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Abstract

Global aerosol emissions have declined rapidly since peaking around 2005, sub-
stantially weakening the aerosol-induced cooling effect on climate. Using updated
historical emissions, we show that this decline, driven primarily by reduced sul-
phur emissions, enhanced trends in global-mean surface temperature and Earth’s
energy imbalance by approximately 0.07 °C decade ™! and 0.09 W m~2decade ™1,
respectively, equivalent to 0.14 °C of additional warming over 2005-2025.

This rapid decline in aerosol emissions broadly aligned with the earlier strong-
mitigation pathway, while greenhouse gas emissions remained close to the
intermediate pathway. Analyses of newer emission scenarios indicate that, if these
diverging aerosol and greenhouse gas emission trajectories persist, they could
contribute an additional 0.1 °C of warming by 2050, causing the 1.5 °C and 2 °C
warming thresholds to be reached two to four years earlier. Therefore, limiting



warming to below 2 °C may require steeper greenhouse gas emission reductions if
aerosol emissions continue to decline faster than projected in these new scenarios.

Keywords: Global warming trend, Aerosol emissions, 1.5 °C warming threshold,
CMIP7 emissions

Main

Global-mean near-surface temperature (GMST), averaged over the last two decades,
has exceeded pre-industrial levels by more than 1 °C, with a decadal mean anomaly
of 1.26 °C during 2016 — 2025 [1]. More recently, the GMST anomaly temporarily
surpassed the 1.5 °C threshold in 20232024 for the first time [2]. In addition to this
long-term warming, the rate of temperature increase has accelerated in recent decades,
reaching above 0.3 °C decade™! since the 2010s [3, 4, also see Fig. 1]. The global
warming rate is influenced by multiple factors, including anthropogenic greenhouse
gas (GHG) emissions, aerosol forcing, volcanic and solar forcing, climate feedbacks
and internal climate variability [1]. However, the relative contributions of these factors
to the observed warming remain uncertain.

While GHG forcing remains the dominant driver of the long-term global warm-
ing [5], studies have shown that reduction in aerosol forcing and decline in planetary
albedo, primarily due to reduced low-cloud cover, have played a key role in recent plan-
etary warming trends [2, 6, 7]. Aerosol and aerosol-precursor gas emissions, particular
sulphur/sulphur dioxide (SO2) emissions, have rapidly declined since 2005 due to adop-
tion of stricter standards in China and other countries [8, 9]. Notably, SO emissions
had already been declining in Europe and North America since the 1980s; however,
these reductions were largely offset by increasing emissions across Asia, resulting in a
secondary peak in global SO emissions around 2005 [8]. Subsequent aerosol emission
declines in Asia, combined with continuing reductions in Europe and North America,
led to a more rapid global decline thereafter.

Since aerosols increase the reflection of the incoming solar radiation through
aerosol-cloud interactions and direct radiative effects, resulting in an overall cooling
effect and partially mitigating GHG-induced warming (Fig. 1a), this post—2005 decline
in aerosol emissions has lead to an amplification in global warming [7, 10, 11]. Further
studies have analysed the observed decline in low-cloud cover and cloud reflection over
the past two decades and linked a substantial portion of these trends to the reducing
influence of aerosol-cloud interactions over the oceans [12], although [6] attributed a
larger role to cloud feedbacks and rapid adjustments associated with GHG-induced
warming. On the other hand, while climate variability and the 2023 /24 transition from
a prolonged La Nina phase to an El Nifio phase have contributed to further warming
[13, 14], the increase in the GMST trend cannot be fully explained without consider-
ing the influence of anthropogenic emissions [15]. In particular, the sharp reduction
in SOy emissions from international shipping since 2020 is likely to have had a sig-
nificant, though highly uncertain, contribution to the decline in the aerosol forcing
magnitude over oceans and the GMST surge during 2023 — 25 [16-20].



Several modelling studies, using both Earth system models and reduced-complexity
climate models, have shown that reduction in SO, emissions leads to substantial
warming in the Northern hemisphere and notable improvement in simulated sulphur
concentrations in the atmosphere [11, 21, 22]. These climate simulations show that,
aerosol reductions over 2005 — 2020 have lead to an increase in Earth’s energy imbal-
ance (EEI) by about 0.1 — 0.2 W m~2decade™! and an increase in the GMST trend
by 0.03 — 0.05 °C decade™! [7, 10, 11, 21, 23].

These findings suggest that the decline in emissions of aerosols and aerosol-
precursor gases from anthropogenic sources may have caused a GMST increase by
up to 0.1 °C over the past two decades. An additional warming of 0.04 — 0.06 °C
and an increase in radiative forcing of 0.07 — 0.14 W m~2 by 2023 — 2024 has also
been suggested by modelling studies assessing the impact of the abrupt reduction in
shipping SO5 emissions (~ 7 — 8 Tg year—!) due to the International Maritime Orga-
nization’s 2020 regulation [16-18, 20]. However, there remains large uncertainty and
inter-model spread in these estimates, due to model biases and the large uncertainties
in anthropogenic aerosol effective radiative forcing [24, 25].

The present study aims to quantify the contribution of aerosols to the increase in
the GMST and EEI trends over the past two decades (2005-2025). We use Coupled
Model Intercomparison Project Phase 6 (CMIP6) and Phase 7 (CMIP7) emissions
datasets to generate historical and future GMST projections using the FalR (Finite
Amplitude Impulse Response) model, a reduced-complexity climate model [26]. A key
novelty of this study is the use of CMIP7 forcing data, which captures the relatively
rapid decline in aerosol emissions that was not fully represented in the CMIP6 forcing
dataset [27]. In fact, SO2 emissions since 2005 have remained somewhat below those
assumed in the CMIP6 Shared Socioeconomic Pathway 1-2.6 (SSP126) scenario, while
GHG emissions have closely followed the CMIP6 SSP245 pathway (Fig. 2). Given
these divergent trajectories of aerosol and GHG emissions, Earth system models par-
ticipating in CMIP6 may have underestimated the global-mean warming during the
early decades of the SSP scenarios, as they did not fully account for the observed
rapid decline in aerosol emissions and the associated reduction in the aerosol-induced
cooling.

In this study, we seek to answer two key questions: (1) How much additional warm-
ing can be attributed to the rapid decline in aerosol emissions since 2005, and (2) How
might future climate projections differ if aerosol and GHG emissions follow contrast-
ing trajectories? To address these questions, we combine simulations from the FalR
model with analyses from comprehensive Earth system models. We employ multi-
ensemble “flat-aerosol” perturbation experiments in FalR to isolate and quantify the
contribution of changes in emissions of non-methane short-lived climate forcers to
observed temperature evolution, and compare these estimates with simulations from
the Large-Ensemble Single-Forcing Experiment Intercomparison Project (LESFMIP)
[28, 29]. We assess the contributions of aerosols and other non-methane short-lived
climate forcers, including aerosols, aerosol-precursor gases, and reactive gases (SOa,
black carbon, organic carbon, nitrogen oxides (NO,), ammonia (NHj), carbon monox-
ide (CO), and volatile organic compounds (VOCs)) [1], given their important roles
in atmospheric oxidising capacity, secondary aerosol formation, and anthropogenic



aerosol forcing (30, 31]. This facilitates a direct comparison between FalR-based anal-
yses and LESFMIP simulations. We also quantify the individual contributions of these
species to the observed GMST and EEI changes.

Furthermore, “low-aerosol” perturbation experiments in FalR, and SSP370 cli-
mate simulations and SSP370 with low near-term climate-forcer emissions (SSP370-
LowNTCF) climate simulations from the Aerosols and Chemistry Model Intercom-
parison Project (AerChemMIP) are used to evaluate the effects of continued aerosol
emission reductions on projected warming by 2050 [32]. These analyses provide insights
into how rapid reductions in aerosol emissions may alter the timing and likelihood of
exceeding the 1.5 °C and 2 °C global warming thresholds.

Global-mean surface temperature trends and
historical aerosol emissions

The observed GMST averaged over 2011-2020 was 1.08 °C relative to the 1850 — 1900
baseline. The FalR model captures this warming reasonably well, with simulated
GMST increases of approximately 1.10 °C and 1.09 °C when driven by the CMIP6
and CMIP7 forcings, respectively (Fig. 1a). Historical simulations from LESFMIP
show a relatively lower warming of approximately 1.01 °C over the same period. Note
that the CMIP6 FalR and LESFMIP simulations are extended beyond 2014 using the
SSP245 emissions pathway. LESFMIP GHG-only simulations indicate that GHG emis-
sions contributed about 1.53 °C of warming, whereas aerosols exerted a net cooling
effect, offsetting approximately 0.54 °C of this warming. This aerosol-induced cool-
ing in LESFMIP simulations is generally consistent with the ARG assessment [5], but
is higher than other estimates that are close to 0.30 — 0.40 °C [1, 5, 7, 33]. Studies
have shown that CMIP6 models exhibit high sensitivity to aerosol forcing and tend
to simulate relatively strong negative aerosol effective radiative forcing (ERF) [33—
35]. Consequently, LESFMIP simulations generally show less overall warming than
observations, especially between the 1960s and 2000s (see Fig. 1a). However, these
aerosol-driven temperature responses remain highly uncertain because of the diffi-
culty in quantifying the aerosol ERF [24], which is estimated to range from —0.6 to
—1.6 W m~2 (68% confidence interval) over 2005 — 2015 relative to the pre-industrial
period [24, 36].

The observed GMST trend has also increased, from approximately 0.2 °C decade™
during 1970 — 2010 to nearly 0.35 °C decade™! after 2010 [Fig. 1b, also see 3]. While
the GMST trend attributable to GHGs alone has remained relatively stable at around
0.2 °C decade™! since 1980, the trend associated with aerosols has undergone a notable
shift, from approximately —0.1 °C decade™! during 1960-1980 to slightly positive val-
ues of about 0.05 °C decade™! in recent years [also see 1]. Furthermore, the observed
GMST trend fluctuates only weakly around 0.2 °C decade™! between 1970 and 2000,
whereas both FalR and LESFMIP exhibit substantially larger variability, with simu-
lated GMST trends ranging from nearly 0 °C decade™! to 0.4 °C decade™! (Fig. 1b).
These large fluctuations in simulations are due to natural forcing, primarily volcanic
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forcing [37], and are likely amplified by the tendency of climate models to underes-
timate decadal variability [38]. The larger variability in the FalR simulations is also
consistent with the absence of internally generated climate variability.

Globally-integrated SO5 emissions have declined substantially since 2005, whereas
magnitudes and trends in emissions of black carbon, organic carbon and other aerosol
pre-cursor gases were smaller than earlier CMIP6 projections (Fig. 2). Notably, the
observed decline in SO emissions, i.e. CMIP7 historical dataset over 2005 — 2023,
has been considerably faster than in the final years of the CMIP6 historical and the
subsequent CMIP6 SSP245 projection, although the SSP126 pathway closely tracks
the CMIP7 historical SOy emissions by 2023. On the other hand, the major GHG
emissions have closely tracked the SSP245 pathway (Fig. 2i-j).

FalR simulations forced with CMIP6 and CMIP7 forcings simulate aerosol ERF
median values of —1.04 and —1.03 W m~2 in 2023 relative to 1750, respectively (Fig.
2f). This corresponds to a substantial reduction in the aerosol ERF magnitude from
the 2005 median values of —1.29 and —1.38 W m~2 for CMIP6 and CMIP7 forcings,
respectively. These estimates are in agreement with [1], who reported aerosol ERF close
to —1.07 W m~2 in 2023 relative to 1750. The absolute change of 0.25 — 0.35 W m~2
in the aerosol ERF is also consistent with previous studies that reported an increase
in aerosol ERF by about 0.23 — 0.32 W m~2 over 2000 — 2020 [9]. The aerosol ERF
offsets a substantial fraction of the GHG ERF, which is close to 3.5 W m~? [also see 1].
However, uncertainties in GHG forcing are considerably smaller than those associated
with anthropogenic aerosols. Therefore, accurately quantifying aerosol ERF is crucial
for future climate projections.

Contribution of aerosol decline to post-2005 warming

To quantify the aerosol’s contribution to the observed GMST trend, we compare
GMST trends over 20052025 between the flat-aerosol perturbation experiments and
the reference historical simulations from the FalR model (Fig. 3-4). In flat-aerosol
experiments, we maintain emissions of SOs, black carbon, organic carbon, NO,, NHz,
CO and VOC at year-2005 levels after 2005, while the remaining emissions and forcings
are the same as in the reference historical simulations (see details in the Methods). To
enable a comparison with LESFMIP simulations, we also assess trends over the period
2005—2020. The simulated median GMST trends from FalR of 0.25—0.26 °C decade™*
over the 2005—2025 period are close to the observed GMST trend of 0.28 °C decade™!.
Similar GMST trends are seen over 2005 — 2020. In contrast, the LESFMIP historical
simulations exhibit a higher GMST mean-trend of 0.34 °C decade™! over 2005 — 2020
and a substantial inter-model spread (Table 1).

In FalR experiments, maintaining aerosol emissions at their 2005 peak levels (i.e.,
keeping emissions constant after 2005) reduces the 2005 — 2025 median warming rate
from 0.26 to 0.19 °C decade ™! for CMIP7 emissions and from 0.25 to 0.20 °C decade*
for CMIP6 emissions. These reductions account for approximately 27% and 20% of the
total GMST trend, respectively (Table 1). The larger reduction of 0.07 °C decade™! in
CMIP7 simulations, compared with 0.05 °C decade™! in CMIP6 simulations, indicates
that the recent decline in aerosol emissions has had a notable impact on the GMST



trend and the associated weakening of aerosol-induced cooling was likely underesti-
mated in earlier CMIP6 experiments. These estimates correspond to an additional 0.14
and 0.1 °C of global warming over 2005 — 2025 due to the decline in aerosol emissions
in the CMIP7 and CMIP6 experiments, respectively (Fig. 4a).

The reduction in the GMST trend is larger for ensemble members with higher
equilibrium climate sensitivity (ECS) and stronger aerosol ERF magnitudes (Fig. 3).
This is expected, as aerosol ERF and ECS tend to be anti-correlated, which means
that ensemble members with higher ECS generally require more negative aerosol
ERF to reproduce the observed historical warming [39, 40]. Overall, these FalR
experiments show that the decline in aerosol emissions since 2005 has caused about
0.03 — 0.09 °C decade™! (68% confidence interval) increase in the mean GMST trend
over 2005 — 2025.

This increase in the GMST trend is largely attributable to reductions in SOq
emissions, which alone increased the GMST trend by 0.05—0.07 °C decade™! (Fig. 4c
and Extended Data Table Al). Contributions from other climate forcers are at least
an order of magnitude smaller. In particular, changes in black carbon, organic carbon,
and NO,, emissions together increased the GMST trend by about 0.004 °C decade™!,
although there is substantial offsetting among their individual effects.

Comparison with the LESFMIP simulations shows that all models, except one,
exhibit a reduction in the 2005 — 2020 GMST trend when historical aerosol emissions
are fixed at pre-industrial levels (Table 1 and Fig. 3c). The LESFMIP multi-model-
mean GMST trend reduces approximately by 0.1 °C decade™! (about 30%), from
0.34 °C decade™! in historical simulations to 0.24 °C decade™!, when aerosol emissions
are not included. This reduction in the GMST trend is nearly twice the magnitude sim-
ulated by FalR, potentially due to the greater sensitivity of climate models to aerosol
forcing [34]. The magnitude of reduction in the GMST trend varies significantly among
LESFMIP models, ranging from approximately 0.22 °C decade™! for the NorESM2
model to —0.01 °C decade™! for the IPSL-CM6A-LR model. In comparison, the FaIR
model, which is constrained using observations and historical climate simulations, pro-
duces a relatively narrower range in the GMST trend reduction helping better quantify
the aerosols’ contribution to the observed warming. Furthermore, unlike in the FalR
model, there is no clear dependence of changes in GMST trends on ECS in LESFMIP
simulations (evident from the vertical separation between circles and triangles in Fig.
3c), although climate models with higher ECS exhibit larger GMST trends.

Decadal trends in Earth’s energy imbalance

FalR and LESFMIP historical simulations produce 2005 — 2014 time-mean EEI mag-
nitudes of 0.7 — 0.8 W m~2, which are close to the observed EEI of 0.67 W m~2 (Fig.
4). However, both the FalR and LESFMIP models significantly underestimate the
EEI trend, producing magnitudes of 0.20 — 0.26 W m~2decade™! compared with the
observed trend of 0.41 W m~2decade™! over 2005 — 2020 (Table 1). This underestima-
tion of the EEI trend in climate models has been reported in previous studies [10, 41],

and is related to model biases in simulating short-wave and long-wave radiative fluxes
[42].



Nevertheless, the effect of aerosol emissions on EEI trends is evident in cli-
mate simulations. The 2005 — 2025 median EEI trend decreases by 0.09 [0.04,
0.15] W m~2decade™! in CMIP7 and by 0.07 [0.04, 0.11] W m~2decade™! in CMIP6
flat-aerosol FalR experiments relative to the reference historical simulations (Fig. 4b
and Table 1, 68% confidence interval is in square brackets). Similar to GMST trends,
the change in the EEI trend is larger with CMIP7 forcings and is largely due to reduc-
tion in SO2 emissions (Fig. 4d and Extended Data Table Al). CMIP7 FalR analyses
suggest that the post-2005 decline in aerosol emissions has caused an increase in EEI
trend by about 0.09 W m~2decade™" (about 35% of the simulated historical trend),
or equivalently an increase by approximately 0.18 W m~?2 in EEI over 20 years since
2005.

In comparison, the LESFMIP simulations exhibit a considerably larger aerosol
contribution to the EEI trend, with a multi-model mean of approximately 0.17 4+
0.1 W m—2decade™! over 2005 — 2020, which accounts for about 65% of the total
simulated trend in historical simulations. These LESFMIP estimates are consistent
with previous studies that have quantified the contribution of aerosols to EEI trends
using Earth system models [10, 21, 41]. For example, [10] conducted coupled climate
simulations with aerosol emissions fixed at their year-2000 levels (AER0O2000) and
reported an aerosol-driven increase in global-mean EEI of 0.15 —0.28 W m~2decade !
over 2000 — 2020. [21] and [41] used the atmospheric models CAM6-Chem and GFDL
AM4, respectively, and found that decline in aerosol emissions caused an increase in
the global EEI trend by 0.10 — 0.15 W m~2decade ™! over 2010 — 2020.

Implications for near-term climate change

We further explore a scenario in which aerosol emissions decline relatively rapidly,
following the CMIP7 Low or CMIP6 SSP126 scenario, while GHG emissions and other
forcings continue to follow the CMIP7 Medium or CMIP6 SSP245 pathway, which are
most representative of present-day GHG emission trends (see Methods). The objective
is to understand how a relatively rapid reduction in aerosol emissions, and the resulting
atmospheric clean-up, would affect near-term climate projections (up to 2050) and the
timing of crossing the 1.5 °C and 2 °C global warming thresholds.

These different trajectories of aerosol and GHG emissions lead to an additional
warming of 0.08 °C and 0.15 °C by 2046 — 2055 in the FalR CMIP7 and CMIP6 exper-
iments, respectively (comparing the low-aerosol and reference simulations in Table 2).
Due to this additional warming, the GMST reaches the 1.5 °C and 2 °C warming
thresholds 2 — 4 and 4 — 7 years earlier, respectively, in low-aerosol simulations. In
fact, this relatively rapid decline in aerosol emissions increases the probably of cross-
ing 1.5 °C and 2 °C thresholds by 10% — 20% between 2030 and 2060 (Extended
Data Fig. Al). For example, the probability of exceeding the 2 °C threshold in 2050
increases from approximately 34% in the reference CMIP6 simulation to nearly 56%
in the low-aerosol CMIP6 simulation. These results highlight a significant challenge
for countries” GHG emissions reduction targets, climate mitigation plans, and efforts
to limit global warming below 2 °C. Note that these effects are larger in CMIP6 FalR
experiments because aerosol emissions in the reference and low-aerosol scenarios begin
to diverge after 2014, whereas the divergence in CMIP7 emissions starts only in 2024.



We compare these results against CMIP6 SSP370 and SSP370-LowNTCTCF out-
puts from Earth system models. In the SSP370-LowNTCF experiments, aerosol and
non-methane ozone precursor emissions follow the CMIP6 SSP126 scenario, while all
other forcings are retained from SSP370 [32]. Relative to SSP370, SSP370-LowNTCF
simulations project an additional warming of approximately 0.2 °C by 2050 and thresh-
olds of 1.5 °C and 2 °C are exceeded four and five years earlier, respectively, in
multi-model-means (see Table 2). These results are consistent with the findings from
the FalR experiments. Since the gap between SSP370 and SSP126 aerosol emissions
is larger than that between SSP245 and SSP126, the magnitude of the additional
warming is greater than that simulated in the FalR experiments.

Discussion

Emissions of anthropogenic aerosol and aerosol precursor gases have significantly
declined since peaking around 2005 [8], leading to a substantial reduction in the
strength of aerosol-induced negative radiative forcing. As a result, the cooling effect
of aerosols that partially mitigates the warming induced by greenhouse gases (GHGs)
has diminished, contributing to an increase in the global mean surface temperature
(GMST) trend [9, 10]. In the present study, we quantified the impact of declining
aerosol and other non-methane short-lived gas emissions on trends in the GMST and
Earth’s energy imbalance (EEI) using the FaIR model [26], a reduced-complexity cli-
mate model, and LESFMIP single-forcing climate simulations [28]. Specifically, we
used “flat-aerosol” perturbation experiments in FalR, in which emissions of non-
methane short-lived climate forcers (SOg, black carbon, organic carbon, NO,, CO,
NHgs, volatile organic compounds) were maintained at their year-2005 levels after 2005
to isolate the contribution of the decline in aerosol emissions to changes in GMST and
EEI trends.

Our findings show that the post-2005 reduction in aerosol emissions led to an
increase in GMST and EEI trends by 0.07 °C decade™! (likely range of 0.04 — 0.11,
68% confidence interval) and 0.09 W m~2decade ! (likely range of 0.04—0.15), respec-
tively, over the 2005 — 2025 period (Fig. 4). These are equivalent to an increase in
the GMST by about 0.14 °C and an increase in EEI by about 0.18 W m~2 over 20
years (2005 — 2025). These increases account for approximately 27% and 35% of the
simulated historical GMST and EEI trends, respectively (Table 1). These increases
are largely attributable to declining SOs emissions and the resulting reduction in the
magnitude of aerosol radiative forcing. The contributions of other aerosol components
to these decadal trends are at least an order of magnitude smaller. These estimates
are based on CMIP7 historical emissions and forcings, providing the most updated
analyses on this subject, and are consistent with analyses from FalR experiments run
with CMIP6 forcings, although indicate somewhat weaker aerosol-driven increases of
0.05 °C decade™! in GMST and 0.07 W m~2decade™ in EEI (see Table 1). The
flat-aerosol FalR experiments produce a much narrower uncertainty range in these
trend estimates than LESFMIP models, which exhibit substantial inter-model spread
and suggest aerosol-driven increases of approximately 0.10 °C decade™! in the GMST
and 0.17 W m~2 decade™! in EEI, magnitudes higher than estimated using the FaIR
model.



As discussed earlier, aerosol forcing remains highly uncertain because of the
complex relationships among emissions, particle and aerosol properties, and their
interactions with clouds and radiation [24]. On the one hand, the cooling influence of
aerosols during the 1960s—1990s, which was dominated by continental SOy emissions,
appears to be overestimated in some Earth system models (Fig. 1a). On the other
hand, evidence from [19] suggests that many recent global model studies may have
underestimated the impact of declining shipping emissions since 2020. They link this
discrepancy to assumptions on the size and abundance of fresh sulphate particles emit-
ted in shipping exhaust plumes. Moreover, the efficacy of aerosol forcing per Tg of SO2
emitted is likely very different between continental regions and marine environments
with persistent low-cloud. These subtleties are not represented in our FalR simula-
tions; consequently, the aerosol influence on EEI and GMST trends during 2020 — 2025
may be stronger than the estimates presented in this study.

Near-term climate change, including the crossing of 1.5 °C and 2 °C warming
thresholds, will be strongly influenced by the trajectories of aerosol and GHG emis-
sions. To assess the impact of a relatively rapid future decline in aerosol emissions
compared with GHG emissions, we performed “low-aerosol” perturbation experiments
using the FalR model. These simulations combined aerosol and other non-methane
short-lived gas emissions from the CMIP7 Low scenario with all other forcings from
the CMIP7 Medium scenario. Our analysis suggests an additional global warming of
approximately 0.1 °C by 2050 (Table 2). Consequently, the 1.5 °C and 2 °C warming
thresholds are crossed about two and four years earlier, respectively, than in the refer-
ence CMIP7 Medium projection. Analyses based on CMIP6 SSP370-lowNTCF climate
simulations and FalR simulations driven by CMIP6 forcings yield similar conclusions.

CMIP?7 historical emissions show that post-2005 aerosol emissions declined more
rapidly than projected in the CMIP6 SSP126-SSP245 scenarios, while GHG emissions
remained close to the SSP245 trajectory (Fig. 2). If these diverging aerosol and GHG
emission trajectories persist in the future, near-term global temperatures may increase
more rapidly than projected in the CMIP7 future scenarios, increasing the likelihood of
GMST exceeding or temporary overshooting the 1.5 °C and 2 °C warming thresholds.
Such overshoots could amplify the intensity of climate extremes and the associated
socioeconomic and biophysical losses [43]. Some of these, including biodiversity loss,
ecosystem degradation, ice-sheet destabilization, and sea-level rise, may be irreversible
or only partially reversible, even if global temperatures are subsequently reduced below
these thresholds [44, 45].

While the post-2005 decline in aerosol emissions resulting from stricter air quality
regulations has contributed to a temporary acceleration of global warming, this decline
has also led to substantial improvements in air quality and decrease in air pollution,
particularly surface concentration of particulate matter of less than 2.5 pm in diameter
(PMa2.5) [46]. These measures are expected to yield significant public health benefits
in the future [47]. For example, reductions in SO emissions and PMj 5 concentrations
are expected to reduce air pollution-related mortality [48], given the strong association
between short-term mortality risk and sulphate aerosol concentrations [49]. Overall,
the health benefits associated with reduced air pollution are estimated to be three to
six times greater than the health impacts associated with the increase in aerosol-driven



warming [50]. In addition, SO and NO, emissions contribute to acidic deposition
and ecosystem damage, both of which have declined since the 1980s owing to the
implementation of environmental regulations and clean-air policies [51].

These findings highlight important challenges for climate mitigation and adapta-
tion policies, as well as for global efforts to limit warming to below 2 °C. Additional
future scenario experiments that combine GHG emissions from the CMIP7 Medium-
High scenarios with aerosol emissions from the Low or Very-Low scenarios could help
quantify the climate impacts of a rapid decline in aerosol emissions. Several related
experiments are planned as part of AerChemMIP2 [52], and we suggest conducting
complementary experiments using reduced-complexity climate models, which can be
run efficiently to examine a wide range of future scenarios. Such experiments would
provide a more comprehensive assessment of the uncertainty associated with future
aerosol emission pathways and their influence on climate change. Meeting long-term
climate targets while minimizing temperature overshoots depends on the combined
evolution of anthropogenic GHG and aerosol emissions, which together influence future
warming, air quality, and associated health outcomes.

Methods

We use the FalR model, a reduced-complexity climate model [26]. FalR requires emis-
sions of GHGs, aerosols and other gases, together with solar and volcanic forcing,
as inputs. In this study, we use both CMIP6 and CMIP7 historical emissions and
their corresponding future emissions scenarios from ScenarioMIP. For FalR simula-
tions driven by CMIP6 emissions, we use calibration parameters from fair-calibrate
v1.4.0, which follows the calibration approach adopted for the IPCC Sixth Assessment
Report (ARG6) [5]. The fair-calibrate v1.4.0 parameter set is based on CMIPG6 historical
emissions and is constrained using the observed GMST, CO4 concentrations, Earth’s
energy uptake, and ARG assessments of equilibrium climate sensitivity, transient cli-
mate response, and aerosol radiative forcing (total, aerosol-radiation and aerosol-cloud
components) [53].

For FalR simulations driven by CMIP7 emissions, we use the fair-calibrate v1.6.0
parameter set, which is calibrated using the CMIP7 ScenarioMIP historical emis-
sions dataset and includes emissions of GHGs and short-lived climate forcers over the
period 1750 — 2023. In addition, effective radiative forcing from land-use and land-
cover change is derived from global irrigated area and historical albedo changes. These
forcings are calculated offline and incorporated into the historical effective radiative
forcing time series developed by the Indicators of Global Climate Change [IGCC; 1],
which are used as inputs to FalR. In contrast, land-use and land-cover change forcings
are computed online in fair-calibrate 1.4.0 used for FalR simulations run with CMIP6
forcings. Solar and volcanic forcings are also prescribed externally for both CMIP6
and CMIP7 FalR simulations. Since the present study focuses on decadal tempera-
ture trends and quantifying the contribution of aerosols to these trends, we run FalR
without stochastic forcing, which is typically used to represent internal climate vari-
ability. We run the FalR model with an ensemble of 841 members that is consistent
with the applied constraints and fully samples the uncertainty in the assessed climate
variable distributions.
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Flat-Aerosol Experiments

To quantify the additional warming attributable to the decline in aerosol emissions
since 2005, we performed aerosol perturbation experiments, termed as “flat-aerosol”
simulations. In these experiments, emissions of aerosols and other non-methane short-
lived gases (SOaq, black carbon, organic carbon, NO,, NHs, CO and VOC) were fixed
at their year-2005 levels, while all other forcings followed the historical record and
subsequent future scenario emissions (SSP245 for CMIP6 and Medium for CMIP7).
Comparison of these simulations with the reference FalR runs enables the isolation
of the warming contribution from declining aerosol emissions and its effect on recent
temperature and EEI trends. Note that NO, also influences radiative forcing by mod-
ifying the atmospheric lifetime of methane and this effect is simulated in flat-aerosol
experiments.

To complement analyses from the FalR model, we utilize LESFMIP single-forcing
climate simulations [28, 29], which follows the same experiment design as in the Detec-
tion and Attribution Model Intercomparison Project [54], but with an increase in
ensemble size. The large ensemble size enables robust estimation of decadal trends in
the GMST and EEI in the ensemble mean. From the LESFMIP dataset, we consider
four experiments: (a) historical: run with all historical forcings (natural and anthro-
pogenic), (b) hist-GHG: run with historical GHG forcings while all other forcings are
fixed at pre-industrial levels, (c) hist-aer: run with historical aerosol forcings only, (d)
hist-nat: run with natural forcings only. These simulations allow us to disentangle the
contributions of aerosols and GHGs to historical climate change. We use output from
seven models, each with multiple ensemble members (Extended Data Table A2), over
the historical period (1850 — 2014), extended to 2020 using CMIP6 SSP245 forcings
beyond 2014. To isolate the aerosol contribution, we compare the GMST and EEI
trends from the sum of the hist-GHG and hist-nat simulations against those from
the historical simulations. In general, the sum of GMST responses to individual forc-
ings closely matches the historical simulation, indicating near-linearity of the climate
response (not shown), although a small contribution from nonlinear interactions can-
not be ruled out. To ensure consistency between the LESFMIP and FalR experiments,
GMST and EEI trends are analysed over the 2005 — 2020 period.

Low-Aerosol Experiments

To assess the future implications of a more rapid decline in aerosol emissions relative
to GHG emissions, we conducted a set of idealized “low-aerosol” experiments. In these
experiments, FalR was driven by CMIP6 SSP245 or CMIP7 Medium emissions, while
emissions of aerosols and other non-methane short-lived gases were replaced with those
from the CMIP6 SSP126 or CMIP7 Low scenarios, respectively. These simulations were
used to evaluate the impacts of accelerated aerosol reductions on 2050 temperatures
and on the timing of GMST reaching the 1.5°C and 2°C warming thresholds.

In addition, we use output from CMIP6 SSP370 and SSP370-lowNTCF simulations
from the Aerosols and Chemistry Model Intercomparison Project (AerChemMIP) [32].
In the SSP370-lowNTCF experiments, future aerosol and non-methane ozone precur-
sor emissions were replaced with those from the SSP126 scenario, while GHG emissions
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and other forcings followed the SSP370 pathway. The models considered in this study
are CNRM-ESM2-1, MIROC6, GFDL-ESM4, BCC-ESM1, and CESM2-WACCM,
with simulations running through 2055. These simulations allow us to investigate the
influence of reduced aerosol emissions on future temperature projections. The models
provide between one and three ensemble members, and some include interactive ozone
chemistry, thereby capturing the effects of anthropogenic ozone changes. Nevertheless,
the impact of ozone is expected to be small in comparison with the effects of aerosols
and GHGs. Accordingly, we do not modify ozone concentrations in FalR experiments.

Observational Datasets

Analyses from the FalR and climate model simulations are compared against obser-
vations of the GMST [from 1] and EEI, measured as the net radiative flux at the top
of the atmosphere, from CERES dataset [55].
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Table 1 Decadal trends in the GMST and EEI from observations, FalR and LESFMIP
simulations. For FalR simulations and observations (computed over 2005 — 2025 and 2005 — 2020),
the trend magnitudes are median from all ensemble members in FAIR and samples created from a

bootstrapping method, respectively, and the likely range (17¢" — 8379 percentiles) is shown in
square brackets. For LESFMIP models, trends (computed cover 2005 — 2020 only) are the
ensemble-mean for each model and the multi-model-mean + standard deviation are also included.
The LESFMIP flat-aerosol trends correspond to trends computed from the sum of hist-GHG and

hist-nat simulations, which were extended to 2020 following the SSP245 pathway.

GMST trend (°C decade™1!)

EEI trend (W m~2decade™1)

Model ‘ historical flat-aerosol historical flat-aerosol
Observations (05 — 25) | 0.28 [0.25, 0.30] 0.47 [0.40, 0.55] —
Observations (05 —20) | 0.25 [0.23, 0.27] 0.41 [0.31, 0.50] -

FalR CMIP6 (05— 25) | 0.25[0.20, 0.30]  0.20 [0.17, 0.23] | 0.17 [0.12, 0.24] 0.11 [0.08, 0.15]
Fair CMIP7 (05 — 25) 0.26 [0.20, 0.32]  0.19 [0.16, 0.22] | 0.21 [0.15, 0.29]  0.12 [0.09, 0.16]
FalR CMIP6 (05 —20) | 0.24 [0.19, 0.29] 0.20 [0.17, 0.23] | 0.20 [0.15, 0.27]  0.13 [0.10, 0.17]
Fair CMIP7 (05 — 20) 0.26 [0.21, 0.32]  0.19 [0.16, 0.22] | 0.23 [0.16, 0.32]  0.12 [0.08, 0.15]
NorESM2-LM 0.38 0.16 0.32 0.16
MIROC6 0.20 0.15 0.16 0.08
MRI-ESM2-0 0.27 0.14 0.29 -0.05
ACCESS-ESM1-5 0.30 0.22 0.35 0.08
IPSL-CM6A-LR 0.35 0.36 0.18 0.05
HadGEM3-GC31-LL 0.39 0.31 0.28 0.20
CanESM5 0.46 0.37 0.26 0.12
LESFMIP model-mean ‘ 0.34 +0.08 0.24 +0.09 0.26 + 0.06 0.09 +£0.07
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Table 2 2046 — 2055 time-mean GMST anomalies (relative to 1850 — 1900) and years of the crossing 1.5°C and 2°C warming thresholds in
reference and low-aerosol perturbation experiments. For FalR, values are median from all ensemble members and 17" — 837¢ percentile range is
shown in square brackets. For CMIP6 Earth system models, the ensemble-mean for each model is shown, and the multi-model-mean+ standard
deviation are also included. Model-means of years are rounded to nearest integers and, for threshold of 2°C, model-means are computed for bottom

three models for consistency.

Year crossing 1.5°C

Year crossing 2°C

| GMST (°C)
Model ‘

Ref Low-aerosol

Ref

Low-aerosol

Ref Low-aerosol

FalR CMIP6 SSP245 1.90 [1.67 2.16] 2.05 [1.75 2.39]
FalR CMIP7 Medium 1.91 [1.69 2.22] 1.99 [1.74, 2.33]

2034 [2026-2041]
2034 [2025-2041]

2030 [2025-2037]
2032 [2025-2039]

2055 [2045-2069] 2048 [2038-2066)
2055 [2044-2069] 2051 [2041-2066]

MIROC6 1.69 1.88 2045 2039 - 2052
GFDL-ESM4 1.74 1.93 2037 2032 - 2049
BCC-ESM1 1.85 2.11 2044 2037 2055 2048
CESM2-WACCM 2.32 2.54 2028 2026 2040 2035
CNRM-ESM2-1 2.05 2.20 2034 2036 2049 2045
Model-mean 1.93 +£0.23 2.13+0.23 2038 £ 6 2034 £5 ‘ 2048 £ 6 2043 £6
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Fig. 1 (a) Global-mean near-surface air temperature (GMST) timeseries relative to 1850-1900; (b)
decadal GMST trends derived from non-overlapping 10-year intervals. FalR runs with CMIP6 forcing
and LESFMIP runs are extended beyond 2014 following the SSP245 emission pathway. Lines represent
the median values and the shading represents the spread between 10" and 90*" percentile. In panel
(b), significance intervals for observations are computed using a bootstrapping method involving
random resampling with replacement.
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Fig. 2 (a-j) Timeseries of historical emissions of non-methane short-lived climate forcers (SO2, black
carbon and organic carbon, NO,, CO, NHz and VOC) and GHGs (CO2, CH4 and N2O) in CMIP6
and CMIP7. The dashed curves represent the spread between projected future emission scenarios
in CMIP6 (SSP126, SSP245, SSP370) and CMIP7 (Low, Medium and High). (k) Timeseries of the
median aerosol and GHG ERF from FalR simulations. In panel (f), FalR runs with CMIP6 forcing
are extended beyond 2014 following the SSP245 emission pathway.
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Fig. 3 GMST trends from (a,b) FalR simulations (computed over 2005—2025), (¢) LESFMIP climate
simulations (computed over 2005 — 2020). For the FaIR simulations, contours of GMST trends from
all ensemble members are shown against ECS or the 2005 — 2014 time-mean aerosol ERF relative to
1750. For LESFMIP models, ensemble-mean trends are plotted against models’ ECS from [56]. The
significance intervals for observations are computed using a bootstrapping method involving random
resampling with replacement and the shading represents the 17t" — 8374 percentile range.
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Fig. 4 Impact of the post-2005 decline in aerosol emissions: (a) Increase in GMST decadal trend and
(b) Increase in EEI decadal trend from FalR simulations and LESFMIP climate simulations against
2005 — 2014 time-mean EEI. For FalR simulations, filled circles and squares show the median values
and errorbars present the 17t" — 8374 percentile range. For LESFMIP model-mean, filled circles and
errorbars represent the multi-model-mean =+ standard deviation. For FalR simulations, GMST and
EEI trends are computed over 2005 — 2025 and 2005 — 2020 periods, while LESFMIP results are
for 2005 — 2020 only. Contributions from individual aerosols and aerosol-precursor gases to the (c)
Increase in the 2005 — 2025 GMST trend and (d) Increase in the 2005 — 2025 EEI trend. On the
right axes, the expected changes in GSMT and EEI (estimated from decadal trends) due to decline
in aerosol emissions are shown over a 20—year period (2005 — 2025).
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Appendix A Extended Data

Table A1 Changes in GMST and EEI trends due to different climate forcers estimated from FalR
flat-aerosol and reference experiments, run with both CMIP6 and CMIP7 forcings. Decadal trends
are over 2005 — 2025 and median values are shown.

| GMST trend change (°C decade™')  EEI trend change (W m~2decade™?)

Climate Forcer ‘ CMIP6 ‘ CMIP7 ‘ CMIP6 ‘ CMIP7
SO 0.05 0.07 0.07 0.10
Black Carbon —0.0001 —0.005 —0.005 —0.008
Organic Carbon —0.0003 —0.006 0.001 —0.01
NO, —0.002 0.007 —0.002 0.016
CO —0.002 —0.0006 —0.002 —0.0006
NH3 —0.001 —0.001 —0.001 —0.002
VOC —0.0003 0.0003 —0.0004 0.0004

Table A2 List of LESFMIP models used in this study. All historical simulations were extended to
2020, using CMIP6 SSP245 forcings beyond 2014.

‘ Number of Ensemble Members

Model ‘ historical ‘ hist-GHG ‘ hist-aer ‘ hist-nat
ACCESS-ESM1-5 40 9 10 10
CanESM5 50 50 30 50
HadGEM3-GC31-LL 55 55 55 60
IPSL-CM6A-LR 11 10 10 10
MIROC6 50 50 10 50
MRI-ESM2-0 4 5 5 5
NorESM2-LM 3 23 23 23
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Fig. A1 Probability of the GMST (relative to 1850-1900) exceeding the 1.5°C and 2°C thresholds
in the reference and low-aerosol FalR experiments: (a) FaIR CMIP6 and (b) FaIR CMIPT7. Probabil-
ities are calculated as the fraction of ensemble members for which the GMST exceeds the specified

threshold.
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