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Abstract Rapid temperature variability (RTV) is a key indicator of short‐term climate variability. This
study assesses future RTV changes under carbon neutrality using multi‐model outputs from the Coupled Model
Intercomparison Project Phase 6 under the Shared Socioeconomic Pathway 1‐1.9 (SSP1‐1.9) scenario. We
further perform attribution experiments with the fully coupled Community Earth System Model to quantify the
role of greenhouse gases (GHGs), aerosols (AER), and tropospheric ozone (O3) in driving projected RTV
changes. Our results reveal a substantial decline in RTV across the Northern Hemisphere (NH) under carbon
neutrality, especially at mid‐to‐high latitudes in winter and summer. This decline in RTV is primarily attributed
to reduced temperature advection variability and changes in daily net surface radiative forcing. Reductions in
aerosols exert the strongest impacts on RTV, surpassing the effects of GHGs and tropospheric O3. The findings
highlight the critical role of aerosol reductions in modulating short‐term climate fluctuation.

Plain Language Summary Rapid fluctuations between daily temperature are projected to decline
across much of the Northern Hemisphere by mid‐century under the carbon neutrality pathway. The multi‐model
analysis shows that this dampening is driven mainly by weaker temperature advection and smaller day‐to‐day
changes in howmuch solar and terrestrial radiation reaches the surface. Among different climate drivers that we
focus on, that is, greenhouse gases, aerosols, and tropospheric ozone, reductions in aerosols and their precursors
exert the largest effects on reducing the rapid temperature variability. This means that cleaning up air pollution
will play a key role in shaping the short‐term temperature variability under a carbon neutrality future.

1. Introduction
Human activities emit a variety of substances that influence the Earth's climate system, among which greenhouse
gases (GHGs), aerosols, and tropospheric ozone are the primary drivers, yet playing distinct roles. GHGs, such as
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), trap longwave radiation in the atmosphere and
contribute to long‐term global warming. Their accumulation leads to a positive radiative forcing, driving in-
creases in both mean temperatures and the frequency of extreme heat events (Irfan et al., 2024; Van Wijngaarden
et al., 2020). Aerosols, on the other hand, affect climate change by altering the Earth's energy budget, primarily
through scattering and/or absorbing solar radiation (Ren et al., 2024; N. Yang et al., 2024). For instance, sulfate
and nitrate aerosols scatter incoming solar radiation, producing a localized cooling effect (Xu & Penner, 2012),
while black carbon absorbs solar radiation, warms the atmosphere, and accelerates ice and snow melting (B.
Zhang, 2020). Tropospheric ozone, though not directly emitted, is a secondary pollutant formed by photochemical
reactions involving precursor gases such as Nitrogen Oxides (NOx) and Volatile Organic Compounds. It acts as a
short‐lived climate forcer with a positive radiative forcing effect (Boynard et al., 2025; Yao et al., 2025). Rising
tropospheric ozone concentrations not only contribute to surface warming but also pose threats to human health
and vegetation (Ebi & McGregor, 2008; Fuhrer et al., 2016).

In response to the escalating climate risks, the 21st Conference of the Parties to the United Nations Framework
Convention on Climate Change (COP21) adopted the Paris Agreement, a landmark international climate treaty.
The agreement sets a long‐term goal of limiting the increase in global average temperature to well below 2°C
above pre‐industrial levels, while pursuing efforts to restrict the rise to 1.5°C (Schleussner et al., 2016). The
carbon neutrality pathway is expected to substantially mitigate global warming and realize the goals of the Paris
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Agreement (Fankhauser et al., 2022; Huang & Zhai, 2021). Carbon neutrality is projected to not only reduce
global mean temperature but also alleviate the occurrence of extreme weather events (Lei et al., 2022; F. Wang
et al., 2021; J. Zhang &You, 2023). Moreover, the substantial reduction of anthropogenic emissions under carbon
neutrality would also benefit air quality in the future (P. Wang et al., 2023; Y. Yang et al., 2024).

While the projected long‐term trends in mean and extreme temperatures have been extensively investigated (e.g.,
Fischer & Schär, 2009; F. Guo et al., 2021; P. Wang et al., 2023), rapid temperature variability (RTV) provides
new insights into short‐term climate variability and its direct societal relevance, thereby offering a distinct and
policy‐relevant perspective that complements existing studies. For instance, the day‐to‐day fluctuations in air
temperatures have direct implications for ecosystems, human health, and socioeconomic activities (Ge
et al., 2022; Katz & Brown, 1992; Schär et al., 2004). Studies show that increases in RTV often leads to a rise in
associated extreme weather events (Katz & Brown, 1992; Schär et al., 2004), elevated mortality risks associated
with chronic and epidemic diseases (Y. Guo et al., 2011; Q. Liu et al., 2020; Zhan et al., 2017), reduced crop
yields (Wheeler et al., 2000). Particularly, increased RTV could suppress economic growth, especially in low‐
latitude, low‐income regions (Kotz et al., 2021), thereby worsening the existing unequal burden of climate
change impacts across regions and socioeconomic groups. Therefore, insights into future RTV changes are
essential for guiding climate adaptation and mitigation strategies.

In this study, we assess the future projected RTV by the mid‐century with multi‐model simulations under the
Shared Socioeconomic Pathway 1‐1.9 (SSP1‐1.9) scenario from the Coupled Model Intercomparison Project
Phase 6 (CMIP6). SSP1‐1.9 represents a stringent mitigation pathway consistent with global carbon neutrality
goals, and it is widely used to evaluate climate impacts under carbon neutrality (Kamal et al., 2021; P. Wang
et al., 2023; Zhu et al., 2023). To further clarify the potential mechanisms underlying RTV change, we incorporate
diagnostics based on the thermodynamic energy equation, clarifying the roles of atmospheric dynamics and
radiative processes. In addition, we conduct an attribution analysis of projected RTV changes under carbon
neutrality using the fully coupled Community Earth System Model (CESM), focusing on the individual and
combined effects of anthropogenic GHGs, aerosols, and tropospheric ozone emissions following the SSP1‐1.9
scenario. The remainder of this paper is organized as follows. Section 2 describes the model configuration,
experimental design, and diagnostic methods. Section 3 presents the spatial and temporal characteristics of RTV
under the carbon neutrality scenario. Section 4 explores the physical mechanisms driving RTV changes based on
the thermodynamic energy budget analysis and provides the attribution results, highlighting the contributions of
GHGs, aerosols, and tropospheric ozone. Finally, Section 5 summarizes the key findings and offers concluding
remarks.

2. Data and Methods
2.1. Model Description

In this study, we employ fully coupled CESM version 1 (CESM1) to investigate the impacts of changes in
anthropogenic GHGs, aerosols, and tropospheric ozone on temperature variability under the carbon neutrality
pathway. CESM1 is a comprehensive Earth system model that integrates multiple components, including the
Community Atmosphere Model (CAM) for atmospheric processes, the Parallel Ocean Program (POP) for ocean
dynamics, the Community Land Model for terrestrial processes, and the Community Ice CodE (CICE) for sea ice
simulation (J. Gao et al., 2023; Hurrell et al., 2013). These component models can be coupled in various con-
figurations to simulate interactions among the carbon‐nitrogen cycle, human‐induced vegetation changes, land
use dynamics, and the direct and indirect effects of aerosols on the climate system (He et al., 2015). In this work,
the atmospheric component uses CAM version 5 (CAM5), configured at a horizontal resolution of 1.9° × 2.5°
with 30 vertical levels. The ocean component is based on POP version 2 (POP2) (P. Wang et al., 2023). Aerosol
processes are represented using the three‐mode version of the Modal Aerosol Module (MAM3) in CAM5, which
includes major aerosol species such as black carbon, primary organic matter, secondary organic aerosols, sulfate,
mineral dust, and sea salt, distributed across four log‐normal size modes: Aitken, accumulation, coarse, and
primary carbon modes (X. Liu et al., 2016). Additionally, following H. Wang et al. (2013), we incorporate model
modifications to enhance aerosol convective transport and wet deposition processes.
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2.2. Experimental Design

Following P.Wang et al. (2023), we use four sets of CESM1 simulations to examine the impacts of anthropogenic
GHGs, aerosols, and tropospheric ozone (O3) emissions on temperature variability under a carbon neutrality
pathway. Specifically, major GHGs include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and
halocompounds (CFC‐11 and CFC‐12). The global mean concentrations of the major GHGs for 2020 and 2050
are listed in Table S1 in Supporting Information S1. Note that, in pace with the strict control of anthropogenic
emissions under carbon neutrality, GHG show slight increases in the global mean CO2, while anthropogenic
aerosols and their precursors, and tropospheric ozone levels exhibit obvious decreases significantly by the mid of
the century (Figures S1 and S2 in Supporting Information S1). These experiments are referred to as Baseline,
GHG2050, AerGHG2050, and ALL2050. In all experiments, the projected GHG concentrations, emissions of
aerosols and their precursors as well as tropospheric ozone concentrations, follow the SSP1‐1.9 scenario. In
Baseline, GHGs, aerosols and tropospheric ozone levels are all fixed at their 2020 levels. In GHG2050, GHG
emissions are set to 2050 levels, while aerosols and ozone remain at 2020 levels. In AerGHG2050, both GHGs
and aerosols are fixed at 2050 levels, while tropospheric ozone remains at 2020 levels. In the ALL2050 exper-
iment, the GHGs, aerosols, and tropospheric ozone levels are all fixed at 2050. All experiments have three
ensemble members with a small initial perturbation and run for at least 200 years, of which the last 100 years are
used for analyses. Thus, the impacts of different components on temperature variability under carbon neutrality
are evaluated through a series of pairwise comparisons: GHG2050 versus Baseline isolates the effect of future
GHG changes; AerGHG2050 versus GHG2050 quantifies the specific contribution of aerosol reductions; and
ALL2050 versus AerGHG2050 assesses the impact of tropospheric ozone changes.

2.3. CMIP6 Multi‐Model Simulations

We utilize daily near surface air temperatures, 10‐m winds, shortwave and longwave radiation of multi‐model
simulations (see Table S2 in Supporting Information S1 for details) from CMIP6 to project the future changes
in RTV changes and assess the possible mechanisms. We focus on two representative time periods the current
period of 2020s (average for 2015–2024) and 2050s (average for 2045–2054). The multi‐model ensemble mean
(MME) is applied for all analyses.

2.4. ERA5 Reanalysis

For model validations, we adopted T2m obtained from the European Centre for Medium‐Range Weather
Forecasts (ECMWF) reanalysis Version 5 (ERA5) for the period 2015–2024. The ERA5 data set provides hourly
estimates of a wide range of atmospheric, land, and oceanic variables globally, from January 1940 to the present
(Soci et al., 2024). Both ERA5 reanalysis and CMIP6 multi‐model simulations are regridded to a uniform spatial
resolution of 1.9° × 2.5° as that of CESM1 to ensure consistency across models.

2.5. Definition of Rapid Temperature Variability

In this study, we adopt the widely used metric of day‐to‐day temperature variability (DTDT) to characterize the
future changes of RTV (Bonacci et al., 2022; Ge et al., 2022; Tang et al., 2021). It refers to the average absolute
difference in T2m between two consecutive days within the study period, which is obtained equation as follows:

DTDT =
1

n − 1
∑
n− 1

i=1
|Ti+1 − Ti| (1)

where Ti represents T2m on day i and n represents the total number of days in the study period.

2.6. Diagnostic Decomposition of DTDT Based on Thermodynamic Energy Equation

According to thermodynamic energy equation (Wallace & Hobbs, 2006), the mean temperature difference be-
tween two adjacent days can be expressed as:

δT =
∂T
∂t
= − v · ∇T + (

RT
cpP

−
∂T
∂P

)ω +
1
cp
∂Q
∂t

(2)
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where T represents the near‐surface daily mean T2m (°C), v denotes the daily mean 10‐m vector wind (m s− 1), ∇
represents the horizontal divergence operator, ω is the near‐surface daily mean vertical velocity (Pa s− 1), P is the
atmospheric pressure (Pa), and Q is the daily mean diabatic heating. In the equation, R represents the specific gas
constant for dry air (287 J K− 1 kg− 1), and cp is the specific heat capacity of dry air at constant pressure
(1,004 J K− 1 kg− 1).

Following Ge et al. (2022), combining Equation 2 and Equation 1, DTDT can be expressed as follows:

DTDT =
1

n − 1
∑

n− 1
i=1 |δTi| =

1
n − 1

∑
n− 1
i=1

⃒
⃒
⃒
⃒
∂T
∂ti

⃒
⃒
⃒
⃒ (3)

Substituting Equation 2, DTDT can be expressed as the sum of the following three terms to diagnose the relative
contribution of each term:

term1 =
1

n − 1
∑

n− 1
i=1 |− v · ∇T| (4)

term2 =
1

n − 1
∑

n− 1
i=1

⃒
⃒
⃒
⃒(

RTi

cpPi
−
∂T
∂Pi

)ωi| (5)

term3 =
1

n − 1
∑

n− 1
i=1

⃒
⃒
⃒
⃒
1
cp
∂Q
∂t i

⃒
⃒
⃒
⃒ (6)

Therefore, future changes in DTDT (ΔDTDT) by mid of the century can be expressed as:

ΔDTDT = Δterm1 + Δterm2 + Δterm3 (7)

where Δ represents the difference between the periods of 2050s and 2020s. Δterm1 indicates the changes in daily
mean near‐surface horizontal temperature advection (ΔTADV), Δterm2 represents changes in daily mean
adiabatic compression and vertical advection, with negligible magnitude and can typically be neglected
(Q. Liu, 2021), and Δterm3 denotes changes in daily mean diabatic heating rate.

Furthermore, Δterm1 can be derived into the zonal and meridional parts and assess their relative contribution, as
follows:

Δterm1 = Δ(
1

n − 1
∑

n− 1
i=1 |− V · ∇T|) = Δ(

1
n − 1

∑
n− 1
i=1

⃒
⃒
⃒
⃒ − u ·

∂T
∂x

⃒
⃒
⃒
⃒) + Δ(

1
n − 1

∑
n− 1
i=1

⃒
⃒
⃒
⃒ − v ·

∂T
∂y

⃒
⃒
⃒
⃒) (8)

In this work, Δterms3 specifically considers changes in the surface net radiation forcing (NRF), that is, the sum of
net surface shortwave and longwave radiative forcing, as changes in GHGs, aerosols and tropospheric ozone
primarily modulate solar and longwave radiative forcing (Z. Gao et al., 2009; Kim et al., 2017). Δterm3 can be
expressed as:

Δterm3 = Δ(
1

n − 1
∑

n− 1
i=1

⃒
⃒
⃒
⃒
∂NRF
∂ti

⃒
⃒
⃒
⃒) = Δ(

1
n − 1

∑
n− 1
i=1 |NRFi+1 − NRFi|) (9)

Here, NRFi represents the surface net radiation forcing on day i and Δterm3 is characterize the changes in the
daily‐to‐day variability of NRF (DTDNRF). Note that the unit of Δterm3 is W/m2, not same as DTDT, thus it can
provide a qualitative interpretation of the projected change in DTDT.

3. Projected Changes in DTDT by the Mid‐Century Under Carbon Neutrality
Model evaluations demonstrate that both CESM1 and the CMIP6MME can reproduce the spatial distribution and
magnitude of mean surface air temperature and DTDT over the Northern Hemisphere (NH) during the 2020s (see
Text S1, Figures S3 and S4 in Supporting Information S1). Subsequently, we examine the projected changes in
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DTDT by mid of the century relative to the current climate, based on both CESM1 and CMIP6 MME results (see
Figure 1). Note that the projected changes in DTDT based on CMIP6 simulations are estimated as the difference
between 2050s and 2020s, whereas in CESM1, changes are derived from the difference between the ALL2050
and the Baseline experiments.

For winter, CMIP6 MME projects a widespread decrease in DTDT across NH, particularly over North America
and mid‐high latitudes of Eurasia, with maximum reductions exceeding − 0.2°C, while increases in DTDT are
seen over Greenland, North Africa, and East Asia regions (Figure 1a). CESM1 simulation exhibits a broadly
similar wintertime pattern, with widespread DTDT reductions across NH, especially over North America and
Eurasia, although they show smoother spatial features and more localized increases over regions such as
Greenland and tropical Africa (Figure 1b). The projected changes of summertime DTDT based on CESM1 and
CMIP6 MME show similar spatial patterns with those of wintertime DTDT. Specifically, CMIP6 MME shows
modest decreases of DTDT over most of North America and Eurasia while slight increases in DTDT are found
over regions including North Africa, western Europe, and parts of East Asia. The CESM1 simulations also show
regionally varied changes, with notable DTDT reductions over the mid‐high latitudes of northern Eurasia but
increases over North America, tropical Africa, and East Asia. Despite these regional differences, both CMIP6 and
CESM1 suggest a less pronounced decline in DTDT during summer compared to winter, highlighting the sea-
sonal contrast in RTV responses under carbon neutrality. To further assess the robustness of our results, we
conducted a sign consistency test for the projected changes in DTDT based on the CMIP6MME. The results show
that, across most regions of the NH, the projected DTDT changes pass the consistency test that more than four out
of six individual models exhibiting the same sign of change as the MME projection (Figure S5 in Supporting
Information S1).

4. Possible Mechanisms Underlying Projected Changes in DTDT
In this section, we conduct a qualitative analysis to elucidate the potential mechanisms of projected changes in
DTDT based on the thermodynamic energy equation under carbon neutrality. According to the thermodynamic
energy equation (see Section 2.6), the projected changes in DTDT can primarily be attributed to changes in near‐
surface horizontal TADV (ΔTADV) and net near‐surface radiative forcing (DTDNRF).

4.1. Projected Changes in Horizontal Temperature Advection

Figure 2 illustrates the spatial pattern of ΔTADV for 2050s relative to the 2020s under carbon neutrality, based on
both CMIP6 and CESM1 simulations. ΔTADV represent an important dynamical factor influencing DTDT by
modulating the transport and dispersion of thermal anomalies. In winter (DJF), both CMIP6MME (Figure 2a) and
CESM1 (Figure 2b) showwidespread negative ΔTADV over high‐latitude regions of North America and Eurasia,
indicating a reduced contribution of warm or cold air advection, which in turn contributes to the decline in DTDT

Figure 1. Spatial distributions of projected changes in DTDT in 2050s relative to 2020s with CoupledModel Intercomparison
Project Phase 6 multi‐model ensemble mean under (a, c) SSP1‐1.9 scenario and (b, d) CESM1 simulations. The upper and
lower panels show the changes in wintertime (DJF) and summertime (JJA), respectively. The dotted areas pass the 95%
confidence level of a two‐tailed t‐test.
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in these regions, consistent with the pronounced decrease in DTDT in Figure 1. The weakened TADV may result
from a more stable atmospheric state or weaker synoptic activity, reducing day‐to‐day temperature fluctuations
(Piskala & Huth, 2020). Conversely, positive ΔTADV is projected over Greenland and northeastern Eurasia,
especially in the CESM1 simulation, suggesting an enhanced advection effect that contributes to local increases in
DTDT (Figure 2b). In summer, the spatial patterns of ΔTADV changes are weaker and more heterogeneous. The
CMIP6 MME shows small positive anomalies in regions such as southern Europe, North Africa, and East Asia
(Figure 2c), which correspond to the areas of slight DTDT increase (Figure 1). The CESM1 simulation also
indicates localized increases in ΔTADV over northern Africa and mid‐latitude Eurasia (Figure 2d), which may
explain the moderate increases in DTDT over these regions. However, in most parts of northern Eurasia, ΔTADV
becomes more negative, potentially contributing to the strong decline in DTDT. Overall, the reduction in TADV
under carbon neutrality, particularly in winter and over high latitudes, plays a crucial role in suppressing DTDT.
These dynamical changes are more pronounced in CESM1 due to its smoother representation of atmospheric
circulation, whereas CMIP6 results show greater spatial variability across models (not shown).

We further decomposed ΔTADV into its meridional and zonal components. The spatial distributions of merid-
ional and zonal decompositions of ΔTADV for both CMIP6 MME and CESM1 simulations are shown in Figures
S6–S9 in Supporting Information S1. In CMIP6 simulations, the projected changes in meridional and zonal
TADV during winter exhibit similar patterns and comparable magnitudes, with decreases over North America,
Southern and Eastern Asia, and increases over western and central Eurasia (Figures S6a and S7a in Supporting
Information S1). In summer, both the meridional and zonal TADV components show broadly similar spatial
patterns and magnitude, yet demonstrating higher spatial variability and weaker magnitudes compared to
wintertime (Figures S6d and S7d in Supporting Information S1). Note that the projected changes in meridional
and zonal components of TADV in either winter or summer are associated with substantial changes in both
surface air temperature gradient (Figures S6b, S7b, S6e, and S7e in Supporting Information S1) and wind
components (Figures S6c, S7c, S6f, and S7f in Supporting Information S1). And components of two different
directions show similar spatial patterns and comparable magnitudes but with stronger changes in winter than
summer, supporting the intensified changes in TADV and DTDT in winter and summer.

Similar results are found in the CESM simulations (Figures S8 and S9 in Supporting Information S1), supporting
the hypothesis that future projected changes in horizontal TADV are attributed to variations in both meridional
and zonal temperature components. And these variations are jointly driven by changes in the corresponding
temperature gradients and wind components.

4.2. Projected Changes in Day‐to‐Day Variability of Near‐Surface Radiative Forcing

In addition to dynamical processes, projected changes in diabatic heating, particularly the changes in daily
variability of net near‐surface radiative forcing (ΔDTDNRF), is a crucial thermodynamic driver of ΔDTDT. NRF

Figure 2. Spatial distributions of projected changes in Temperature Advection in 2050s relative to 2020s with CoupledModel
Intercomparison Project Phase 6 multi‐model ensemble mean under (a, c) SSP1‐1.9 and (b, d) CESM1 simulations. The
upper and lower panels show the changes in wintertime (DJF) and summertime (JJA), respectively. The dotted areas pass the
95% confidence level of a two‐tailed t‐test.

Geophysical Research Letters 10.1029/2025GL118040

WANG ET AL. 6 of 11

 19448007, 2025, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
118040 by C

ochraneC
hina, W

iley O
nline L

ibrary on [24/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



combine net shortwave and longwave radiation at the surface, which is sensitive to shifts in GHGs and aerosols.
Figure 3 illustrates the projected changes in DTDNRF for the 2050s relative to the 2020s, based on both CMIP6
MME and CESM1 simulations. During winter, the CMIP6 MME shows slight positive DTDNRF anomalies over
large portions of the NH mid‐to‐high latitudes, especially northern Eurasia and North America (Figure 3a). In
summer, the DTDNRF changes in CMIP6 MME (Figure 3c) exhibit high magnitude and more regional vari-
ability. Negative DTDNRF anomalies dominate over parts of eastern Europe, East Asia, and North America,
reinforcing the DTDT suppression during the warm season. However, localized positive anomalies in southern
Europe and the Sahel may contribute to weak DTDT increases (Figure 1c). As highlighted above, in contract to
the higher magnitude of DTDNRF changes in summer, DTDT changes are more pronounced in winter, sug-
gesting DTDNRF may play a secondary role than DTDNRF in modulating DTDT changes.

The projected changes in DTDNRF with CESM1 simulations reveal a more spatially coherent and smoother
pattern. In winter (Figure 3b), DTDNRF exhibit substantial reductions across most of North America, northern
Eurasia, and Greenland, consistent with the strong DTDT declines (Figure 1b). In summer (Figure 3d), negative
DTDNRF anomalies expand across nearly the entire NH, particularly over Eurasia, where they coincide with the
suppressed DTDT seen in CESM projections (Figure 1d). Notably, consistent with CMIP6 MME, CESM1
projects a more widespread radiative damping effect on short‐term temperature variability in summer than winter,
reversing the higher magnitude of DTDT changes in winter, supporting the more prominent role of TADV
changes.

In summary, both CMIP6 and CESM1 simulations indicate that the projected decreases in DTDT across most
mid‐to‐high latitudes under carbon neutrality are jointly driven by changes in horizontal TADV and daily
variability of radiative forcing. And horizontal TADV playing a more important role in shaping future short‐term
temperature variability.

4.3. Attribution of DTDT Changes to GHG, Aerosol, and Tropospheric Ozone Under Carbon Neutrality

With the fully coupled CESM1 simulations, we further quantify the individual contributions of the key anthro-
pogenic climate drivers, that is, GHGs, aerosols, and tropospheric ozone, to projected changes DTDT under the
carbon neutrality pathway (Figure 4). In winter, the GHG concentration changes lead to a notable DTDT
reduction (>0.2°C) over central North America and northern Eurasia (Figure 4a), likely due to enhanced radiative
forcing and associated atmospheric stabilization (Hansen et al., 1997; Irfan et al., 2024). In contrast, summer
DTDT under GHG forcing increases slightly across most of North America, while remaining relatively un-
changed in Eurasia (within ±0.1°C, Figure 4d), indicating seasonal asymmetry of DTDT changes to the GHG
response. The impact of aerosol reductions is more spatially extensive and dominant. In both seasons, DTDT
decreases significantly across NH, particularly in high‐latitude regions (Figures 4b and 4e). The magnitude of
reduction exceeds 0.5°C in winter and 0.15°C in summer. This widespread suppression of DTDT may be driven

Figure 3. Spatial distributions of projected changes in day‐to‐day variability of surface net radiative forcing (DTDNRF) in
2050s relative to 2020s from Coupled Model Intercomparison Project Phase 6 multi‐model ensemble mean under (a, c)
SSP1‐1.9 and (b, d) CESM1 simulations. The upper and lower panels show the changes in wintertime (DJF) and summertime
(JJA), respectively. The dotted areas pass the 95% confidence level of a two‐tailed t‐test.
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by the weakening of the meridional temperature gradient in NH midlatitudes associated with reduced aerosol
levels (Fahrenbach & Bollasina, 2023; Westervelt et al., 2015; Xiang et al., 2023). The effects tropospheric ozone
changes are more localized and weaker. In winter, DTDT slightly increases at high latitudes of Eurasia but de-
creases over North America and central Eurasia (Figure 4c). In summer, DTDT declines modestly over most land
regions (Figure 4f). In summary, aerosol reductions dominate the projected DTDT changes under carbon
neutrality, exerting a stronger and more widespread dampening effect than GHGs or tropospheric ozone. Note
that different climate forcers affect DTDT through their effects on both TADV and DTDNRF (not shown). P.
Wang et al. (2023) indicated that aerosol changes would dominate the future changes in climate and extreme
weather events by mid‐century under carbon neutrality. Aerosols, as short‐lived climate forcers, exhibit strong
day‐to‐day variability that alters surface radiation and near‐surface temperature (Y. Gao et al., 2022; Li
et al., 2017), which thereby could modulate RTV. Our results highlight the critical role of aerosols in modulating
short‐term temperature variability and suggest that aerosol‐climate interactions will play a central role in shaping
synoptic and sub‐seasonal climate variability in a carbon neutral future.

5. Conclusions and Discussion
Based on multi‐model simulations from CMIP6, we reveal a robust decline in DTDT in both summer and winter
seasons across NH under a carbon neutrality scenario by the mid‐21st century. The decrease is particularly
pronounced in winter and over mid to high latitude regions of Eurasia and North America. In contrast, summer
DTDT exhibits more spatial heterogeneity but still tends toward a net reduction. Particularly, the projected
reduction in DTDT over northern mid‐to‐high latitudes under carbon neutrality is jointly driven by weakened
horizontal TADV and decreased daily variability of surface net radiative forcing, of which the reduced TADV
plays a more important role, especially at high latitudes. And both meridional and zonal temperature gradients and
wind components contribute to the advection changes.

Through a series of CESM1 simulations that isolate the effects of major anthropogenic climate drivers, GHGs,
aerosols, and tropospheric ozone, and we find that aerosol emission reductions are the dominant driver of pro-
jected DTDT changes. Compared to the more modest influence of GHG increases and ozone reductions, aerosol
reductions alone contribute to more than 0.5°C decreases in DTDT over large portions of the NH, especially
during boreal winter. The pronounced seasonality of DTDT changes likely arises from different driving mech-
anisms in each season. In winter, DTDT is primarily controlled by strong warm‐cold air mass advection while it is
governed more by local diabatic processes in summer (Adams et al., 2021; Hamal & Pfahl, 2024; Horton
et al., 2015). The stronger DTDT changes in winter than summer reflect the higher sensitivity of large‐scale
dynamical processes in winter compared with the response of local diabatic processes in summer under
climate change. The findings are consistent with previous studies that a decrease in aerosols leads to a reduction in
the meridional temperature gradient and winds over NH (An et al., 2023; Dong et al., 2022).

These findings suggest that aerosol reductions are crucial for improving air quality, they can also lead to a
dampening of short‐term temperature variability, which may indicate decreased weather extremes. Wu
et al. (2025) suggest project an enhanced cold‐warm flip extremes in the future under high emission scenario

Figure 4. Spatial distributions of changes in DTDT in 2050s relative to 2020s under (a, d) greenhouse gas, (b, e) AER, and
(c, f) O3 from CESM1 simulations. The upper and lower panels show the changes under different forcings in wintertime
(DJF) and summertime (JJA), respectively. The dotted areas pass the 95% confidence level of a two‐tailed t‐test.
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SSP5‐8.5 relative to the low emission scenarios, which may be likely driven by the reduced DTDT. Thus, pro-
jected changes in RTV and the associated mechanisms deserve further attention. However, model‐specific
sensitivities, such as the strong aerosol response in CESM1, may also introduce uncertainties (Fan
et al., 2018; Zeng et al., 2021). While overall warming favors more frequent high‐temperature extremes such as
heatwaves by the mid of the century (e.g., P. Wang et al., 2023), the lower RTV implies fewer abrupt cold‐to‐
warm transitions. Furthermore, the reduced RTV suggests that extreme events may persist for a prolonged
duration once they occur, a phenomenon that warrants further research attention.

This study has both academic and policy relevance. Academically, it advances understanding of short‐term
temperature variability under future climate scenarios, an aspect less examined than mean temperature, and
clarifies the roles of GHGs, aerosols, and ozone. From a policy perspective, our findings highlight that mitigation
strategies should simultaneously consider environmental benefits, such as air quality improvement, and climate
impacts. Note that this study assesses the dominant effects of individual climate forcers but does not account for
their interactions. For instance, aerosols can influence O3 chemistry through heterogeneous and multiphase re-
actions (Liao et al., 2004). The climate impacts of such interactions warrant further investigation.
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