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Abstract Understanding the contributions of anthropogenic climate forcings to heatwave intensification is
essential for evaluating mitigation strategies. While greenhouse gas influences on temperature extremes are well
established, the impacts of other anthropogenic forcings, particularly aerosols, remain inadequately
characterized. Here, we quantify the distinct contributions of greenhouse gases, anthropogenic aerosols, and
natural forcings to extreme heatwave metrics from the pre-industrial period. Globally, changes in the duration of
heatwave events and cumulative heat are +2.77 + 0.85 days and +1.76 + 0.31°C? attributed to greenhouse
gases, and —1.10 + 0.34 days and —0.85 + 0.14°C? due to anthropogenic aerosols, respectively, over the past
3 decades relative to pre-industrial levels. This indicates that aerosols substantially masked greenhouse gas
effects until the 1990s. Under current mitigation policies, declining aerosol emissions have exacerbated
heatwave intensification at rates of 4+1.07 + 0.32 days decade™" and 40.47 + 0.09°C? decade ™ for duration and
cumulative heat respectively, exceeding the intensification attributable to greenhouse gases alone. Heatwave
intensification has been driven primarily by reduced cloud cover and increased shortwave radiation resulting
from weakening aerosol forcing, especially in Central North America and Europe. However, the regional
climate changes driven by greenhouse gases and aerosols exhibit spatial heterogeneity, highlighting the
necessity for geographically targeted mitigation strategies.

Plain Language Summary The commitment of parties to the Paris Agreement includes efforts to
limit the increase in global temperature above pre-industrial levels. Understanding the contributions of human-
induced climate forcings to hot extremes is crucial for assessing our progress toward these goals. Until the
1990s, aerosols significantly masked the greenhouse gas effect, resulting in an acceleration of 1.07 £ 0.32 days
per decade and 0.47 + 0.09°C? per decade for heatwave duration and cumulative heat, respectively. These rates
exceed the increases driven solely by greenhouse gases. With the efforts of climate change mitigation policies,
inadvertent decreases in aerosols unmask their cooling effects and contribute to net warming, playing an
important role in regional heatwaves. These increases surpass the intensifications caused by anthropogenic
greenhouse gases alone. Central Northern America and Europe have experienced heatwave intensifications
driven by the reduction in cloud cover and increase in shortwave radiation induced by weakening anthropogenic
aerosols. However, the divergent contributions of greenhouse gases and aerosols to regional climate exhibit
spatial differences, highlighting the urgent need for targeted actions in key geographical regions.

1. Introduction

As one of the most impactful natural hazards, heatwaves have caused extensive detrimental impacts on eco-
systems and societies across the globe (Allen et al., 2015; Bras et al., 2021; Teuling et al., 2010; Wei, Han,
et al., 2023). Unlike individual hot days, heatwave events last over a span of days, significantly escalating risks of
wildfire and substantial morbidity and mortality (z&strbm et al., 2013; Guo et al., 2018; Lobell & Field, 2007;
Teuling, 2018; Westerling et al., 2006; Xu et al., 2016). Historically, heatwave and induced drought resulted in
€15 billion loss in Europe in 2003 while 32.8 billion CNY in the Yangtze River basin in 2022 summer (Tang
etal., 2023; Tripathy & Mishra, 2023). Particularly, the progressive intensification of extreme heatwaves imposes
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irreversible changes of ecosystem, pushing numerous organisms and ecosystems to the limits of resilience (Ciais
et al., 2005; Smale et al., 2019). Considerable efforts have gone into reaching the Paris Agreement goals to
constrain human influences on global temperature increases relative to pre-industrial levels (Schurer et al., 2017;
UNFCCC, 2015). Even so, anthropogenic emissions have caused ~1.0°C of warming in global mean temperature
in recent decades relative to the pre-industrial period (Barkhordarian, 2024; Diffenbaugh et al., 2017; Gillett
et al., 2021; Kim et al., 2016; Padrén et al., 2020). While the central role of greenhouse gases in increasing
temperature is well understood, only a few studies have focused on the influences of other anthropogenic forcings,
such as aerosols, on heatwaves and the global distribution of their net impacts.

Quantification of the impacts of human-induced climate forcings to extreme heatwaves is not straightforward,
particularly for anthropogenic aerosols. Generally, aerosols have a cooling effect through their interacting with
radiation and clouds, thus masking the total global warming (Bellouin et al., 2020; Meinshausen et al., 2009).
However, the magnitude of the aerosol impact is highly uncertain due to the complexity of aerosol composition
and their shorter lifecycles compared to greenhouse gases (Mhawish et al., 2022; Wild et al., 2005). While
greenhouse gases are generally well-mixed in the atmosphere, anthropogenic aerosols have more distinct
emission sources, which in combination with the short lifecycle results in high spatial heterogeneity across the
globe over the industrial era (Nair et al., 2023; Persad & Caldeira, 2018; Tan et al., 2023; Wang et al., 2024). The
aerosols distribute extensively in regions experienced heavy pollution and intensive human activities, which are
located with monsoon system (Li et al., 2016; Zhang et al., 2012). Under ongoing climate change mitigation
policies, reducing emissions will also decrease co-emitted aerosols, potentially demasking their cooling effects
and contributing to net warming, which is important for understanding the impacts of human actions on regional
environment and their implications for extreme events (Chemke & Yuval, 2023; Grant et al., 2021). For example,
combined effects of air pollution control measures and continued greenhouse gases emissions changed precip-
itation regimes from dipolar to monopolar in the high mountains of Asia (Jiang et al., 2023). However, with
international attention and cooperative solutions on targeting emissions, the consequence of global mitigation on
heatwave evolutions is little known. The combined impacts of reduced long-lived greenhouse gases and shorter-
lived anthropogenic aerosols on heatwaves in the industrial era remain unclear. While identifying the individual
anthropogenic forcing effects is challenging (Marvel et al., 2019; Padrén et al., 2020), state-of-the-art climate
models enable a global estimation of human-induced climate forcings to heatwaves from the pre-industrial period,
which is crucial for monitoring progress toward the Paris Agreement goals and understanding the sustainability of
current mitigation policies.

Here, we present a global assessment of the impacts of anthropogenic and natural forcings on changes in
multifaceted heatwave characteristics worldwide. We use four observational data sets and the Coupled Model
Intercomparison Project Phase 6 (CMIP6) climate model historical simulations to derive the modified excess heat
factor (EHF) as influenced by anthropogenic and natural forcings. The modified EHF framework analyzes
heatwave events from 1850 to 2021, considering both local heat anomalies and temperature thresholds. Heatwave
evolutions are initially analyzed using available observations. Further, the Detection and Attribution Model
Intercomparison Project (DAMIP) scenarios—greenhouse gases-only, anthropogenic aerosols-only and natural-
only—are used to assess each individual forcing contributions. Additionally, the impacts of human-induced
forcings on cloud and radiation changes are quantified for each anthropogenic forcing. Using 24 CMIP6
climate model ensemble members of four climate forcing scenarios, we quantify changes in extreme heatwave
duration and cumulative heat attributable to each anthropogenic and natural forcing since the pre-industrial era.
The SSP2-4.5 scenario for 2015-2020 is employed to merge with historical simulations (1850-2014) to ensure
consistency over the examined period (1850-2020). Our findings have significant implications for the devel-
opment of climate change mitigation policies and human interventions to address increasing heatwave risks in key
geographical regions.

2. Materials and Methods
2.1. Data

We use temperature data from ERAS (1940-2022), JRAS5 (1958-2022), MERRA?2 (1980-2022), and NCEP/
NCAR (1948-2022), which are first averaged to a daily scale. The examined period is as long as the availability of
each data set. The daily temperatures from historical simulations (1850-2014) of 24 climate model ensemble
members in the CMIP6 (Eyring et al., 2016) are also used, which include all anthropogenic forcings and natural
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forcings to reflect historical temperature variations. In order to explore the contributions of human-induced
emissions on heatwave changes, we utilize simulations from the DAMIP spanning 1850-2020. These include
historical runs driven solely by greenhouse gases (GHG-only), by anthropogenic aerosols (AA-only), and by
natural factors (NAT-only), which allow us to examine individual anthropogenic forcings of greenhouse gases
and anthropogenic aerosols (Gillett et al., 2016). In addition, we obtain daily temperatures from the ScenarioMIP
SSP2-4.5 simulations to extend CMIP6 historical simulations from 2014 to 2020. Each individual historical
CMIP6 simulations (1850-2014) was merged with SSP2-4.5 simulations for 2015-2020 to ensure consistency.
The SSP2-4.5 simulations have moderate level of greenhouse gas emissions and a broad range of SSP-based
integrated assessment models (Gillett et al., 2021; O'Neill et al., 2016). The 2020 endpoint enables compari-
sons between CMIP6 historical and DAMIP simulations, which is consistent with Tier 1 experiments of DAMIP
methodology (Gillett et al., 2016). The detailed information of each climate model can be found in Table S1 of
Supporting Information S1. Finally, for comparison with the consistent resolution at a global scale, observations
and simulations are regridded to a regular resolution of 1° X 1° using bilinear interpolation across all land areas.

2.2. Modified Heatwave Definition

The common heatwave definitions usually use a threshold of extreme temperature such as 90th or 95th percentile
of maximum and minimum temperatures to identify excessive heat during day and night (e.g., Fischer &
Schir, 2010; Mukherjee & Mishra, 2021; Russo et al., 2015; Sharma & Mujumdar, 2017; Wei et al., 2020, 2023b;
White et al., 2013; Zhu et al., 2022). However, daily temperatures have large differences across the globe affected
by latitude, topography, and climate zones, resulting in diverse heatwave definitions with specific study region or
purpose. Obviously, absolute temperature thresholds of heatwave are difficult to apply on a global scale. The
relative temperature thresholds reach their limit in cold regions, where people no longer experience statistically
hot extremes. Identifying the changes in heatwaves relative to the pre-industrial period at a global scale has been
hindered by the numerous ways. Here, we propose a comprehensive and consistent metric to establish a consensus
on the duration and cumulative heat of heatwave events. We initially utilize the excess heat factor (EHF) to
evaluate the excess heat and heat stress. The EHF considers both the thermal stress excessing the system's ca-
pacity and the impact of short-term heat exposure, offering a thorough assessment of heatwave characteristics
worldwide. Currently, the EHF has been extensively tested for reliably detecting heatwave events (Nairn
et al., 2018; Nairn & Fawcett, 2015; Perkins et al., 2012, 2015). However, in the high latitude regions such as
Greenland, no detrimental impact of statistically high temperatures can be expected, leading to an overestimation
of heatwaves based on such relative temperature criteria. Thus, we introduced a specific temperature threshold of
25°C into the relative temperature threshold framework of EHF to better investigate the heatwave characteristics
on a global scale. The EHF framework contains two parts: excess heat and heat stress. The excess heat (EHI;,)
measures unusual high heat over a 3-day period, arising from high daytime heat which cannot sufficiently
discharge overnight. For meteorological terms, the 3-day temperature is used to characterize the accumulated heat
load leading to excess heat. This average 3-day temperature is compared against the climate reference value to
express the long-term temperature anomaly:

EHlg, = (T; + Timy + Ti-3)/3 — Tios. 1)

(T; + Ti_y + Ti_)/3>25°C )

T; is daily temperature derived from climate model simulations and the average temperature from the four
observational data sets. The 95th percentile (T}os) is calculated for each day (i) with a 15-day window (from T;_,
to T;,7) centered on 7; for the period of data availability with 1940-2022, 1958-2022, 1980-2022 and 1948—

2022 for the ERAS, JRAS55, MERRA?2 and NCEP/NCAR, respectively.

The heat stress (EHI,) represents the 3-day temperature anomaly against the local acclimatization during the
recent past. The acclimatization of physical adaptation to hot temperatures usually takes 2—6 weeks since both
biological and engineered systems require an adaptive response (Nairn et al., 2013). In the EHF framework,
30 days is used as the required period for acclimatization:

EHl,oo = (T; + Timy + Ti22)/3 — (Tj=3 + -+ + T;_3,)/30, 3)
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(T, + Ty_y + Ti_y)/3>25°C 4)

The combined effect of excess heat and heat stress (EHF) is used to characterize hot extremes with respect to the
local climate:

EHF = EHL,;, x max(1,EHI,.), (5)

ig
Heatwave condition exists when the EHF is positive.

In our analysis, a heatwave event is detected with EHF > 0 for at least three consecutive days. Further, the
duration of heatwave events is identified as the total participating days in a heatwave event (Wei et al., 2020,
2023b). For climate model simulations, heatwave events are calculated for the extended summer during the period
1850-2020 (May—September in the Northern Hemisphere, November—March in the Southern Hemisphere). For
the observational data sets, it is calculated for the period of data availability with 1940-2022, 1958-2022, 1980—
2022 and 1948-2022 for the ERAS, JRASS5, MERRA?2 and NCEP/NCAR, respectively.

The heatwave events are first calculated at each grid box level. For a regional scale, we selected the regions used
in the IPCC Assessment Report SREX regions. Heatwave characteristics are spatially averaged according to each
SREX region. By introducing the specific absolute temperature in the EHF calculation framework, the statistical
heat extremes in cold regions are filtered. For example, the heatwave events in the Alaska, Greenland, Tibetan
Plateau, and West Coast South America are eliminated using the new EHF method.

2.3. Cumulative Heat of Heatwave Events

The cumulative heat describes the extra heat load during heatwave events, which is affected by the duration and
intensity of a heatwave event. The cumulative heat exposure (heat,,;,) expresses total EHF values of heatwaves
based on the calculation framework of EHF:

heatey, = Y EHF (6)

where n is the duration of a heatwave event. The calculation framework of EHF is consistent with the modified
heatwave definition section. For each grid box, we calculate the averaged cumulative heat (HWC) during a
heatwave event:

HWC = heat,,, /HWD 7

where HWD is the total days of a heatwave event.

Unlike the duration of heatwaves, the cumulative heat provides the assessment of heat anomaly exceeding
extreme thresholds, which can avoid overestimation of inflating heat exposure by summing absolute temperature
anomalies during heatwaves. We calculated average cumulative heat as excess heat during heatwaves to better
assess the sustained heat anomalies exceeding local thresholds. High-HWC values indicate severe impacts that
arise from the averaged cumulative heat of a heatwave event.

2.4. Statistical Analysis

Decadal trends are calculated using Sen's Kendal slope method for each land grid cell, with the confidence level of
95%. Decadal trends are firstly calculated for the entire study period of 1851-2019. Compared to the pre-
industrial period, the evolutions of heatwave duration and cumulative heat show significant shifts in recent de-
cades. This indicates that trends of the entire study period cannot describe real changes across different stages
form the pre-industrial period. Therefore, we examine the changes in decadal trends by commencing each year
from 1851 to 1990, that is, the decadal trends are calculated from 1851-2019 to 1990-2019 with the 1-year
moving window. The commencing year ends in 1990 to make the study period at least of 30 years, since a
robust assessment of heatwave changes is recommended using a period of 3—4 decades for averaging temperature
trends (Marotzke & Forster, 2015; Perkins & Lewis, 2020). Decadal trends are also calculated at each land grid
cell and spatially averaged according to the IPCC SREX regions at a regional scale.
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Figure 1. Changes in observed heatwave characteristics during the historical period. (a) Time series of the duration (days) in extreme heatwave events calculated from
ERAS, JRA55, MERRA?2 and NCEP/NCAR data sets, respectively. The probability distributions of the heatwave duration from these four data sets are shown in the
upper left panel. (b) Global pattern of the duration in extreme heatwave events during recent decades (2002-2021). Heatwave characteristics are identified at each grid
cell for each data set and are then averaged with consideration of the weights of grid areas. (c) Average latitudinal changes of the duration in extreme heatwave events.
The solid black line shows the mean value of the four data sets. (d—f) Same as (a—c) but for the daily average cumulative heat ©Cc?» during the extreme heatwave events.

We extend the PR framework to assess changes in heatwave trends. We analyze the heat risks in the past decades
(1990-2019) through the calculation of the probability ratios (PR) of the heatwave trend using the duration and
cumulative heat of heatwave events from the historical observations, historical GHG-only, and AA-only simu-
lations. The PR metric is referred to as a risk ratio in previous studies (Stott et al., 2004; Thiery et al., 2020; van
der Wiel & Bintanja, 2021; Zhang et al., 2023). Here, we use PR metric to examine the risk ratio of anthropogenic
forcings compared to observational heatwave changes, which can provide common understanding of the impacts
of the greenhouse gases, anthropogenic aerosols on heatwave intensification. All PR values are calculated at each
land grid cell and are spatially averaged over the [PCC SREX regions.

The PR of each grid box is defined as:

PR = Phist—ANT ®)
P hist—obs

where Py _ ant represents the probability of the heatwave duration and the cumulative heat occurring in the
GHG-only and AA-only simulations, respectively. Py —obs Tepresents the probability of heatwave duration and
cumulative heat from the observations.

3. Results
3.1. Evolution of Extreme Heatwaves

Definitions of heatwave events in existing literature are inconsistent due to significant temperature variations
across the globe. In this study, we identify extreme heatwave events based on a modified EHF framework. Global
evolutions of heatwave duration and cumulative heat calculated using different daily temperature data sets are
shown in Figure 1. The heatwave duration indicates the number of extreme hot days during a heatwave event,
while the cumulative heat reflects the heat exposure associated with the heatwave intensity. Thus, the modified
EHF framework provides more comprehensive information than traditional heatwave metrics. Significant in-
creases in these heatwave characteristics are detected in all data sets (ERAS, JRAS55, MERRA2 and NCEP/
NCAR) with high consistency (Figures la and 1d). However, the heatwave duration calculated from NCEP/
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Figure 2. Global shifts in heatwave characteristics from the historical, greenhouse gas-only, anthropogenic aerosol-only, and natural-only simulations. (a) Spatial
patterns of the difference in the duration of heatwave events between recent 3 decades (1990-2019) and pre-industrial period (1851-1880) from CMIP6 historical
simulations. (b) Same as a but for the daily average cumulative heat during the extreme heatwave events. The IPCC SREX regions are indicated. (c, d) Differences in the
duration and daily average cumulative heat between the 1990-2019 and 1851-1880 are averaged with consideration of the weights of grid areas under historical,
greenhouse gas-only, anthropogenic aerosol-only, and natural-only conditions. Error bars indicate the standard deviation of 24 climate model ensembles. (e, f) spatial
patterns of the differences between the 1990-2019 and 1851-1880 in the extreme heatwave duration under greenhouse gas-only, anthropogenic aerosol-only, and
natural-only forcings. (h—j), same as (e, f) but for the daily average cumulative heat during the extreme heatwave events. Dotted regions indicate the differences are
significant at 0.05 statistical significance level.

NCAR is slightly lower than in other data sets. In recent decades, the heatwave duration and cumulative heat
exhibit heterogeneous patterns. Longer heatwaves are observed in Europe, northern Africa, southern North
America, eastern South America and Australia (Figure 1b). The heatwave duration is longer in the mid-latitudes
of the Northern Hemisphere compared to the Southern Hemisphere (Figure 1c). On the other hand, the global
cumulative heat of heatwave events has significantly increased, particularly in the mid-latitudes such as northern
Asia, southern South America and southern Australia (Figure 1e). The peak value of cumulative heat is found in
higher latitudinal regions than the heatwave duration. For example, although eastern Australia experiences longer
heatwaves, the heat exposure is more severe in southern Australia (Figures le and 1f). These results indicate that
the areas vulnerable to intense heatwaves differ from those exposed to longer heatwaves. The anthropogenic
factors driving these intensifications and their geographical patterns require further investigation.

3.2. Contributions of Human-Induced Climate Change

We first analyze the global increases in heatwave duration and cumulative heat calculated from CMIP6 his-
torical simulations. The historical simulations (1850-2014) are merged with SSP2-4.5 simulations (2015-2020)
to ensure consistency with the simulations from the DAMIP scenarios. Globally, the duration of heatwave
events in the past 3 decades (1990-2019) has increased by a factor of 5.12 compared to the pre-industrial period
(1851-1880), with significant distribution in mid-lower latitude regions (Figures 2a and 2c). Compared to the
pre-industrial period, the cumulative heat has increased by a factor of 1.76 times distributed extensively in mid-
latitude regions (Figures 2b and 2d). Overall, heatwave changes driven by greenhouse gas-only (GHG-only)
and anthropogenic aerosol-only (AA-only) forcings show opposite trends, while natural climate forcings (NAT-
only) have negligible contributions to the heatwave intensification (Figure 2 and Figure S1 in Supporting
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Information S1). Compared to the pre-industrial period, greenhouse gas simulations show positive impacts on
heatwave duration and cumulative heat, with increases of +2.77 + 0.85 days and +1.76 + 0.31°C? respec-
tively. In contrary, anthropogenic aerosol simulations show decreases in these heatwave characteristics, with
reductions of —1.10 + 0.34 days and —0.85 + 0.14°C?, respectively. The increase ratios of heatwave duration
and cumulative heat driven by GHG-only forcing are 1.71 and 2.30 compared to historical simulations, while
the decrease ratios driven by AA-only forcing are —0.68 and —1.11. These results indicate that the cooling
effects of anthropogenic aerosols have a greater influence on heatwave intensity rather than duration.
Furthermore, spatial distributions of the differences in these heatwave characteristics between 1990—2019 and
18511880 indicate that contributions of individual anthropogenic forcings to cumulative heat exhibit sig-
nificant global heterogeneity.

Except for regions where the average 3-day temperature falls below 25°C, such as CGI, ALA, TIB and WSA,
other regions, including Africa and South America, experience longer heatwave events, while North America
and Europe endure stronger heatwaves. Asia experiences both longer and stronger heatwaves. We further
analyze regional changes using the IPCC Assessment Report: Special Report on Managing the Risks of
Extreme Events and Disasters to Advance Climate Change Adaptation (SREX) regions (Table S2 in Supporting
Information S1). On regional scales, the impacts of greenhouse gases and anthropogenic aerosols show sig-
nificant differences in heatwave properties. For instance, enhanced increases in heatwave duration driven by
GHG-only forcing are larger in AMZ and NEB, while its effects on cumulative heat are strongest in SSA
(Figures S2 and S3 in Supporting Information S1). A similar signal is observed in SAU and CEU. The
mitigated effects of anthropogenic aerosols also show significant regional differences. While anthropogenic
aerosols have a greater impact on reducing cumulative heat rather than heatwave duration in CEU, they have
equivalent influences on both in MED. Overall, the impacts of greenhouse gases dominate the intensification of
heatwave duration at a regional scale, while the cooling effects of anthropogenic aerosols on cumulative heat
are more influential in Europe, Asia, and North America. With significant efforts in global emission reduction,
whether decreases in co-emitted aerosols contribute to heatwave intensification requires further investigation.

3.3. Diminishing Influence of Reduced Anthropogenic Aerosols on Heatwaves

We examine how trends in heatwave duration and cumulative heat have evolved since the pre-industrial period.
For cumulative heat, the historical decadal trend shows evident acceleration during the industrial era. Globally,
the increase rate of the cumulative heat in historical simulations is lower than under GHG-only conditions.
However, the accelerations in historical simulations exceed those from GHG-only forcings after the 1970s
(Figure 3a). This feature is also observed in the duration of heatwave events (Figure S4a in Supporting In-
formation S1). Meanwhile, the decadal trends under AA-only conditions shift from negative to positive values
after the 1970s, indicating a gradually diminishing negative effect of anthropogenic aerosols. Regionally, the
increasing trends of cumulative heat in CNA, ENA, CEU, and CAS are much faster in recent decades,
exceeding those under GHG-only conditions (Figure 3b). Trends under AA-only conditions in these regions
show a shift toward positive effects. In comparison, heatwave duration shows a faster increase in AMZ and
NEB (Figure S4 in Supporting Information S1). These results indicate that the combined anthropogenic in-
fluence on heatwaves lead to accelerated intensification, exceeding the rate of greenhouse gas-only forcings.
Although a deceleration in heatwave trends is seen under GHG-only conditions, the weakening effects of
anthropogenic aerosols contribute to the persistent acceleration of heatwaves on both global and regional scales.
From the pre-industrial period, historical heatwave duration trends continuously accelerate and exceed those
under GHG-only conditions (Figures S5a and S5d in Supporting Information S1). In comparison. NAT-only
simulations show a few changes in heatwave duration trends (Figures S5e and S5f in Supporting Informa-
tion S1). The weakening effects of anthropogenic aerosols are evident, however, regions like North America,
Europe, and North Africa shift to the intensification from the 1990s onward (Figures S5g and S5h in Supporting
Information S1). Changes in cumulative heat are more significant with divergent evolutions in GHG-only and
AA-only conditions (Figure S6 in Supporting Information S1). In recent decades, heatwave trends driven by
greenhouse gas forcing show extensive deceleration, while the shift in trends from anthropogenic aerosol
simulations are more concentrated in the mid-latitudes in the Northern Hemisphere (Figures S6d and S6h in
Supporting Information S1). This suggests that the combined effects of human-induced climate changes on
heatwaves have significant regional discrepancy.
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Figure 3. Evolution of decadal trends in the daily average cumulative heat in extreme heatwave events. (a) Global mean
trends of the daily average cumulative heat driven by historical, greenhouse gas-only and anthropogenic aerosol-only
forcings, commencing from 1851 to 1990. The boxes indicate the multi-model mean trends with an interval of 20 years from
1870. The colored dots indicate each climate model values. All trends truncate in 2019. (b) Decadal trends in the daily
average cumulative heat under the historical condition. (c) Same as (b) but for the anthropogenic aerosol-only condition.
(d) Same as (b) but for the greenhouse gas-only condition. Decadal trends are identified at each grid cell for each ensemble
and then averaged over the IPCC SREX regions.

We further examine changes in heatwave characteristics driven by anthropogenic forcings at regional scales using
Probability Ratio (PR) framework. The PR of cumulative heat and heatwave durations is calculated at the grid cell
level and then averaged over [IPCC SREX regions. The cumulative heat trends under GHG-only and AA-only
conditions show inter-regional variability relative to historical forcings (Figure 4). From the pre-industrial
period, cumulative heat trends under GHG-only forcing are faster than historical forcing in most regions, indi-
cating a dominant role of greenhouse gases in intensifying heat risks. However, there is a rapid reduction,
decreasing to less than 1 after the 1970s in boreal regions, especially in CEU and EAS. The weakening effects of
anthropogenic aerosol also show a large reduction, approaching no changes after the 1970s. In CNA, ENA, MED,
CEU and CAS, it shifts from negative to positive values, contributing to cumulative heat intensification with
greenhouse gas forcings. In contrast, the anthropogenic aerosols have a cooling effect in SAU, but the trends
driven by greenhouse gases are intensifying faster than historical conditions until recent decades. For the duration
of heatwave events, the trend ratio of AA-only conditions relative to historical conditions is much smaller than
those of GHG-only conditions, indicating that anthropogenic aerosols have little impact on heatwave duration in
most regions (Figure S7 in Supporting Information S1). In recent decades, the trend ratio attributable to green-
house gases alone has declined to approximately unity, maintaining a parallel rate of increase relative to historical
baseline conditions. These findings demonstrate that greenhouse gases primarily drive the prolongation of
heatwave duration, whereas anthropogenic aerosols exert a more pronounced influence on the cumulative thermal
intensity during heatwave episodes. The accelerated reduction in the mitigating effects of anthropogenic aerosols
has resulted in the intensification of regional heatwave events. The combined influence of individual anthro-
pogenic forcing agents and the regional equilibrium between greenhouse gas warming and aerosol cooling
collectively modulate heatwave dynamics since the pre-industrial era.
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Figure 4. Probability Ratio (PR) of the daily average cumulative heat trend for greenhouse gas-only (GHG-only) and anthropogenic aerosol-only (AA-only) conditions.
Values above 1 indicate accelerated intensification in daily average cumulative heat and values below 1 indicate retardatory changes. Negative values indicate
diminution in daily average cumulative heat of heatwave events. The attributable changes in the trend of daily average cumulative heat under GHG-only and AA-only
conditions relative to historical simulations are indicated with yellow and blue histograms, respectively. PR,,., 4 is identified at each grid cell and then are averaged over

the IPCC SREX regions.

4. Discussion and Summary

Using CMIP6 historical simulations along with the DAMIP and ScenarioMIP SSP2-4.5 scenarios, we provide a
global assessment of the impacts of human-induced climate change on the duration and cumulative heat of
extreme heatwaves since the pre-industrial period. Compared to the pre-industrial period (pre-1880s), the
intensification of heatwave duration and cumulative heat in the last 3 decades (post-1990s) has increased by
factors 5.12 and 1.76 times, respectively. The contributions of individual anthropogenic and natural forcings to
heatwave evolutions are assessed using GHG-only, AA-only, and NAT-only simulations. Globally, heatwave
duration and cumulative heat driven by GHG-only forcings increased by +2.77 + 0.85 (days) and +1.76 = 0.31 (°
C?) during 1990-2019 relative to 1851-1880, while AA-only forcings showed decreases of —1.10 + 0.34 (days)
and —0.85 + 0.14 (°C?). Previous attribution studies have used model simulations to examine the contributions of
anthropogenic climate change to global mean temperature (Easterling et al., 2016; Fischer & Knutti, 2014, 2015;
Wang et al., 2020). These studies have shown that temperature changes ranging from 1.2 to 1.9°C can be
attributed to greenhouse gases, while aerosols have contributed to changes between —0.7 and 0.1°C, respectively,
when comparing the periods of 2010-2019 to 1850-1990. In this study, the positive effects of greenhouse gases
on heatwave duration are more than twice the weakening effects of anthropogenic aerosols, while anthropogenic
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aerosols are more influential on cumulative heat than heatwave duration. For NAT-only forcings, minimal im-
pacts are observed on heatwave duration and heat anomalies, indicating a consistently negligible contribution
from NAT-only simulations to temperature changes (Gillett et al., 2021). Importantly, acceleration in heatwave
intensification during past decades has exceeded those driven by greenhouse gases. Although the impacts of
greenhouse gases on heatwave increases are diminishing, the declining influence of anthropogenic aerosols,
which now even tend to exacerbate heatwaves, contributes to the acceleration in extreme heat events. By
examining the evolution of heatwaves under individual anthropogenic forcings, we demonstrate how historical
shifts in heatwave characteristics are contingent upon regional balances between the effects of anthropogenic
greenhouse gases and aerosols.

Since the establishment of the IPCC, the development of emission reduction policies aims to limit the impacts of
anthropogenic activities on global climate change. From the UNFCCC in 1992 to the Paris Agreement's target in
2015, the emission reduction development shifts from unilateral action by developed countries to universal global
participation, systematically advancing global progress toward carbon neutrality objectives. During the 21st
Conference of UNFCCC in Paris, the Paris Agreement was established to enhance the global response to the
climate change threat, promoting sustainable development (UNFCCC, 2015). Recent studies have demonstrated
that meeting the Paris Agreement targets for global greenhouse gas emissions alone is inadequate to mitigate
climate risks, highlighting the need for more immediate and substantial emission reductions (Schleussner
et al., 2024). Monthly spatial patterns show that aerosols distribute more extensively and concentrate in extended
summer seasons. Globally, the aerosols have a higher concentration in Africa, western and southern Asia and
Eastern Asia. During recent 2 decades, the aerosols show decreases in Europe, North America, East Africa and
Australia and SEA (Figures S8 and S9 in Supporting Information S1). These regions not only experienced sig-
nificant increases in extreme heatwaves but also shifted effects of diminishing aerosols on heatwaves. Meanwhile,
significant decreasing trends of aerosols exhibits in ALA, CEU, CNA, ENA, MED, NAS and NEU, which
dominated the evolution of regional aerosol variations (Figure S10 in Supporting Information S1). The decreases
in regional aerosol further aggravate the intensification of extreme heatwaves. However, decreases in co-emitted
cooling aerosols inadvertently exacerbate the cumulative heat of extreme heatwaves. For instance, reducing
anthropogenic aerosols will lead to greater increases in wildfire activity in the Northern Hemisphere boreal forests
compared to scenarios without climate policy and significant rises in greenhouse gases (Allen et al., 2024). In this
study, affected by the declining effects of anthropogenic aerosols, the decadal trends in heatwave duration and
cumulative heat driven by historical forcings show 1.07 £ 0.32 (days) decade™! and 0.47 + 0.09 (°C2) decade™' in
the last 3 decades (1990-2019), exceeding those of greenhouse gas simulations of 0.83 =+ 0.35 (days) decade™"
and 0.28 + 0.09 (°C?) decade ™, respectively. PR analyses suggest that CNA, ENA and CEU have higher risks of
heat exposure during heatwave events. Conversely, the opposite effects of anthropogenic aerosols in NAU and
SAU have persisted in recent decades.

We further investigate the underlying mechanism of human-induced forcings driven by changes of anthropogenic
aerosols. Changes in total cloud cover percentage show that AA-induced cloud cover decreased in recent decades
in CNA, CEU, and NAU (Figures 5a and 5b), which further increased surface shortwave radiation in these regions
(Figures 6a and 6b). These results demonstrated the weakening effects of aerosols on regional heatwave inten-
sification. Decadal trends in cloud cover driven by AA-only conditions show accelerated reduction in CNA and
CEU after global climate policy (Figures 5c and 5d), along with the accelerated increase in surface shortwave
radiation. Although weakening effects of AA are also exhibited in MED and CAS, changes in cloud cover in these
regions are dominated by the GHG-only forcing (Figures 5e and 5f), which also dominate the cloud changes in
NAU and SAU, further intensifying regional heatwaves (Figures 5g and 5h). These physical mechanism analyses
indicate that CNA and CEU will experience sustained cloud cover decrease and shortwave flux increases, leading
to higher risks of heat exposure with current climate policy.

Anthropogenic contributions to regional heatwaves have been confirmed worldwide (Bercos-Hickey
et al., 2022; Faranda et al., 2023), prompting more studies to investigate the role of human-induced climate
change in amplifying heatwave intensification or temperature increase (Luo et al., 2024; Mukherjee
et al., 2022). While the significant influence of greenhouse gases on temperature increases is acknowledged, the
second largest climate forcing factor, aerosols, which have crucial impacts on climate over the industrial era,
have received little attention under current climate mitigation policies. Our study provides a comprehensive
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Figure 5. Total cloud cover changes driven by the anthropogenic conditions. (a) Global patterns of differences in the cloud
cover (May—Sep) between the 1990-2019 and pre-three decades; (b) same as (a) but for the warm spell of Southern
Hemisphere (Nov—Mar); (c¢) Decadal trends of the cloud cover in central North America (CNA) driven by the AA-only and
GHG-only forcings; (d) same as (c) but for central Europe (CEU); (e) same as (c) but for south Europe/Mediterranean
(MED); (f) same as (c) but for central Asia (CAS); (g) same as (c) but for north Australia (NAU); (h) same as (c) but for
Newland/south Australis (SAU). All trends are calculated with a 30-year window from 1851 to 2019. The x-axis denotes the
15th year of each window.

assessment of the impacts of anthropogenic greenhouse gases and aerosols on heatwave evolutions at global
and regional scales. Exploring heatwave changes from the pre-industrial period rather than recent warming
decades is useful in advancing our understanding of human contributions to observed heatwave intensification.
Compared with natural forcings, anthropogenic forcings exhibit significant but divergent impacts on heatwave
intensification across the globe. The impacts of greenhouse gases contribute more to heatwave duration than
cumulative heat, while anthropogenic aerosols are more influential in reducing the cumulative heat of heatwave
events. Importantly, the well-known aggravated effects of greenhouse gases show deceleration at both global
and regional scales. On the other hand, the cooling effects of anthropogenic aerosols show rapid weakening and
even shift to positive effects in SREX regions. Global emission reduction efforts regarding the goals of the
Paris Agreement aim to decline long-term climate risks, however, the consequence of mitigation inadvertently
reverses the intended goals, which have large spatial heterogeneity. Our study provides a global-scale
assessment of how diminished aerosol cooling unveils previously concealed warming trends, driving heat-
wave intensification and necessitating integrated risk management frameworks for vulnerable infrastructure and
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Figure 6. Surface shortwave radiation changes driven by the anthropogenic conditions. (a) Global patterns of differences in
the surface shortwave radiation (May—Sep) between the 1990-2019 and pre-three decades; (b), same as (a) but for the warm
spell of Southern Hemisphere (Nov—Mar); (c), decadal trends of the surface shortwave radiation in central North America
(CNA) driven by the AA-only and GHG-only forcings; (d), same as (c) but for central Europe (CEU); (e), same as (c) but for
south Europe/Mediterranean (MED); (f) same as (c) but for central Asia (CAS); (g) same as (c) but for north Australia
(NAU); (h) same as (c) but for Newland/south Australis (SAU). All trends are calculated with a 30-year window from 1851
to 2019. The x-axis denotes the 15th year of each window.
population systems across diverse geographical contexts. Given the devastating impacts of extreme heatwave
on human health and ecosystem sustainability, it is imperative to understand the limitation of implementation
and interventions of global climate policies.
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