in Oslo °!. This streamlined climate model emulator focuses on
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replicating the essential dynamics between greenhouse gas emissions, atmospheric
concentrations, radiative forcing, and temperature change. The latest version includes
refined algorithms that better mimic complex climate feedback mechanisms and
interactions with the carbon cycle. CICERO-SCM is particularly valued for its user-
friendly interface and the inclusion of scenarios that align with the latest IPCC reports,
making it a practical choice for policymakers and researchers alike who need quick yet
reliable climate projections.

We used an open-source software package (OpenSCM-Runner) 32, designed for
streamlined climate model simulations, to conduct our experiments. This enabled us to
perform a series of experiments involving three distinct parameter sets across three
climate models (OpenSCM-Runner or the official default). Each set of experiments was
designed to explore the sensitivity and responses of the models to varying levels of

climate sensibility and other parameters.

8. Regional Downscaling

The time-dependent ratio method establishes the connection between two variables
by positing that the dependent time series is the product of the independent time series
and a time-varying scaling factor. This factor is calculated as the ratio of the dependent
variable to the independent variable. When numerous such variable pairs exist in the
database, the scaling factor is determined by the ratio of their average values. The
infilling process is conducted based on the equation (9), where Ef(t) is emissions of
the infilling variable, E;(t) is the leading variable, and R(t), the scaling factor
calculated from Equation (10), is the ratio of the means of the infilled and the leading
variables.

Er(6) = R(0) X Ey(¢) ©)

R(t) =

mean(ef(t)) (10)

mean(e;(t))
In this study, we developed a methodology to align and downscale emissions data

from various sectors within the SSP2 scenario database, utilizing historical data and
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time-dependent ratio techniques. Specifically, we downscaled global greenhouse gas
and pollutant emissions by sector to six major regions as defined in the IPCC WGIII
AR6 (Supplementary Table 2). We establish the relationship between aggregate
variables and their constituent components whose sum should be equal to the timeseries
of the aggregate and then use this to deconstruct aggregate variables in our scenario.
This allowed us to track the changes in emissions across nine species categories in the
different regions from 2020 to 2100. Further refining our scale of analysis, we applied
the THU-CMA provincial carbon emission trajectories aligned with the DPEC
pathways to break down these emissions from the country level to the province. Using
quantile rolling window and time-dependent ratio techniques, we obtained detailed

provincial and sectoral emissions trajectories.
9. Emissions gridding

We detail the emissions gridding allocation for each global region and every
province in China, adhering to the CMIP6 gridding protocol 8. Initially, emissions at
the sector level are apportioned across various global regions—DEYV, Eastern Europe
and EEA, LAM, AF), ME, Asia and Pacific excluding China (APC), and China (CN).
This regional data is then mapped onto a spatial grid using the EDGAR grid proxy data.

The allocation process distributes emissions into specific grid cells (x, y)

according to Equation (11), where:

proxy_value(x,y)
Y proxy_value(x,y)

Emis(x,y) = Emis,eq X

(1)

where Emis(x,y) represents the emissions value for grid cell (x,y), Emis,.,q
is the total emissions for the region at the sector level, proxy_value(x,y) denotes the
proxy data value for cell (x,y), and the summation extends over all coordinates within
the specified region. The proxy data values are adjusted for each region by scaling
according to the fractional area of each grid cell located within the region, which is
calculated annually. This methodology ensures that grid cells spanning multiple

countries proportionally allocate emissions based on the proxy data’s spatial
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distribution.

The methodology is similarly applied to each province within China, following
the same detailed procedure described for global regions. This ensures that emissions
data are accurately gridded at a more localized level, allowing for nuanced analysis and
reporting of emissions within each province in China. Each provincial dataset
undergoes the same rigorous allocation process using province-specific EDGAR grid
proxy data. This is crucial for accurately reflecting the diverse economic and industrial
activities across provinces, thus providing a precise spatial distribution of emissions
within China. The formula used for allocation remains consistent, ensuring
methodological coherence across all geographical scales. It’s noted that this approach
has inherent limitations, as future changes across different regions and grid cells are
unlikely to evolve synchronously

In the default gridded historical and future emissions data, emissions from power
generation and extensive industrial facilities are often represented as major point
sources. However, this approach introduces inconsistencies when modeling future net-
negative CO; emissions. In reality, CO> is removed from the atmosphere at biofuel
production sites, not at point sources. Therefore, representing net-negative CO
emissions as point absorptions is inaccurate and can lead to errors in ESM simulations,
potentially resulting in unrealistically low or even negative CO> concentration values 5.
To address the allocation of negative emissions in the energy sector, we utilized the
global grid map of potential biofuel productivity from CMIP6. This approach
distributes the total negative emissions from the energy sector across grid cells for the
six global regions, including China. By aligning the allocation with areas of potential
biofuel productivity, this method ensures a more accurate representation of where CO>
removal occurs within the global energy system.

To align with ESM requirements, sectoral and gridded VOC emissions were further
allocated into the 23 subcategories used in CMIP6. This process involved interpolating

the VOC subcategories from the SSP2-4.5 scenario to a 0.1° resolution and calculating
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the proportions of each component. These proportions were then used to allocate VOC
emissions in the current scenario, ensuring consistency with CMIP6 categorization and
enhancing the model’s emissions representation accuracy.

As aresult, we constructed sector-specific emissions data at a 0.1° x 0.1° resolution
for three greenhouse gases (CO., CH4, N2O), seven pollutants (NO», SO2, BC, OC,
VOC, NHj3, CO) and 23 VOC species under the SSP2-com scenarios. To accommodate
the requirements of various global and regional models, the data were also aggregated
to a 0.5° x 0.5° resolution, ensuring compatibility across different modeling

frameworks (Supplementary Fig. 21).

10.Concentration data

Considering that most models utilize latitudinally distributed, well-mixed
greenhouse gases, we adjusted the SSP2-4.5 concentration files based on global
concentration values output by MAGICC. This modification ensures that our
projections align with the latitude-specific distributions commonly used in climate
modeling, providing a more accurate representation of CO, CH4, and N>O

concentrations across different geographical regions.
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Data availability

Data supporting the findings of this study are openly available in several
repositories. The [IPCC AR6 database can be accessed at https://data.ece.iiasa.ac.at/ar6/,
and the CMIP6 data are available at https://esgf-node.llnl.gov/projects/cmip6/.
Additionally, various inventory data used in this study are sourced from the respective
official homepages. The scenario SSP2-com developed in this study, which includes
complete trajectories of future emissions of greenhouse gases and pollutants, climate
variable outputs from three emulators, and gridded inputs for GCMs, have been made

publicly available (https://zenodo.org/uploads/14906555).

Code availability

All computation and visualization were performed using Python and its third-party

libraries (Python Software Foundation: Python Language Reference, version 3.9.13,

available at http://www.python.org). The scenario construction and analysis utilized a
suite of python libraries specifically designed for integrated assessment and climate

data manipulation, including Pyam (https:/github.com/[AMconsortium/pyam),

Silicone (https://github.com/GranthamImperial/silicone), Aneris

(https://github.com/iiasa/aneris), Scmdata (https://github.com/openscm/scmdata), and

Openscm (https://github.com/openscm/openscm-runner). The code for constructing

scenario  frameworks  and  plotting  has  been  open-sourced  at

https://zenodo.org/uploads/14906555.
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Supplementary Methods

Supplementary Method 1 Integrity checks, consistency checks, and removal of

old versions

Integrity checks refer to ensuring that the scenarios include essential variables, such
as Emissions|CO2]AFOLU, Emissions|CO2|Industrial Processes, Emissions|CO:|Energy,
Emissions|CH4, Emissions|N2O, Emissions|CO, Emissions|NHs, Emissions|NO,
Emissions|Sulfur, Emissions|VOC, Emissions|BC, and Emissions|OC. Base year (2020)
consistency checks require that the scenarios’ 2020 emissions for China do not deviate
significantly from actual values. Given that China's actual emissions in 2020 were
11,500 Mt CO-, we set a tolerance range of 10,000 Mt CO2, meaning emissions should
not exceed 12,500 Mt CO- or fall below 10,500 Mt CO.. Removal of old versions
involves filtering out outdated model versions in the AR6 scenario database. For
example, REMIND-MAgPIE has multiple versions (e.g., 1.5, 1.7-3.0, 2.0-4.1, 2.1-4.2,

2.1-4.3), and we retain only the latest version (2.1-4.3).

Supplementary Method 2 Open burning emissions update

Our initial approach aimed to comprehensively update the open burning emissions
input required for ESMs using the GFEDS dataset. However, we identified a critical
consideration: GFEDS reports global fire emissions approximately 60% higher than
previous versions, with estimated global fire-related CO> emissions reaching ~3 Pg C/yr.
This stands in notable contrast to other established datasets, such as the ECMWF's
Global Fire Assimilation System (GFAS), which estimates emissions at approximately
2 Pg C/yr. Given the substantial magnitude of this increase and the current lack of

comprehensive validation for such elevated emission estimates, we determined that
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direct implementation of GFEDS5 data might introduce unwarranted uncertainty in our
modeling framework. Therefore, we adopted a more conservative methodology: 1)
superimposed post-2015 emission trends onto the established CMIP6 fire emission
dataset and 2) implemented grid-level updates to fire emission data while maintaining
consistency with the validated CMIP6 baseline. Due to the availability of GFEDS data,
which is only updated until 2020, we adopted a methodological approach analogous to
that used in CMIP6, where the 10-year average from 2005 to 2014 was utilized to
represent emissions for 2015. In this study, we calculated the decadal average from
2011 to 2020 to estimate emissions for 2021, and similarly, the average from 2012 to
2021 was used to approximate emissions for 2022. This approach ensures consistency
with established practices while addressing data availability constraints.

We developed future open burning emission inventories for 2020-2100 by scaling
the CMIP6 2015 baseline global gridded emissions using species-specific adjustment
factors. For each species under SSP2-com scenarios, we first calculated spatial scaling
factors as the ratio of projected open burning emissions to their corresponding 2015
totals in the CMIP6 dataset. These species-dependent scaling ratios were then
systematically applied to the 0.5°x0.5° gridded emission inventories from the 2015
baseline, enabling the generation of temporally resolved emission maps while

preserving the original spatial distribution patterns.

Supplementary Method 3 AR6 SSP2 scenarios & SSP245-cov scenarios

For the global emissions scenario, we anchor our research on a consistent set of
assumptions. To this end, all selected datasets are aligned with the SSP2 framework, as
reflected in the inclusion of "SSP2" in our scenario nomenclature. Nevertheless, even

within the SSP2 framework, divergent model assumptions and future projections can



68
69
70
71
72
73
74
75
76

arise, and the integration of multiple scenarios at global scales may introduce
inconsistencies. To mitigate such potential conflicts, we employ a single integrated
assessment model. The MESSAGE model was chosen due to its extensive suite of
experiments under the SSP2 framework, which provide comprehensive coverage of
potential future pathways. Furthermore, the MESSAGE model is the source of the
SSP2-4.5 marker scenario, reinforcing its suitability for our analysis. This approach
ensures methodological coherence and minimizes assumption-related uncertainties in

our projections. The 30 MESSAGE-based scenarios are listed in Tab.S1.

Supplementary Table 1 30 MESSAGE-based scenarios

Model Scenario
MESSAGE-GLOBIOM 1.0 SSP2-19
MESSAGE-GLOBIOM 1.0 SSP2-26
MESSAGE-GLOBIOM 1.0 SSP2-34
MESSAGE-GLOBIOM 1.0 SSP2-45
MESSAGE-GLOBIOM 1.0 SSP2-60
MESSAGE-GLOBIOM 1.0 SSP2-Baseline

MESSAGEix-COV FossilFuel
MESSAGEix—COV ModerateGreen
MESSAGE1ix—-COV StrongGreen
MESSAGE1ix—-COV TwoYearBlip

MESSAGEix-GLOBIOM_GEI

SSP2_int_lc_15

MESSAGEix-GLOBIOM_GEI

SSP2 int lc 50

MESSAGEix—-GLOBIOM_GEI

SSP2 int mc 15

MESSAGEix-GLOBIOM_GEI

SSP2 int mc 50

MESSAGEix-GLOBIOM_GEI

SSP2 noint lc 15

MESSAGEix-GLOBIOM_GEI

SSP2 noint_lc 50

MESSAGEix-GLOBIOM_GEI

SSP2 noint mc 15

MESSAGEix-GLOBIOM_GEI

SSP2 noint mc 50

MESSAGEix—-GLOBIOM_GEI

SSP2 openres _1lc 100

MESSAGEix-GLOBIOM_GEI

SSP2 openres_lc 120

MESSAGEix-GLOBIOM_GEI

= Nel ol Bl Nl el Neol EeR Eel e =]

SSP2 openres _lc 15
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MESSAGEix—-GLOBIOM GEI 1. SSP2 openres _lc 50

MESSAGEix-GLOBIOM_GEI 1. SSP2_openres_lc_80

MESSAGEix—-GLOBIOM GEI 1. SSP2 openres_lc CB400

MESSAGEix-GLOBIOM_GEI 1. SSP2_openres_lc_CB450

MESSAGEix—-GLOBIOM GEI 1. SSP2 openres_lc CB500

MESSAGEix-GLOBIOM_GEI 1. SSP2_openres_lc_CB550

MESSAGEix—-GLOBIOM GEI 1. SSP2 openres_lc CB600

MESSAGEix-GLOBIOM_GEI 1. SSP2_openres_mc_15

(=l Nell ol K=l el el el el K=

MESSAGEix-GLOBIOM_GEI 1. SSP2_openres_mc_50

Supplementary Method 4 Land cover

Using the Quantile Rolling Window (QRW) technique, which aligns with the
SSP2-com global emissions pathway, we derived future trajectories for Cropland,
Forest, and Pasture land cover changes from 26 scenarios generated by the MESSAGE-
GLOBIOM 1.0 and MESSAGEix-GLOBIOM_GEI 1.0 models under the SSP2
framework. Notably, Built-up Area changes were not considered in this analysis, as they
are not provided by the MESSAGE-GLOBIOM model. The projected changes in
cropland, forest, and pasture under SSP2-com exhibit initial conditions similar to those
of SSP2-45 and demonstrate overall trends that align more closely with SSP2-45
compared to other scenarios. Given that the SSP2-com land cover projections are
derived from SSP2-based scenarios and inherently inherit many of the SSP2
assumptions, we propose that the existing SSP2-45 land-use change data can be directly
utilized without significant need for modification or redevelopment. This approach

ensures consistency while minimizing redundancy in scenario development efforts.
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Supplementary Figure 1 Projected pathways of Land cover for the world other than
those in Fig. 1. (The light blue line represents the 26 scenarios produced by Tab.S1

MESSAGE-GLOBIOM 1.0 and MESSAGEix-GLOBIOM_GEI 1.0)

Supplementary Method S Definitions on scenarios, pathways, and trajectories

In this study, the terms "scenarios," "pathways," and "trajectories" are used in
accordance with the definitions provided in [IPCC AR6 Working Group III Annex I,
specifically referring to emissions scenarios, emissions pathways, and emission
trajectories, respectively.

As defined in Annex I, an emissions scenario is a plausible representation of future
radiative forcing agents, including greenhouse gases, aerosols, and human-induced
land-cover changes (via albedo effects). It is based on a coherent set of assumptions
about driving forces such as demographic shifts, socioeconomic development,
technological innovation, energy systems, and land wuse, along with their
interrelationships. In this study, an emissions scenario includes an emissions pathway,
climate outputs from Simple Climate Models (SCMs), and full gridded inputs for ESMs.
According to this definition, the scenarios in ScenarioMIP all belong to emissions
scenarios, while the scenarios in the AR6 Scenario database do not have full gridded

inputs for ESM and therefore do not belong to emissions scenarios.

An emission pathway, as defined in Annex I, refers to model-derived trajectories
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of global anthropogenic emissions throughout the 21st century, capturing temporal
dynamics and sectoral transitions. In our study, an emissions pathway refers to a set of
emission trajectories for greenhouse gases and aerosols, including at least CO,, CHa,
OC, BC, VOCs, SO2, NO», CO, and NH3. While it primarily indicates a global scale, it
can also refer to a regional scale when specified with appropriate qualifiers. For
example, the term "emissions pathway" refers to a set of trajectories of global and
regional emissions, "global emissions pathway" refer to a set of trajectories of global
emissions, and "emissions pathway for China" refers to a set of trajectories of emissions
specific to China.

An emission trajectory, as defined in Annex I, refers to the projected temporal
development of emissions for specific greenhouse gases (GHGs), aerosol groups, or
GHG precursors. In this work, an emission trajectory refers to a single time series, such

as CO; emissions in China.

Emissions scenario

Climate variable Full inputs

Emissions pathway
outputs from SCMs  for ESMs

Emission trajectory

Supplementary Figure 2 Relationships among a emissions scenario, a emissions

pathway, and a emission trajectory

Supplementary Method 6 SCM modeling extending to 2110

The AR6 defined global warming levels based on 20-year averages relative to the

average for the period 1850—1900. The year in which a specific warming level, such as
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1.5°C or 2.0°C, is exceeded is generally regarded as the mid-point of the 20-year period
at that level !. Thus, it is more appropriate to represent the temperature in 2100 with the
average value from 2091 to 2110. Consequently, we extended the Simple Climate
Model (SCM) simulations to 2110. The annual average emissions from 2091 to 2110
were assumed to be consistent with those in 2100. As a result, we obtained the results
for the period 2091 - 2110 from the FalR and CICERO - SCM models. For the
MAGICC model, it is difficult to modify the time parameters within the openscm-
runner. Therefore, we linearly extrapolated the average annual temperature change rate

from 2090-2100 to obtain the temperatures for the period 2091-2110.

Supplementary Method 7 Selection of Infilling methods for missing emissions

species

In AR6 and subsequent large-scale scenario assessments >

, methodological
approaches for emissions gap-filling have been differentially applied based on species
characteristics and data availability. For most reported emissions — including aerosol
precursors, volatile organic compounds, and greenhouse gases excluding fluorinated
compounds (F-gases) — the QRW method was systematically employed. This approach
demonstrates particular efficacy in handling extensive databases, maintaining high
stability against minor data fluctuations while preventing imputed pathways from
exceeding the extremal bounds of the source dataset. In contrast, chlorofluorocarbons
and hydrofluorocarbons (HFCs) typically required RMS-closest methodology due to
inherent limitations in scenario databases: the frequent absence of pathways for these
species could induce artefacts when applying QRW 2. This dichotomy reflects

operational principles — QRW proves optimal for widely-represented species with

minimal missing pathways, whereas RMS-closest addresses scenarios with persistent
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data gaps.

Our analytical framework adapts these guidelines through context-specific
implementation. Within the AR6-MESSAGE-related scenario ensemble (30 scenarios),
26 contained explicit HFC pathways, while China's national scenario database
encompasses thousands of scenarios with comprehensive HFC representations. This
abundance enabled primary use of QRW methodology, reserving RMS-closest
substitution exclusively for instances exhibiting unphysical pathway discontinuities —
typically arising from conflicting trajectories within the database. Operational protocols
diverged regionally: while NH3 and VOC in China utilized RMSE-closest imputation,

all other species for China and the world employed the QRW approach.



164

165
166

167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

Supplementary Discussion

Supplementary Discussion 1 Comparison between NGFS scenarios and SSP2-

com

The Network for Greening the Financial System (NGFS) scenarios have been
updated with the latest economic and climate data, model versions, and policy
commitments, incorporating new country-level pledges to achieve net-zero emissions

made up to March 2024 (https://www.ngfs.net/ngfs-scenarios-portal/). The NGFS

scenarios including seven scenarios under two IAMs, REMIND-MAgPIE and GCAM,
are compared with SSP2-com. These 7 scenario includes Low Demand, Net Zero 2050,
Below 2°C, Delayed Transition, NDCs, Fragmented World, and Current Policies.
Figure S3 illustrates projected CO: emissions and surface temperature changes across
these scenarios from 2020 to 2100. Under the SSP2-com scenario, cumulative CO2
emissions remain higher than those of the Low Demand, Net Zero 2050, Below 2°C,
and Delayed Transition scenarios by 2080, with substantially stronger negative
emissions post-2080. Compared to the Below 2°C and Delayed Transition pathways,
SSP2-com exhibits a more gradual near-term emissions decline (2020-2050) but
accelerates decarbonization post-2050, achieving steeper reductions. While SSP2-com
aligns closely with the NDCs and Fragmented World scenarios in near-term emission
trends, its post-2050 trajectory diverges sharply, driven by stringent mid-century
mitigation measures. This divergence is mirrored in temperature outcomes: SSP2-com
stabilizes global warming by ~2070, followed by a gradual decline, whereas the NDCs
and Fragmented World scenarios project continued temperature increases. In contrast
to the Current Policies scenario—marked by slower emission reductions and persistent

fossil fuel reliance—SSP2-com achieves faster decarbonization and a significantly
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attenuated warming rate, underscoring the critical role of immediate, coordinated

climate action in limiting long-term temperature rise.
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Supplementary Figure 3 Projected CO. Emissions and surface temperature changes
under NGFS Scenarios and SSP2-com: REMIND-MAgPIE and GCAM Model
Comparisons (2020-2100)

Supplementary Discussion 2 China's Actions for Carbon Peak and Carbon

Neutrality

China has established a comprehensive "1+N" policy framework to achieve its
carbon peak and carbon neutrality goals. The "1" refers to the overarching policy
document, " The Working Guidance for Carbon Dioxide Peaking and Carbon
Neutrality in Full and Faithful Implementation of the New Development Philosophy"
which sets the overall goals and key tasks for carbon reduction. The "N" represents a
series of supporting policies covering various sectors such as energy, industry, urban

and rural construction, transportation, and agriculture, as well as aspects like
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technological support, financial support, statistical accounting, and talent cultivation
(http://us.china-

embassy.gov.cn/eng/zt/climatechange/202111/t20211117 10449121 .htm).

China has emerged as a dominant force in global renewable energy development,
projected to account for nearly 60% of the world's new installed capacity by 2028 3.
Remarkably, in 2023 alone, China's newly commissioned solar photovoltaic (PV)
capacity matched the global total installed in the previous year, while its wind power
installations surged by 66% year-on-year, marking an unprecedented acceleration in
renewable energy deployment. According to IEA’s projections, China is on track to
achieve its 2030 targets for wind and solar PV installations by 2024, six years ahead of
schedule *. Over the next five years, the country's renewable electricity capacity is
expected to triple compared to the previous five-year period, accounting for 56% of
global capacity expansion >. As a pivotal player in the global energy transition, China
is anticipated to contribute more than half of the world's required new renewable
capacity by 2030, playing a decisive role in achieving the global goal of tripling
renewable energy capacity >. By the end of the forecast period, nearly half of China's
electricity generation will be sourced from renewables, signifying a transformative shift

in its energy landscape.



222 Supplementary Tables

223 Supplementary Table 2 IPCC AR6 WGIII classification schemes for 6 regions of the

224 world, referred from AR6 WGIII Annex II: Definitions, Units and Conventions

WGIII AR6

Low Level (10)

Developed Countries (DEV )

North America

Europe

Australia, Japan and New Zealand

Eastern Europe and West-Central Asia

Eastern Europe and West-Central Asia

(EEA)
Latin America and Caribbean (LAM) Latin America and Caribbean
Africa (AFR) Africa
Middle East (ME) Middle East
Eastern Asia
Asia and Pacific (APC) Southern Asia

South-East Asia and Pacific

225  Supplementary Table 3 Projected climate outcomes in 2100 for the SSP2-com scenario

226  using different emulators

Scenario

MAGICC-v7.5.3

Radiation

forcing (2100)

3.35 (3.25-3.45)

W m?

Temperature CO: concentration

change (2100) (2100)

2.03 (1.71-2.34) °C |448.9 (439.0-458.7) ppm

SSP2-
FalR v1.6.4
com

3.13 (2.91-3.29)
W m

1.99 (1.83-2.25) °C [439.5 (421.8-453.3) ppm

CICERO-SCM-vl1.1.2

4.05 (4.04-4.07)
W m?

2.02 (1.54-2.24) °C |420.6 (420.6-420.6) ppm

227
228
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235  Supplementary Figure 5 Simulated atmospheric CHs (a) and N>O concentrations (b) by

236 MAGICC and FalR from 2015 to 2100.
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Supplementary Figure 6 Spatial and temporal variations in CHs emissions. (a-b) Global
CH4 emissions for 2020 and 2100; and (c-f) differences in total and sectoral CH4

emissions between 2100 and 2020.
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Supplementary Figure 7 Global emission distributions of N>O (a), VOC (b), NH3 (c),
NO2> (d), sulfur (e), OC (f), BC (g), and CO (h) for 2020, 2060, and 2100.
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Supplementary Figure 8 Proportion of 23 specific VOC components in 2020 (a) and
2100 (b).
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Supplementary Figure 9 Global emission distributions of 23 specific components in
VOC for 2020, 2060, and 2100.
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Supplementary Figure 10 A representative CO2 emission pathway for China to achieve

carbon neutrality under the Paris Agreement 2°C target from Zhang, Huang *
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261  Supplementary Figure 12 Historical and projected surface air temperature changes
262 under different scenarios (1750-2100) from MAGICC (a), FalR (b), and CICERO-SCM
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267 Supplementary Figure 13 Historical and projected atmospheric CO> concentrations
268 under different scenarios (1750-2100) from MAGICC (a), FaIR (b), and CICERO-
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272  Supplementary Figure 14 Projected emission pathways of greenhouse gases and air
273  pollutants from AR6 scenarios database in China from 2020 to 2060 with red box
274  highlighting discrepancies.
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277  Supplementary Figure 15 Projected emission pathways of greenhouse gases and air
278  pollutants from AR6 global SSP2 scenarios and SSP245-cov scenarios (2020-2100),

279  with discrepancies highlighted in red.
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Supplementary Figure 16 Comparison of Global Emission Estimates: CEDS 2024 vs.
CEDS 2016 for Major Pollutants (1850-2020) with discrepancies highlighted in red
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291  Supplementary Figure 17 Harmonizing emission pathways of greenhouse gases and air
292  pollutants from R6 global SSP2 scenarios and SSP245-cov scenarios with emission
293  inventories, including CEDS CO2, CH4, and N20 emissions, GFED5 open burning
294 emissions, GCB AFOLU emissions, and EDGAR F-gas emissions.
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297  Supplementary Figure 18 Harmonizing emission pathways of greenhouse gases and air
298  pollutants from the AR6 scenarios database in China with emission inventories,
299  including THU-CMA CO; emissions, CEDS CH4 and N>O emissions, MEIC pollutant
300 emissions, and EDGAR F-gas emissions.
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Supplementary Figure 19 Global CO: emissions pathways from 2015 to 2020. (The
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the AR6 SSP2 scenarios and SSP245-cov scenarios; the dashed line indicates the
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313  Supplementary Figure 20 Projected emissions pathways of key greenhouse gases and

314  air pollutants from 2020 to 2100 for China.
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