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EXECUTIVE SUMMARY

This document is the deliverable “D6.3: Quantification of the past and future contribution of non-CO2 climate
forcers to the (de)stabilization of tipping elements with the use of state-of-the-science climate-chemistry
models” for the European Union project “FOCI: Non-CO2 Forcers and their Climate, Weather, Air Quality and
Health Impacts” (hereinafter also referred to as FOCI, project reference: 101056783).

The report describes the multi-model analyses conducted to assess the impact of non-CO2 climate forcers on
climate tipping elements exploiting the Coupled Model Intercomparison Project Phase 6 (CMIP6) archive, and
particularly the outputs of the set of simulations performed under the AerChemMIP initiative. As such, all the
results shown come from models where tropospheric chemistry and aerosols are explicitly simulated. The report
first describes the analysis undertaken of the recent historical period (1950 to present), considering a set of
experiments with identical forcings except for the emissions of NTCFs and their precursors (namely, historical
and hist-piNTCF). Through this analysis, three main tipping elements have been selected: the Atlantic
Meridional Overturning Circulation (AMOC), the Intertropical Convergence Zone and the Arctic, and the
impact of NTCFs in their dynamics. Then, the analysis has focused on the assessment of the expected future
evolution (2025-2054) of the AMOC and the North Atlantic circulation in scenarios with strong and weak air
quality mitigation policies, but considerable levels of warming (namely, ssp3370 and ssp370-lowNTCF). A
weakening of the AMOC is detected in both future scenarios. Our analysis shows that more strict air quality
policies would tend to accelerate this weakening.
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CONTRIBUTION TO THE FOCI OBJECTIVES

The work described in this report contributes to the project objective O6:

“To undertake innovative and regionally relevant integrated analysis of optimised mitigation strategies, to
support climate policy, deriving multiple benefits (e.g. climate mitigation and adaptation, human health, social,
economic, and developmental), quantifying the sensitivity of climate system tipping points to non-CO?2 forcers
and meeting the global challenge of stabilising global temperatures and minimising the associated impacts on
climate, weather, air quality and health”
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1. INTRODUCTION

Climate tipping elements constitute components of the Earth System that are susceptible to undergo an abrupt,
non-linear and potentially irreversible change in response to a perturbation (e.g., induced by warming). The
critical threshold that triggers that non-linear response is usually termed “tipping-point”. Due to their high
impact and potential consequences on a large fraction of the human population, the study of the effect of future
warming on these tipping elements has gained attention in the last decades (Wunderling et al., 2023). However,
the specific impact of Near-Term Climate Forcers (NTCFs) and their future evolution on tipping elements is
yet understudied. The non-methane NTCFs, aerosols, tropospheric ozone and their precursors, are characterized
by their relatively short atmospheric lifetimes and large spatio-temporal variability. Furthermore, aerosols,
through their direct radiative effect, and semi-direct and indirect effect on clouds, have a net cooling effect on
surface climate (Forster et al., 2021), opposed to the warming effect of greenhouse gases (GHGs), among which
we can find NTCFs such as ozone or the well mixed and long lived species, e.g., CO2. Overall, increases in
NTCFs during the historical period have partly masked the warming due to increases in GHGs. Given that in
future scenarios the anthropogenic emissions of NTCFs are likely to be mitigated due to the implementation of
stricter air quality policies, it is fundamental to understand their effect on climate tipping elements and their
contribution to the triggering (or inhibition) of tipping points.

This deliverable presents the results of a multi-model analysis conducted relying on the Coupled Model
Intercomparison Project Phase 6 (CMIP6, Eyring et al., 2016) ensemble, aimed at assessing potential impacts
of NTCFs on climate tipping elements. In particular, this work quantifies the changes in the mean state and time
evolution of well-known tipping elements in response to variations in NTCFs, with the aim of characterizing
their potential to either weaken or strengthen the self-amplifying responses of these elements - signals that can
serve as early warnings of approaching critical thresholds.

2. METHODOLOGY

We conducted a multi-model study using Earth System Model (ESM) data from the CMIP6. By considering
multiple models, we aimed to increase the robustness and reliability of our results by reducing the influence of
individual model biases and limitations (Tebaldi et al., 2007). For the purpose of this study, we require that the
ESMs considered include comprehensive gas-phase chemistry schemes for simulating tropospheric ozone
concentrations. Additionally, the models must simulate key aerosol species (both anthropogenic and natural)
considering their interactions with clouds and radiation.

In particular, we used simulations from the CMIP6-AerChemMIP initiative, whose goal is to assess the impact
of anthropogenic and natural atmospheric emissions, both in the past and under plausible future scenarios
(Collins et al., 2017). We focused on those experiments that target the combined effects of anthropogenic non-
methane NTCFs (aerosols, tropospheric ozone and their precursors). It must be noted that methane
concentrations are prescribed in these simulations, and do not respond to NTCF emission changes. The time
periods analysed are sufficiently long to detect climate responses (i.e., 30 years or more) and focus on the recent
historical period (1950-2014) and the near future (2025-2054).
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2.1 Historical period (1950-2014)

To assess the impacts of NTCF emissions on the recent past we compared two CMIP6 experiments: Aistorical
and hist-piNTCF. Both setups follow historical forcings, therefore capturing the climatic changes (both natural
and anthropogenic) of the recent past. However, hist-piNTCF fixes anthropogenic, non-methane NTCF
emissions at pre-industrial 1850 values.

In total, four models contributed to these experiments and fulfilled the requirement of having interactive
chemistry and aerosols and publicly providing all the necessary variables for our analyses (see Table 1). All
four models provide three members for each experiment, as this was the minimum requested by the
AerChemMIP exercise, allowing us to better constrain the forced signals by averaging out some of the internal
variability.

Table 1. List of models used in the historical study.

Model Members References

BCC-ESM1 r(1:3)ilplfl Wau et al. (2020)

EC-Earth3-AerChem r(1,3,4)ilplfl van Noije et al. (2021)

MRI-ESM2-0 r(1,3,5)ilplfl Yukimoto et al. (2019), Deushi and Shibata (2011)
UKESM1-0-LL r(1:3)ilplfl Sellar et al. (2019), Mulcahy et al. (2020)

We confined the study period to 1950-2014. Over this time frame atmospheric composition varied significantly.
Global aerosol concentrations increased in the early decades, followed by stabilization from the 1980s onward,
with regional differences in anthropogenic emissions. While Europe and North America implemented aerosol
reduction measures, Asian emissions continued to rise (Terseth et al., 2012; Klimont et al., 2017; Aas et al.,
2019). It must be noted that recent studies indicate that the CMIP6 Community Emissions Data System (CEDS)
dataset underestimates China's reductions in anthropogenic aerosol emissions during 2006-2014 (Wang et al.,
2021). This potential bias should be considered when interpreting our results. In contrast, GHG concentrations,
including tropospheric ozone, showed a continuous increase throughout the study period (Bauer et al., 2020;
Griffiths et al., 2021). These divergent trends are particularly relevant, as most aerosol species and GHGs exert
opposing net radiative effects at the top of the atmosphere (TOA), making their combined influence on climate
a key aspect of our analysis.

2.2 Future Period (2025-2054)

To determine how different emission pathways of NTCFs can impact climate in the near future we considered
two different CMIP6 experiments: ssp370 and ssp370-lowNTCF. Both experiments are based on the Shared
Socio-economic Pathway (SSP; Riahi et al., 2017) SSP3-7.0. This baseline scenario considers very
unfavourable conditions, with societies facing high challenges both to mitigation and adaptation, and depicts a
future with high emissions of NTCFs and high levels of warming (Fujimori et al., 2017).

Rao et al. (2017) delves into air pollution within the SSP scenarios and defines three narratives (strong, medium
and weak pollution control) based on the ambition and effectiveness of air pollution policies. In this context,
the difference between the experiments studied is that in ssp370, all air pollutants follow a weak pollution
control pathway (SSP3), whereas in ssp370-lowNTCF, NTCF emissions follow a strong pollution control
narrative (SSP1).
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Table 2. List of models used in the projection study.

Model Members References
BCC-ESM1 r(1:3)ilplfl Wu et al. (2020)
ssp370: 1(1:3)ilplfl
ssp370-lowNTCF: 1(1:3)ilp2fl

CESM2-WACCM Danabasoglu et al. (2020), Gettelman et al. (2019)

EC-Earth3-AerChem r(1,3,4)ilplfl van Noije et al. (2021)
GISS-E2-1-G r(1:3)ilp3fl Bauer et al. (2020), Nazarenko et al. (2022), Kelley
et al. (2020)
r(1:3)ilplfl Mauritsen et al. (2019), Tegen et al. (2019),
MPI-ESM-1-2-HAM
Neubauer et al. (2019)
MRI-ESM2-0 r(1,3,5)ilplfl Yukimoto et al. (2019), Deushi and Shibata (2011)
NorESM2-LM r(1:3)ilplfl Seland et al. (2020), Kirkevég et al. (2018)

Out of all the models that contributed to the CMIP6-AerChemMIP initiative for these two experiments, we
selected those with interactive tropospheric chemistry and aerosols as well as AMOC variables available (i.e.,
msftmz, msftyz or vmo) for optimal interpretation of the Atlantic circulation. All seven models that were
considered provide three members for both scenarios, resulting in a 21-member ensemble (see Table 2).

2.3 Statistical Analysis

For the formal analysis we focused on two main aspects: climatological mean differences and time series of
differences in annual values. This approach allowed us to detect differences in the climate mean state attributable
to NTCFs, as well as the temporal evolution of the signals.

To assess statistical significance, for climatological analyses we used paired-samples t-tests while for annual
data we employed two-sample bootstrap tests with 5000 resamples (Efron, 1979; Mudelsee and Alkio, 2007),
both at the 95% significance level.

3. RESULTS: HISTORICAL PERIOD (1950-2014)

We isolated the NTCFs signal by comparing the climatological mean of the historical and hist-piNTCF
ensembles for key climate variables such as surface air temperature (fas) and precipitation (pr). This approach
revealed three primary climate impacts: a global cooling effect, particularly pronounced in the Arctic; a
substantial increase in Labrador Sea convection; and a southward displacement of tropical precipitation
consistent with a shift of the Intertropical Convergence Zone (ITCZ). Each of these responses will be examined
in detail in the following subsections.

3.1 NTCFs Impact on Arctic Temperature

Historical NTCFs drive a global cooling with the most intense signal located at Arctic latitudes (Fig. 1). We
attribute this enhanced regional cooling to aerosols (Lewinschal et al., 2019; Westervelt et al., 2020), which
counteract the warming effects of tropospheric ozone in this region (Sand et al., 2016).

Further analysis reveals that the Arctic cooling is most intense near the surface and during the boreal autumn
and winter seasons, with temperature differences reaching down to -5°C. This temperature behaviour aligns
with the Arctic Amplification (AA) phenomenon, in which the Arctic magnifies global temperature changes
through the action of different regional positive feedbacks (Previdi et al., 2021).

D6.3 — Quantification of the past and future contribution of non-CO2 climate forcers to the (de)stabilization of tipping
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To quantify the Arctic Amplification attributable to NTCFs, we computed the Arctic Amplification Factor
(AAF; Eq. 1; Wu et al., 2024):

B m|AT

arctic |

M| AT yipe (1)
where AT; represents the temperature difference between the historical and hist-piNTCF ensembles in the
different regions (Fig. 2a,b), and m represents the slope of these signals (linear trends). For the period 1950—
1980, the AAF of NTCFs is 3.87 for the multi-model mean, indicating that Arctic cooling due to NTCFs was
nearly four times stronger than the global average. After the 1980s, however, this forcing diminishes in
significance, and greenhouse gas (GHG) driven warming becomes the primary driver of both Arctic and global
temperature trends.

------

signi:95% -

Figure 1. Surface air temperature (fas) response to historical NTCFs (1950-2014). Map shows the difference in
tas climatologies between historical and hist-piNTCF experiments from a 4-model CMIP6 ensemble (BCC-
ESM1, MRI-ESM2-0, UKESM1-0-LL, EC-Earth3-AerChem; 3 members each). Stippling indicates statistical
significance at 95% confidence level (paired t-test).
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Figure 2. Annual surface air temperature (fas) response to historical NTCFs (1950-2014) for the (a) Arctic
(70°N—90°N) and (b) global domains. Symbols show the difference between historical and hist-piNTCF CMIP6
experiments from a 4-model CMIP6 ensemble (BCC-ESM1 blue triangles, EC-Earth3-AerChem green squares,
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MRI-ESM2-0 yellow diamonds and UKESM1-0-LL pink crosses); black circles show the multi-model mean.
Solid lines indicate linear trends for 1950-1980. For each experiment and model we consider the mean of 3
members.

Our results suggest a consistent increase in sea ice extent with higher NTCF concentration, reinforcing the
hypothesis of the amplified Arctic cooling being mediated by regional feedbacks (e.g., sea ice-albedo feedback).
However, additional factors, such as variations in atmospheric (Needham and Randall, 2023) and oceanic (Iwi
et al., 2012; Robson et al., 2022) energy transport, may also contribute to the observed temperature changes.

3.2 NTCFs Impact on Labrador Sea Convection

Historical NTCF concentrations drive an increase of the mixed layer depth (mlotst), a widely used proxy for
oceanic convection, across various regions of the subpolar North Atlantic (Fig. 3a). Notably, we discarded two
of the EC-Earth3-AerChem historical members for this analysis as they show signs of collapsed convection in
the Labrador Sea. This is a well-documented issue of the model arising from spurious triggering of internal
variability (Bilbao et al., 2021; Meccia et al., 2023).

FMA mean mlotst (historical - hist-piNTCF) - [1950-2014]

b) Labrador Sea Amlotst - 10 year rolling mean

a) Amlotst 400
----------------- e
T E
— 200
4 wn
4 5
""" E 100
._._.' o 5
signi:95% 0 1
—800-600-400-200 0 200 400 600 800 1960 1970 1980 1990 2000 2010
(m) —— BCC-ESM1 —> UKESM1-0-LL
—— EC-Earth3-AerChem —&— ensemble mean
MRI-ESM2-0 ® significant

Figure 3. Ocean mixed layer thickness (mlotst) response to historical NTCFs during the maximum convection
season (February-April, 1950-2014). Signal derived from the difference between historical and hist-piNTCF
CMIP6 experiments using a 4-model ensemble (BCC-ESM1, MRI-ESM2-0, UKESM1-0-LL, EC-Earth3-
AerChem). (a) mlotst climatology signal, significant where stippling is applied (95% confidence, paired t-test).
The black box delineates the Labrador Sea region (60°W—45°W, 50°N-65°N). (b) Ten-year rolling mean of the
Labrador Sea mlotst signal for the multi-model mean (black circles) and individual models (BCC-ESM1 blue
triangles, EC-Earth3-AerChem green line, MRI-ESM2-0 yellow diamonds, UKESM1-0-LL pink crosses).
Filled symbols indicate statistical significance (95% confidence, bootstrap test). Data represent 3-member
ensemble means except EC-Earth3-AerChem (1 member; no significance testing in panel b).

To understand the mechanisms driving this convection increase, we focused on the Labrador Sea area (60°W—
45°W; 50°N—65°N) as a region of agreement across all models in the ensemble. The temporal evolution of the
mean convection signal in the Labrador Sea (Fig. 3b) shows a persistent enhancement of convection with
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decadal oscillations that are not in phase across models. In particular, the multi-model mean indicates a 38%
increase in Labrador Sea convection due to NTCFs from 1950 to 2014.

Further analysis of the water properties in the vertical column revealed colder and saltier sea surface conditions
due to the effect of NTCFs. Both properties contribute to denser surface waters, thereby eroding stratification
and promoting convection. While the temperature decrease aligns with the negative radiative forcing of aerosols
discussed in the previous section, the surface salinity increase likely results from a positive feedback
mechanism: stronger convection, initially driven by surface cooling, brings saltier subsurface waters to the
surface, further increasing surface density and reinforcing deep convection. This feedback mechanism could
explain the steady increase in mixed layer depth observed in Figure 3b, despite aerosol reductions after the
1980s.

Our findings suggest that aerosols are the main drivers of the convection signal, as evidenced by the surface
cooling over the Labrador Sea. However, the precise mechanisms—whether through direct local forcing or via
remote advection of aerosol-induced anomalies—remain to be fully determined (e.g., Menary et al., 2020;
Hassan et al., 2021; Liu et al., 2024).

3.3 NTCFs Impact on Tropical Precipitation

Historical NTCFs induce a decrease in precipitation north of the equator and an increase to the south (Fig. 4a).
This pattern is consistent with a southward displacement of the ITCZ, a phenomenon observed in response to
aerosol increases in previous studies (Allen et al., 2015; Pausata et al., 2020; Zhao and Suzuki, 2021).

To quantify the ITCZ latitude changes, we first calculated the zonal mean precipitation from 20°S to 20°N. We
then determined the coordinates of the precipitation centroid (PCENT), defined as the point that delineates
regions of equal weight in the precipitation distribution. By comparing PCENT coordinates between the
historical and hist-piNTCF ensembles, we quantified the effects of historical NTCFs on both ITCZ latitude
(4dlat; Eq. 2) and precipitation amount (4pr; Eq. 3):

Alat=Ilat|PCENT

historical |—

!'(H |pCENThf5[—pf.".I'T|:F| (2)

A pr=pr|PCENT pr|PCENT ;e

historical |—

3)
The latitudinal ITCZ response for the multi-model mean reveals a mean southward displacement of 0.6° (Fig.
4b). For individual models, the signal exhibits multi-decadal oscillations, particularly prominent in MRI-ESM2-
0 and BCC-ESM1. However, no evidence of a robust long-term trend emerges. In an analogous analysis of the
precipitation amount change (Apr), the multi-model ensemble mean shows an 2.0% ITCZ weakening due to
historical NTCFs over 1950-2014 (not shown).
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Figure 4. Precipitation response to historical NTCFs (1950-2014), derived from the difference between
historical and hist-piNTCF CMIP6 experiments using a 4-model ensemble (BCC-ESM1, MRI-ESM2-0,
UKESM1-0-LL, EC-Earth3-AerChem; 3 members each). (a) Climatological precipitation signal, significant
where stippling is applied (95% confidence, paired t-test). (b) Ten-year rolling mean of ITCZ latitude shift for
the multi-model mean (black circles) and the individual models (BCC-ESM1 blue triangles, EC-Earth3-
AerChem green line, MRI-ESM2-0 yellow diamonds, UKESM1-0-LL pink crosses). Filled symbols indicate
statistical significance (95% confidence, bootstrap test). The ITCZ latitude index calculated from the zonal
precipitation centroid between 20°S—20°N.

We relate the ITCZ latitude shift to an interhemispheric energy imbalance. In our experiments, higher aerosol
concentrations in the Northern Hemisphere align with decreased radiative energy in the NH and a southward
displacement of the ITCZ, which could be partially compensating for the interhemispheric heat imbalance.

Our analysis revealed a consistent circulation shift in response to NTCFs. Although the underlying physical
mechanisms warrant further investigation, we hypothesize a relevant role of aerosol-cloud interactions in
mediating the radiative forcing, as revealed by an inverse relationship between the net radiation and the cloud
cover (clf) signals in mid- to high latitudes (not shown; Andersen et al., 2023).

4. RESULTS: FUTURE PERIOD (2025-2054)

As shown in section 3.2, anthropogenic NTCFs resulted in increased convection in the subpolar North Atlantic
during the historical period. Given the close connection between convection in this region and the AMOC, as
well as its great relevance for future climate stability, we conducted an analogous multi-model study to isolate
how future air quality policies targeting NTCFs may affect Atlantic Ocean circulation. By comparing the ssp370
and ssp370-lowNTCF experiments, we assess the specific contribution of NTCF emissions to future circulation
changes.

Our analysis revealed a general AMOC weakening under stricter NTCF emission policies, amplifying the
greenhouse gas-driven AMOC decline. The response exhibited substantial inter-model differences, with no
model reaching a tipping point within the study period. A deeper investigation into the subpolar gyre current
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system revealed differing circulation responses among models, with potential impacts on Atlantic-Arctic water
exchanges.

4.1 NTCFs Impact on AMOC strength

Higher NTCF emissions cause an intensification of Atlantic circulation as shown by the overturning mass
streamfunction response (msftmyz; Fig. 5a). We quantified the AMOC response by measuring its strength as the
mean msfimyz between 35°N—45°N at 500—1500 m depth. The time evolution of the signal shows a broad range
in the intensity of responses across the models of the ensemble (Fig. 5b). Notably, the individual models exhibit
strong decadal variability that is not in phase across them. For the ensemble mean, we quantify an AMOC
increase of 3% by the end of the study period (Fig. 5b).
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Figure 5. Future NTCF impacts on Atlantic meridional overturning circulation (2025-2054), derived from the
difference between ssp370 and ssp370-lowNTCF scenarios using a 7-model ensemble (BCC-ESM1, CESM2-
WACCM, EC-Earth3-AerChem, GISS-E2-1-G, MPI-ESM-1-2-HAM, MRI-ESM2-0, NorESM2-LM; 3
members each). (a) Climatological difference in overturning mass streamfunction (msftmyz), significant where
stippling is applied (95% confidence, paired t-test). (b) Ten-year rolling mean of AMOC strength differences
for the multi-model mean (black circles) and the individual models (BCC-ESM1 orange triangles, CESM2-
WACCM blue squares, EC-Earth3-AerChem green diamonds, GISS-E2-1-G yellow crosses, MPI-ESM-1-2-
HAM blue stars, MRI-ESM2-0 red diamonds, NorESM2-LM pink inverted triangles). Filled symbols indicate
statistical significance (95% confidence, bootstrap test). The AMOC index is defined as the mean msfimyz from
35°S—45°N, 500-1500m depth.

These results align with Hassan et al. (2022), who conducted a similar study with a four-model ensemble, also
detecting an AMOC weakening in response to non-methane NTCF reductions, with substantial inter-model
variability. They highlighted the outlier behaviour of the model GISS-E2-1-G, attributing it to the model being
more sensitive to radiative forcing. Using the same scenarios, they reported that the AMOC response to NTCFs
persists until the end of the century.
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4.2 NTCFs Impact on the Subpolar Gyre

To understand the mechanisms driving the AMOC response to NTCFs, we examined changes in the Subpolar
North Atlantic circulation system. As observed in the historical period (Fig. 3a), the future mlotst signal shows
increased convection in the Labrador Sea area for the ensemble mean. GISS-E2-1-G remains an outlier, being
the only model in which convection decreases in response to higher NTCF concentrations (not shown).

The response to future NTCFs is weaker than that detected in the historical study period, which is consistent
with the smaller forcing difference between the two scenarios compared to the historical NTCF forcing relative
to pre-industrial conditions.

Although we observed no common pattern across models, all of them show significant signals in at least one of
three key regions: Labrador Sea (60°W—45°W, 50°N-66°N), Irminger Sea (45°W-25°W, 50°N-66°N), or
Rockail Area (25°W-7°W, 50°N—-63°N) (black boxes in Fig. 6).

Examining the vertical profiles of these regions, we observe that NTCFs produce an overall cooling in the
Labrador and Irminger seas, which aligns with the detected increased water density. However, we find different
salinity responses across models suggesting more complex mechanisms at play which warrant further
investigation. In the Rockail area we also see a cooling, in this case accompanied by a salinification most intense
at the surface, which results in an increased water density. We note that, in this region, MPI-ESM-1-2-HAM is
an outlier, showing a surface warming along with the salinification (not shown).

The barotropic streamfunction (msftbarot) shows a broad range of responses to NTCFs across models (Fig. 6).
While NorESM2-LM shows an overall strengthening of the gyre, CESM2-WACCM and MPI-ESM-1-2-HAM
suggest a shift in gyre circulation with Labrador Sea intensification while showing a decrease in the Irminger
Sea. GISS-E2-1-G shows a weakening of the Labrador Sea circulation, once again opposing the rest of the
ensemble.

Regarding the Rockail Area, CESM2-WACCM and MPI-ESM-1-2-HAM exhibit decreased gyre circulation in
the region along with increased cyclonic circulation in the Norwegian Sea. These two systems are connected by
outflows and inflows that surround Iceland. Changes in these currents could potentially explain the msftbarot
signals, though further investigation is ongoing.
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Figure 6. Barotropic mass streamfunction (msftbarot) response to future NTCFs (2025-2054). Map shows the
difference in msftbarot climatologies between the ssp370 and ssp370-lowNTCF scenarios for individual CMIP6
models: (a) MRI-ESM2-0, (b) MPI-ESM-1-2-HAM, (c¢) CESM2-WACCM, (d) NorESM2-LM, (e) GISS-E2-
1-G, and (f) the multi-model mean. For each experiment and model we consider the mean of 3 members.
Stippling indicates statistical significance at 95% confidence level (paired t-test). The black boxes denote key
regions, from left to right: Labrador Sea (60°W—-45°W, 50°N—65°N), Irminger Sea (45°W-25°W, 50°N-66°N)
and Rockail Area (25°W—-7°W, 50°N—-63°N).
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5.OUTLOOK

This study shows that the negative radiative forcing of aerosols dominates the historical NTCF impact on
climate, counteracting the warming effects of absorbing aerosols and tropospheric ozone. During the recent
historical period, multi-model mean analyses reveal three key climate responses: (1) a global cooling, amplified
in the Arctic, where autumn temperatures decrease by up to 5°C; (2) a 38% increase in Labrador Sea ocean
convection; and (3) changes in tropical precipitation, including a 0.6° southward displacement of the ITCZ and
a 2.0% weakening of ITCZ intensity. In the future, NTCFs will continue to exert their influence on climate
tipping elements. In particular, our analyses show a general AMOC weakening under stricter NTCF emission
policies, amplifying the greenhouse gas-driven AMOC decline. The response signal exhibits substantial inter-
model differences, with no model reaching a tipping point within the study period. A deeper investigation into
the subpolar gyre current system revealed differing circulation responses between models, with potential
impacts on Atlantic-Arctic water exchanges.
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