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Abstract17

18

Record-breaking heat extremes are becoming more likely due to anthropogenic climate19

change, with their probability depending on the regional warming rate. Anthropogenic20

aerosol forcing modulates these warming rates, and aerosols are declining globally.21

However, the influence of aerosols on the probability of record-breaking heat extremes22

remains unclear. Here, we assess how aerosol trends alter record-breaking heat23

probabilities by combining idealized simulations, CESM2 large ensemble and single-forcing24

large ensemble simulations, Regional Aerosol Model Intercomparison Project (RAMIP)25

future aerosol scenarios, and ERA5/MERRA-2 reanalysis data. Reanalysis data provide26

empirical evidence for a link between changes in aerosol concentrations and27

record-breaking heat extremes. There is a statistically significant correlation between28

changes in sulfate aerosol optical depth (SO4AOD) and record occurrence after accounting29

for latitudinal differences in record probability, with a 0.5 percentage points increase in30

annual record-breaking probability for every 10% decrease in SO4AOD. For context, the31

global land-mean annual record-breaking probability during 2010–2025 is 6.7%. Consistent32

with this empirical relationship, idealized simulations show that increased warming rates33

can lead to higher record-breaking probabilities, with a lagged response. In CESM2,34

present-day record-breaking probabilities are amplified relative to GHG-only across most35

of the world, e.g. by 67% in Central Europe where aerosol forcing declines, whereas they36

are damped by 47% in South Asia where aerosol forcing increases. RAMIP simulations37

show that aerosol reductions would increase record-breaking probabilities, especially in38

regions with high remaining aerosol concentrations. For example, reducing global39

anthropogenic aerosol emissions from SSP3-7.0 to SSP1-2.6 results in an annual40

record-breaking heat probability of 11.4% instead of 6.7% in parts of South Asia in the41

2040s. These results show that regional aerosol trends can substantially modulate42

record-breaking heat extremes by altering regional warming rates. Aerosol reductions can43

therefore temporarily amplify record-breaking heat probabilities, although greenhouse gas44

forcing remains the dominant driver of long-term increases.45

1 Introduction46

Heat extremes are becoming more frequent and more intense due to anthropogenic climate change47

(Perkins-Kirkpatrick & Lewis 2020, Seneviratne et al. 2021, Engdaw et al. 2023), increasing the48

probability of new heat records (Rahmstorf & Coumou 2011, Fischer et al. 2025). Record-breaking49

heat extremes can have strong impacts on societies because communities are adapted to their local50

climate (Tob́ıas et al. 2021). Thus, communities are often not prepared for events outside their51

previous experience, resulting in higher vulnerability and therefore higher impacts (Thompson52
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et al. 2023). Heat-related excess deaths increase non-linearly with rising temperatures above the53

optimal temperature (Gasparrini et al. 2015). Looking at record-breaking heat extremes locally54

helps to take local adaptation into account because records are defined relative to past climate55

conditions at the local level. Still, the impacts of locally defined records can differ strongly between56

regions, depending on absolute temperature and humidity (Mora et al. 2017).57

The annual probability of record-breaking heat extremes depends on the warming rate (Wergen58

& Krug 2010, Fischer et al. 2025). The higher the warming rate, the higher the probability of a59

record-breaking extreme. In a stationary climate without warming, the probability of new records60

declines as the time series gets longer and approaches zero for long time series. For a positive61

warming rate, the annual record-breaking probability converges to a constant that depends on the62

warming rate and internal variability (Wergen & Krug 2010, Rahmstorf & Coumou 2011). Due to63

greenhouse gas (GHG)-induced global warming, the warming rate has been positive in recent64

decades (Gulev, S. K. et al. 2021, Forster et al. 2025). However, regional warming rates are not65

only determined by GHG-induced global warming but can also be modulated by regional forcings66

such as aerosols.67

Aerosols are small liquid or solid particles in the atmosphere that can originate naturally, e.g.68

from sea salt and dust, or from anthropogenic emissions, e.g. sulfate and black carbon. On average,69

anthropogenic aerosol forcing is negative with an effective radiative forcing of −1.6 to −0.6Wm−2
70

(Bellouin et al. 2020), leading to surface cooling, especially due to sulfate aerosols (Kalisoras et al.71

2024). Therefore, a reduction in aerosol concentrations decreases the negative forcing, resulting in72

surface warming. Anthropogenic aerosol emissions have changed dramatically over the past 10073

years. Globally, negative aerosol forcing peaked in the 1980s (Bauer et al. 2022). Since at least74

2000, aerosol forcing has become less negative, partly unmasking GHG-induced global warming75

(Quaas et al. 2022). Because aerosols typically remain in the troposphere for only up to a few days,76

their direct climate effects are mostly regional. Globally, aerosol effects are spatially heterogeneous77

because regional aerosol forcing can also induce large remote responses. There are regionally78

different trends in aerosol emissions and concentrations. Anthropogenic aerosol emissions were79

strongest in North America and Europe in the late 1970s/1980s (Marmer et al. 2007, Leibensperger80

et al. 2012, Bauer et al. 2022). Afterwards, they decreased rapidly in those regions while they81

increased in regions such as South Asia and East Asia (Wang et al. 2015). While emissions started82

to decrease in East Asia in the early 2010s (Van Der A et al. 2017), they are still increasing in83

South Asia (Samset et al. 2019). Regions with high levels of air pollution may pursue efforts to84

improve air quality in the near future, similar to the reductions that began in the US and Europe85

in the late 1970s/1980s and in China in the early 2010s. Such reductions would improve air quality86

in regions with currently high air pollution, e.g. South Asia, but would also reduce aerosol-induced87

cooling and thereby unmask part of the GHG-induced warming. Aerosols also show a clear88

influence on simulated heat extremes. Aerosol reductions can affect extreme temperatures89

particularly strongly (Samset et al. 2018), including through both local and remote responses to90

aerosol changes (Westervelt et al. 2020). Aerosol reductions could also increase the regional91

warming rate. The potentially increased warming rate could then result in a higher probability of92

record-breaking heat extremes.93

Studies have shown that a higher warming rate leads to more record-breaking heat extremes94

(Wergen & Krug 2010, Rahmstorf & Coumou 2011, Fischer et al. 2025) and that reductions in95

aerosol emissions lead to stronger warming (Hodnebrog et al. 2024, Persad et al. 2025, Samset96

et al. 2025). Yet, it remains unclear (1) whether the effect of changing aerosol concentrations had a97

significant and detectable effect on observed heat records, and (2) to what extent this98

aerosol-induced warming amplification may increase the probability of record-breaking heat99

extremes in the present and near future. In this work, we evaluate whether aerosol reductions lead100

to a higher probability of record-breaking heat extremes. To do that, we use idealized simulations,101

single-forcing large ensemble simulations, future regional aerosol scenario simulations, and102

reanalysis data.103

2 Data and Methods104

2.1 Data105

2.1.1 Idealized simulations First, we created an artificial dataset following idealized forcing106

scenarios. We generated k = 1000 000 simulations of length n = 200 years, covering 1850–2050,107

that follow a non-stationary Generalized Extreme Value (GEV) distribution with typical and108

non-varying scale (σ = 1.25) and shape (ξ = −0.23) parameter values for a mid-latitude region.109

The location parameter shifts according to the different forced responses in the scenarios. The110

scenarios are constant forcing; linear forcing with a 0.5◦C increase per decade; constant-then-linear111
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forcing with constant forcing until 2000 and linear forcing afterwards; linear-then-constant forcing112

with linear forcing until 2000 and constant forcing afterwards; and trend reversal, which resembles a113

simplified European forcing trajectory with constant forcing until 1950, followed by negative linear114

forcing until 1980 and stronger positive linear forcing afterwards (see Figure 1a). The trend reversal115

and constant-then-linear scenarios are designed to reach the same absolute warming in 2050.116

2.1.2 CESM2 large ensemble and single-forcing large ensemble In the second part of our117

analysis, we used the Community Earth System Model 2 (CESM2) large ensemble (LE) (Rodgers118

et al. 2021) and single-forcing large ensemble (SFLE) (Simpson et al. 2023) simulations. The LE119

simulations consist of 100 ensemble members running from 1850 to 2100. They follow historical120

forcings until 2014 and the Shared Socioeconomic Pathway SSP3-7.0 from 2015 onward. The121

SSP3-7.0 scenario is characterized by relatively high aerosol loads compared to the other SSPs122

(Lund et al. 2019). Therefore, the total cooling effect of aerosols is greater than in the other SSPs123

and shows almost no trend in the first half of the 21st century, whereas in the other scenarios, there124

is a moderate to strong reducing trend. Given recent global reductions in aerosol concentrations, a125

reducing trend in the first half of the 21st century seems to be more realistic than no trend (Wang126

et al. 2021). In the CESM2 SFLE, the simulations run from 1850 to 2050 and follow SSP3-7.0 from127

2015 onward. In the SFLE, each experiment simulates changes in only one forcing, while all other128

forcings are kept constant at pre-industrial levels. In our analysis, we used the greenhouse gas129

(GHG)-only (15 ensemble members), anthropogenic aerosol (AER)-only (20 ensemble members),130

biomass burning (BMB)-only (15 ensemble members), and the so-called ‘everything-else’ (EE; 15131

ensemble members) simulations. We analyzed CESM2 heat extremes globally at the grid-cell level132

and additionally for selected land regions of interest. The regions are Central Europe (CEU;133

48◦–55◦N, 2◦–16◦E), the Yangtze-Huaihe River Basin in East China (EAC; 26◦–34◦N,134

110◦–122◦E), and the Eastern Indo-Gangetic Plain in South Asia (IGP; 20◦–27◦N, 80◦–90◦E), as135

examples of regions with diverging aerosol trends. The results are similar for larger regions,136

suggesting that the conclusions do not depend strongly on the exact box size.137

2.1.3 ERA5 and MERRA-2 reanalysis data We used reanalysis data to evaluate the link138

between changes in aerosol concentrations and the annual record-breaking heat probabilities. The139

temperature data were derived from ERA5 for 1940–2025. As an indicator of changes in140

anthropogenic aerosols, we used sulfate aerosol optical depth (SO4AOD) from the Modern-Era141

Retrospective analysis for Research and Applications, Version 2 (MERRA-2) for 1980–2025. In142

MERRA-2, aerosols are simulated with the GEOS-5/GOCART aerosol module and constrained by143

assimilating bias-corrected AOD from MODIS, AVHRR, and MISR satellite measurements, as well144

as ground-based AERONET measurements (Randles et al. 2017). We focused on SO4AOD instead145

of total AOD because it better isolates anthropogenic sulfate aerosol trends from variability in146

other aerosol types.147

2.1.4 RAMIP simulations To evaluate the effects of future aerosol trends on the annual148

probability of record-breaking heat extremes in more detail, we used simulations from the Regional149

Aerosol Model Intercomparison Project (RAMIP; Wilcox et al. (2023)). In these simulations, which150

run from 2015 to 2050, all forcings except anthropogenic aerosol emissions follow the SSP3-7.0151

scenario. Aerosol emissions follow the SSP1-2.6 scenario either globally (SSP370-126aer) or152

regionally. In the SSP1-2.6 scenario, aerosol concentrations decrease more rapidly globally than in153

the SSP3-7.0 scenario (Rao et al. 2017, Lund et al. 2019, Wilcox et al. 2023). SSP3-7.0 shows the154

highest anthropogenic aerosol emissions, whereas SSP1-2.6 shows a rapid decline. The contrast155

between SSP3-7.0 and SSP1-2.6 could therefore be interpreted as a range of possible future aerosol156

emissions mitigation pathways. In the regional scenarios, aerosol emissions follow SSP1-2.6 in157

North America and Europe (SSP370-NAE126aer), East Asia (SSP370-EAS126aer), South Asia158

(SSP370-SAS126aer), or Africa and the Middle East (SSP370-AFR126aer), and SSP3-7.0159

everywhere else. Here, we focused on SSP370-126aer, SSP370-NAE126aer, SSP370-EAS126aer, and160

SSP370-SAS126aer. Comparing the aerosol scenario simulations to the SSP3-7.0 reference scenario161

isolates the influence of changes in anthropogenic aerosol levels. SSP370-126aer and the regional162

perturbations SSP370-EAS126aer, SSP370-NAE126aer and SSP370-SAS126aer all yield significant163

global-mean effective radiative forcings (ERF; Allen et al. (2026)). More relevant for regional heat164

extremes, the regional perturbations produce substantially larger ERFs within the perturbed165

regions, with 1.64 ± 1.36Wm−2 for SSP370-EAS126aer over East Asia, 0.74 ± 0.21Wm−2 for166

SSP370-NAE126aer over North America and Europe, and 1.61 ± 1.00Wm−2 for167

SSP370-SAS126aer over South Asia (Allen et al. 2026). These large regional forcings indicate that168
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regional aerosol perturbations can drive substantial regional temperature responses. We used ten169

CMIP6 generation models that participated in RAMIP and produced up to 10 realizations for each170

scenario (see Supplementary Table 1 for more details). The models are CanESM5-1, CESM2,171

CNRM-ESM2-1, EC-Earth3-AerChem, GFDL-SPEAR LO, GISS-E2-1-G, MIROC6, MRI-ESM2-0,172

NorESM2-LM, and UKESM1-0-LL.173

2.2 Methods174

2.2.1 Definition of record-breaking heat extremes We defined record-breaking heat extremes as175

new hottest 7-day periods in the historical record, representing persistent and potentially176

high-impact record heatwaves. For model simulations, we took the hottest 7-day period of daily177

maximum temperatures (TX7d) for each year as the annual block maximum, following Fischer178

et al. (2021). Although aerosol effects on solar radiation are particularly relevant for daytime179

maximum temperatures, the results are similar when using daily mean temperatures, suggesting180

that the conclusions do not depend strongly on the exact metric. For the reanalysis, we derived the181

hottest 7-day period for every year from daily mean temperatures (TM7d), because they are more182

robust than daily maximum temperatures derived from hourly ERA5 data, which may miss the183

exact daily peak. For the idealized simulations, CESM2 LE and SFLE, and ERA5, we used the184

previous 50-year period, which implies that ‘records’ are defined relative to the preceding 50 years185

only. By using the previous 50-year period instead of the whole historical record, we account for186

‘forgetting’ heat records that occurred a long time ago. When using a 50-year period, the baseline187

annual record-breaking probability in a stationary climate without a trend in the forced response is188

around 2% independent of the statistical distribution (Glick 1978, Fischer et al. 2025). For189

RAMIP, records are defined relative to the full available simulated period starting in 2015 because190

the simulations are too short for a 50-year reference period.191

2.2.2 Annual record-breaking probability In a stationary climate without a trend in the forced192

response, the annual probability of record-breaking heat extremes would be 1/n, with n being the193

number of years in the historical record (Glick 1978). In a non-stationary climate with a linear194

warming trend in the forced response, the annual probability of record-breaking heat extremes195

converges to a non-zero constant. In a large ensemble, the annual probability can be derived196

empirically by counting how many members of the ensemble break a temperature record in a given197

year. Additionally, the probability can be estimated analytically from the forced response and the198

variability of the time series. We estimated annual record-breaking probabilities analytically199

following the record statistics framework of Rahmstorf & Coumou (2011) and Fischer et al. (2021).200

The probability that the temperature (T ) in a given year tn exceeds all previous years is201

Prec(tn) =

∫ ∞

−∞
f(T, tn)

n−1∏
i=1

F (T, ti) ∂T (1)

where f(T, tn) is the probability density function of temperature in the current year tn, and202 ∏n−1
i=1 F (T, ti) gives the probability that the temperature of that year has not been exceeded before.203

In most analyses, we compared each year only with the previous 50 years. For a Gaussian204

distribution with a non-stationary forced response µti and constant standard deviation σ, the205

probability of setting a new temperature record is206

Prec(tn) =

∫ ∞

−∞

[
1√
2πσ2

e−
(T−µtn )2

2σ2

] n−1∏
i=1

(
1

2
+

1

2
erf

(
T − µti

σ
√
2

))
∂T (2)

Thus, for warming, the annual probability depends on the number of years in the historical record,207

the linear trend in the forced response, and the standard deviation of the temperature distribution.208

Any deviation from the 1/n annual probability would indicate a non-stationary climate. Assuming209

a similar regional forced response trend, the annual probability of record-breaking heat extremes210

would be higher in tropical regions with lower variability than at mid- and high latitudes,211

consistent with studies of the signal-to-noise ratio under climate change (Mahlstein et al. 2011).212

This effect can only be partially offset by the stronger warming trend at high latitudes. Generally,213

previous records are usually exceeded only by a small absolute margin for narrow distributions.214

2.2.3 Preprocessing of model simulations We analyzed heat extremes globally on a grid-cell level215

and additionally looked at selected land regions of interest. For these regions, we took the spatial216

mean before calculating TX7d. For the RAMIP simulations, we calculated record-breaking heat217
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probability anomalies for the period 2041–2050 relative to the SSP3-7.0 reference scenario. We218

focused on 2041–2050 because the difference between aerosol scenarios is largest toward the end of219

the RAMIP simulation period. For each RAMIP model, we computed the model ensemble mean220

before computing the multi-model mean. We estimated uncertainty in the RAMIP multi-model221

mean by using nonparametric bootstrapping across models. We resampled the 2041–2050 mean222

probability anomalies of the different models with replacement and show the 2.5th and 97.5th223

percentiles for the selected regions. For the CESM2 LE and SFLE, we used a 31-year smoothing224

window for the estimated annual record-breaking probability, whereas for the idealized simulations225

we did not apply smoothing due to the large sample size.226

2.2.4 Reanalysis analysis For the reanalysis, we used TM7d and SO4AOD for each 5◦× 5◦ land227

region with a land fraction greater than 50%. Both variables were averaged over these 5◦× 5◦228

regions. We focused on land regions and excluded ocean regions because they have different record229

characteristics. We only considered land regions with a time-mean SO4AOD greater than 0.1 over230

the full period 1980–2025 to identify regions with substantial sulfate aerosol influence. This231

resulted in 125 eligible regions. We computed the change in SO4AOD from 1980–2009 to232

2010–2025. The SO4AOD change was used as an indicator of the anthropogenic aerosol forcing233

trend. We then counted the number of record-breaking events for each region from 2010 to 2025.234

Next, we subtracted the latitudinal average number of record-breaking events to account for the235

lower internal variability at lower latitudes. By accounting for this covariate, the aerosol signal236

becomes more pronounced.237

3 Results238

We first use idealized simulations to illustrate how changes in warming rate affect annual239

record-breaking probabilities (Section 3.1). We then analyze CESM2 LE and SFLE simulations to240

assess how different forcings have changed record-breaking probabilities (Section 3.2). We test241

whether the link between changes in aerosol concentration and the probability of record-breaking242

heat extremes is detectable in ERA5 and MERRA-2 reanalysis data (Section 3.3). Finally, we243

assess the impact of future aerosol trends using RAMIP simulations with different aerosol pathways244

(Section 3.4).245

3.1 Record-breaking probabilities in idealized simulations246

First, we show the link between a higher warming rate and a higher annual probability of247

record-breaking heat extremes (Figure 1). The idealized simulations follow non-stationary248

Generalized Extreme Value (GEV) distributions with a shifting location parameter that changes249

according to the scenario (see Section 2.1.1). In a stationary climate without warming, the annual
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Figure 1. Artificial simulations of idealized scenarios with different forced responses (a), their warming rate (b),
and the annual probability of a record-breaking heat extreme relative to the previous 50-year period (c). The solid

line shows the empirically derived estimate and the dotted line shows the analytical estimate (see Equation 1) of the

annual probability of record-breaking events. The figure is inspired by (Fischer et al. 2021).

250

probability of hitting a new record that exceeds the maximum of the previous 50 years is constant251
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at around 2%, as expected from the 1/n relation over a sample size of n = 50 years. In the case of252

linear warming throughout the entire period, with a fixed warming rate of 0.5◦C/decade, the253

annual probability of record-breaking heat extremes is constant at around 8%. In scenarios where254

the warming rate changes within the period, so do the annual record probabilities. In the scenario255

with a stationary climate until 2000 and linear warming afterwards, the annual record-breaking256

probability increases from the expected 2% up to 8% within about 20 years. The opposite occurs257

for a scenario with linear warming followed by a constant forced response. Beyond these changes,258

the annual record-breaking probability responds with a time lag to changes in the warming rate.259

After a change in warming rate, record probabilities adjust gradually to the new state. For260

example, the warming rates of the constant-then-linear and linear-then-constant scenarios intersect261

in 2000, while their annual record-breaking probabilities intersect only in 2011. This lag of the262

record probabilities to changes in the warming rate is expected because record probabilities263

increase (decrease) only gradually after warming accelerates (decelerates), since existing records264

still reflect the earlier history of warming. Additionally, we consider a trend reversal scenario with265

cooling from 1950 to 1980, followed by stronger warming than in the other scenarios. This266

resembles the temperature trend in Europe in a simplified way. In Europe aerosol reductions267

contributed to additional warming after the 1980s (Glantz et al. 2022). At the end of the study268

period, the trend reversal scenario reaches the same total warming as the constant-then-linear269

scenario. However, its annual probability of a new record is consistently higher than that in the270

constant-then-linear scenario since the 1990s. This illustrates the effect of additional warming after271

a cooling period, leading to a higher warming rate and thus to more record-breaking events. The272

effect is similar when using the full simulated record rather than only the preceding 50 years to273

define record-breaking events.274

3.2 Single-forcing large ensemble simulations275

Next, we assess how record-breaking probabilities change in CESM2 LE and SFLE simulations. We276

analyze the temporal evolution of the different forcings in three regions within Europe, East Asia,277

and South Asia (Figure 2). The forced responses vary substantially between the different scenarios.278

However, all scenarios show that GHGs are the main driver of regional warming. In all three279

regions, the GHG-driven forced response increases fairly steadily, whereas the all-forcing LE usually280

decreases before increasing substantially. The decrease originates from the negative anthropogenic281

aerosol forcing, whose timing depends on the region.282

In Central Europe (CEU), the negative anthropogenic aerosol forcing is strongest around 1980283

and weakens afterwards. This leads to a faster increase in the forced response in the all-forcing LE284

than in GHG-only, as can be seen in the corresponding warming rates. The higher warming rate in285

the LE compared to GHG-only leads to a considerably higher annual probability of record-breaking286

heat extremes in CEU in the LE than in GHG-only from around 2000 onward. This means that287

forcings other than GHGs, namely anthropogenic aerosols, amplify the probability of288

record-breaking heat extremes. In CEU, the annual probability in the 2020s and 2030s was289

amplified by 72% in the empirical estimate and by 67% in the analytical estimate.290

In East China (EAC), anthropogenic aerosol forcing in CESM2 under SSP3-7.0 reaches a291

plateau from 2000 to 2040 after strengthening until around 2000. In this scenario, the warming292

rates of the all-forcing LE and GHG-only are fairly similar in that period. In that case, the annual293

record-breaking probabilities of the LE and GHG-only become similar around 2020. Note that in294

reality anthropogenic aerosols started to decrease as early as in the 2010s in China (Van Der A295

et al. 2017). Assuming a continued trend of aerosol reduction in EAC, the warming rate and thus296

the annual record-breaking probability would increase even more due to the relative positive297

anthropogenic aerosol forcing from aerosol reduction.298

In the Indo-Gangetic Plain in South Asia (IGP), the negative anthropogenic aerosol forced299

response is strongest among the three regions and continues to increase in magnitude until the mid300

to late 2030s in the SSP3-7.0 scenario. Since the negative anthropogenic aerosol forcing has a301

similar magnitude as the positive GHG forcing, there is only a small forced response in the LE. It302

only emerges by the late 2030s, when anthropogenic aerosol forcing starts to plateau. Therefore,303

the record-breaking probabilities are substantially higher in the GHG-only simulations than in the304

LE up until the 2030s. In the 2020s, mainly aerosols damp the annual record-breaking probability305

on average by 28% for the empirical and by 47% for the analytical estimate. Close to the end of306

the simulations, the probability in the LE catches up to the probability in GHG-only.307

As an illustrative example of current climate conditions, we use the year 2026 to evaluate where308

the probability of record-breaking heat extremes is higher or lower in the all-forcing LE than in the309

GHG-only simulations in CESM2, using analytically derived probabilities (Figure 3). The results310
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Figure 2. The temporal evolution of the hottest 7-day period of daily maximum temperatures (TX7d) is illustrated

for three selected regions in the CESM2 large ensemble and single-forcing large ensemble simulations. Columns show

(a) the 15-year smoothed averaged forced response of TX7d, (b) the warming rate in the forced response using a
21-year sliding linear trend, and (c) the 31-year smoothed annual probability of a record-breaking heat extreme

relative to the previous 50-year period. The three rows show Central Europe, East China, and the eastern
Indo-Gangetic Plain in South Asia, respectively. The solid lines show the empirically derived estimate and the

dotted lines show the analytical estimate of the annual probability of record-breaking events.

are similar when deriving the annual record-breaking probabilities empirically which have more311

noise (Supplementary Figure 1). In regions where the probability is higher in the LE, indicated by312

red colors, other forcings, especially decreasing anthropogenic aerosols, amplify the probability of313

record-breaking heat extremes. Most parts of the Northern Hemisphere continents show a positive314

ratio, meaning that the probability is amplified by forcings other than GHGs. The magnitude of315

the amplification is substantial, exceeding 50% in many parts of Europe and North America. Thus,316

forcings that cause a smaller absolute temperature response than GHGs can still strongly affect the317

annual record-breaking probability if they substantially change the regional warming rate.318

Irrespective of the derivation method, South Asia stands out as the region where the annual319

probability of record-breaking heat extremes is most clearly lower in the LE than in GHG-only,320

with differences exceeding 20% across most of the region. Parts of Africa, especially West Africa,321

also show lower probabilities but with a smaller difference between the LE and GHG-only. This is322

consistent with ongoing increases in aerosol forcing in South Asia (Samset et al. 2019) and323

projected increases in African aerosol emissions in several scenarios (Amooli et al. 2025).324
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Figure 3. Ratio between the 31-year smoothed analytically derived annual record-breaking probability in the

CESM2 large ensemble and the GHG-only simulations from the CESM2 single-forcing large ensemble for each grid
point for the year 2026. Mid-latitude regions of North America, Europe and East Asia stick out as hotspot regions of

elevated risk of heat records due to reduced aerosol forcing.

3.3 Detecting changes in heat extremes due to aerosol forcing in reanalysis data325

In reanalysis data, we test whether changes in aerosol concentrations are linked to changes in the326

probability of record-breaking heat extremes. Before relating record probabilities to SO4AOD327

changes, we account for the latitudinal dependence of record-breaking heat extremes328

(Supplementary Figure 2), which could act as a covariate. Although the latitudinal mean can itself329

be influenced by strong regional aerosol trends, subtracting it allows us to separate regional signals330

from the broader latitude effect. In ERA5, record-breaking heat extremes occur more frequently at331

low latitudes and less frequently at mid-latitudes, in line with the earlier emergence of significant332

warming in low-latitude regions (Mahlstein et al. 2011). At Northern Hemisphere high latitudes,333

the probability increases again due to Arctic amplification. The higher annual probability at low334

latitudes originates from lower inter-annual variability, which results in a narrower TM7d335

distribution. At mid-latitudes, the TM7d distribution is broader, resulting in fewer record-breaking336

heat extremes. However, when they occur, records at mid-latitudes can exceed previous records by337

a larger absolute margin when compared to records at low latitudes.338
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Figure 4. Annual probability anomaly of hottest 7-day period of daily mean temperature (TM7d) records in
reanalysis data with respect to the latitudinal mean annual record probability from 2010 to 2025 versus the change

in sulfate aerosol optical depth (SO4AOD) from 1980–2009 to 2010–2025 for 5◦× 5◦ land regions where over the
period 1980–2025 the average SO4AOD > 0.1. Records are defined relative to the maximum in the preceding 50-year

period. The black line shows the linear regression, with a statistically significant slope of −0.5 percentage points in

annual record probability anomaly per 10% change in SO4AOD.
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After accounting for these latitudinal differences, we test whether changes in aerosol339

concentrations further modulate the probability of record events. We show the link between changes340

in SO4AOD in recent decades and the annual record-breaking probability anomaly with respect to341

the latitudinal mean in the period 2010–2025 (Figure 4). The annual record-breaking probability342

anomaly decreases with increasing SO4AOD. The linear regression slope is statistically significant343

(p = 0.0002), showing that a 10% decrease in SO4AOD is associated with a 0.5 percentage points344

higher annual probability of record-breaking heat extremes. Considering that the global land-mean345

record-breaking heat probability in the period 2010–2025 is P = 6.7%, a change of 0.5 percentage346

points per 10% change in SO4AOD is substantial. Additionally, there are almost no regions with a347

positive annual record-breaking probability anomaly when SO4AOD increased by more than 40%.348

We also tested total AOD instead of SO4AOD using the same approach, except that the349

threshold for regional mean AOD was set to 0.2 instead of 0.1 to account for the higher overall350

AOD. Using total AOD, we also find a statistically significant slope (p = 0.01) of −0.6 percentage351

points in annual record probability anomaly per 10% change in AOD (Supplementary Figure 3).352

Thus, the slope is similar for SO4AOD and total AOD. Compared to SO4AOD, total AOD shows353

stronger variability, as expected because SO4AOD better isolates the anthropogenic sulfate aerosol354

signal, whereas total AOD includes other aerosol types such as dust and sea salt that have natural355

variability.356

3.4 RAMIP simulations357

Finally, we assess how annual record-breaking heat probabilities change under different near-term358

future aerosol scenarios using RAMIP simulations for 2041–2050. These experiments isolate the359

effects of aerosol emission changes by comparing scenarios with different global or regional aerosol360

reductions while keeping all other forcings identical. Here, we show the analytically derived annual361

probability of record-breaking heat extremes, calculated from the forced response and the362

variability of the SSP3-7.0 and RAMIP simulations. We assess SSP3-7.0 and anomalies relative to363

SSP3-7.0 for four RAMIP scenarios, namely global aerosol reduction to SSP1-2.6 and three regional364

aerosol reduction scenarios in North America and Europe, East Asia, and South Asia, for the365

period 2041–2050 (Figure 5). The empirically derived annual probability for the RAMIP scenarios366

is shown in Supplementary Figure 4. Overall, both methods show similar regional patterns, but the367

empirically derived probabilities are more heterogeneous and regionally less robust than the368

analytical estimates. In the SSP3-7.0 baseline scenario, the expected global spatial structure of369

record-breaking heat extremes emerges. In regions with smaller inter-annual variability, the370

probability of setting new temperature records in a warming world increases. Thus, low-latitude371

regions show the highest annual record-breaking probabilities. More relevant for this study is how372

these record-breaking probabilities change in different aerosol scenarios. First, we look at global373

aerosol reduction, where anthropogenic aerosols follow the SSP1-2.6 scenario globally, while all374

other forcings follow SSP3-7.0 (SSP370-126aer). In SSP370-126aer, most land regions, especially in375

the Northern Hemisphere, experience more frequent temperature records than in SSP3-7.0. Most376

models agree on the sign of change. The annual record-breaking probabilities are amplified by377

reducing aerosol concentrations by up to 5 percentage points regionally. When aerosols are reduced378

only regionally, the global signal in record-breaking probability anomalies is substantially smaller379

than in SSP370-126aer, consistent with the smaller global-mean ERF of the regional perturbations380

(Allen et al. 2026). Nevertheless, the regional perturbations still affect record-breaking probabilities381

in the perturbed regions and in some remote regions. The responses in the perturbed regions are382

generally smaller than for global aerosol reductions, in line with the substantial contribution of383

remote aerosol reductions to the regional ERF in SSP370-126aer (Allen et al. 2026).384

SSP370-NAE126aer results in a higher annual record-breaking probability in the central US and385

eastern Europe. However, the changes are rather small and robust in only a few regions. In North386

America and Europe, aerosols have already decreased in recent decades, and the absolute changes387

possible in the 2040s by reducing aerosol emissions from SSP3-7.0 to SSP1-2.6 are limited. In388

SSP370-EAS126aer, a robust signal is detected in East Asia, where the probability of new389

temperature records increases. The strongest regional effect occurs in SSP370-SAS126aer. In this390

scenario, the RAMIP models agree that reducing regional aerosol emissions to SSP1-2.6 levels391

clearly increases the annual record-breaking probability in South Asia and Southeast Asia. All392

regional aerosol reductions also show some remote effects outside the perturbed regions.393

In the three selected regions, Central Europe (CEU), East China (EAC), and the Eastern394

Indo-Gangetic Plain (IGP), the effects of aerosol reductions vary in the 2040s. All three regions395

have similar annual record-breaking probabilities in the SSP3-7.0 baseline scenario with 7.2%,396

8.8%, and 6.7% in CEU, EAC, and IGP, respectively. The individual model anomalies in the397
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Figure 5. Annual probability of analytically derived record-breaking heat extremes of hottest 7-day period of daily

maximum temperatures (TX7d) in the Regional Aerosol Model Intercomparison Project (RAMIP) for the period
2041–2050, with records defined relative to the preceding annual maxima since 2015 within each simulation. (a)

Absolute annual record-breaking heat probability in the SSP3-7.0 reference scenario. (b)–(e) Annual record-breaking

heat probability anomaly with respect to SSP3-7.0 for different RAMIP scenarios, where anthropogenic aerosols
follow the SSP1-2.6 scenario either globally or only in selected regions, namely North America and Europe (NAE),

East Asia (EAS), and South Asia (SAS). Hatching indicates grid cells where fewer than 8 out of the 10 models agree

on the sign of change as a measure of robustness.

different aerosol scenarios within RAMIP are shown in Supplementary Table 2. In the multi-model398

mean, the global aerosol reduction in SSP370-126aer leads to a 4.7 [95% bootstrap interval: 3.4,399

5.9] percentage points increase in annual record-breaking heat probability in IGP in the 2040s400

when estimating the probabilities analytically. This means that the annual record-breaking401

probability increases from 6.7% in SSP3-7.0 to 11.4% in SSP370-126aer. All 10 models agree on the402

positive sign, indicating a robust positive signal. When deriving the probabilities empirically, the403

values are slightly higher with a 5.8 [3.7, 7.6] percentage points increase. SSP370-126aer leads to404

smaller changes in the other regions where record-breaking probabilities increase by 0.4 [−1.7, 2.0]405

percentage points and 0.8 [−0.6, 2.2] percentage points in EAC and CEU, respectively, in the406

analytical estimate and by 1.1 [−1.7, 3.6] percentage points and 1.2 [−1.5, 4.2] percentage points in407

the empirical estimate. In EAC, 8 out of 10 models agree on a positive sign, but one model shows a408

strongly negative response, reducing the multi-model mean. For the selected regions, we next409

analyze the effects of the corresponding larger regional aerosol reductions. SSP370-SAS126aer leads410

to 1.7 [0.5, 2.9] percentage points higher annual record probabilities in IGP than in SSP3-7.0 in the411

analytical estimate, with 8 out of 10 models agreeing on the sign. The empirical estimate shows a412

larger increase of 3.1 [0.9, 5.5] percentage points. SSP370-EAS126aer leads to 0.6 [−1.6, 2.5]413

percentage points higher annual record probabilities in EAC than in SSP3-7.0 in the analytical414

estimate. Seven out of 10 models agree on the positive sign, but one model shows a strongly415

negative response and thereby reduces the multi-model mean. The empirical estimate shows a416

larger increase of 1.5 [−2.1, 5.1] percentage points. SSP370-NAE126aer leads to almost no change417

in annual record probabilities in CEU compared with SSP3-7.0. Most models show only small418

changes (less than ±1 percentage point), and they disagree on the sign. The effect of419

SSP370-NAE126aer is larger in eastern Europe than in the selected CEU region.420

4 Discussion and Conclusion421

We show that regional anthropogenic aerosol trends modulate the annual probability of422

record-breaking heat extremes. The link between aerosol trends and record probability is423

conceptually clear: decreasing regional aerosol emissions can contribute to a higher warming rate.424

The higher the warming rate, the higher the probability of record-breaking heat extremes (Section425

3.1). In the CESM2 LE and SFLE, differences between the all-forcing LE and the GHG-only426

simulations arise in regions with strong aerosol trends (Section 3.2). Regions where aerosol forcing427

is decreasing in strength, such as Europe and North America, show higher annual probabilities of428

record-breaking heat extremes in the all-forcing LE than in the GHG-only simulations. Thus, the429

record probabilities are amplified by forcings other than GHGs. Based on the SFLE and RAMIP430
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results, we argue that this amplification is mainly driven by anthropogenic aerosol trends. In431

reanalysis data, we find a statistically significant relationship between changes in aerosol432

concentrations and the probability of record-breaking heat extremes (Section 4). This indicates433

that regions where aerosol concentrations increased had fewer record exceedances than regions434

where aerosol concentrations decreased. The RAMIP simulations show that lower future aerosol435

emissions increase record-breaking heat probabilities in the 2040s relative to SSP3-7.0 (Section 3.4).436

The strongest response occurs for global aerosol reductions in SSP370-126aer, with substantial and437

robust increases over large parts of the globe. Regional aerosol reductions produce smaller but still438

relevant responses. They cause robust increases in parts of the target regions, especially for the439

South Asian perturbation, where aerosol concentrations remain high and their reduction can lead440

to substantial additional warming. The East Asian perturbation also shows a regional increase,441

although the multi-model mean is reduced by one model with a strongly negative response. The442

North America and Europe perturbation produces less robust changes, consistent with the smaller443

difference in aerosol emissions between SSP1-2.6 and SSP3-7.0 in the mid-21st century (Wilcox444

et al. 2023). The regional perturbations also produce remote effects, showing that aerosol445

reductions can affect record-breaking heat probabilities beyond the perturbed region.446

Regions where aerosol concentrations have declined in recent decades are at a higher risk of447

record-breaking heat extremes due to the higher warming rate. The probability could be448

particularly amplified in regions with a strong and sudden aerosol decline. In China, SO2 emissions449

declined sharply by 62% from 2010 to 2017 (Zheng et al. 2018). The additional warming resulting450

from aerosol reductions in East Asia could even explain the higher global warming rate during451

2013–2022 (Samset et al. 2025). The higher global warming rate, and especially the higher regional452

warming rate in East Asia, is expected to lead to more record-breaking heat extremes. Thus, the453

aerosol-induced amplification of record-breaking heat extremes in East Asia is expected to be larger454

than estimated in CESM2 (Figure 3). Additionally, CMIP6 historical simulations underestimate455

the recent aerosol reductions in East Asia up to 2014 due to the CEDS emissions inventory used for456

CMIP6 (Wang et al. 2021). This underestimation can extend into near-term projections.457

Low-emission scenarios such as SSP1-2.6 catch up later (Samset et al. 2025), whereas high-emission458

scenarios such as SSP3-7.0 continue to miss the observed aerosol decline. Because record-breaking459

probabilities respond with a time lag to changes in the regional warming rate, the statistical risk460

increases every year without a record heat extreme when the recent warming rate has been461

positive. Thus, the most at-risk regions for record-breaking heat extremes are regions where the462

current record is lower than expected from the forced response and where the warming rate has463

been amplified in recently. Elevated future probabilities of record-breaking heat extremes can also464

originate from strong aerosol decreases. This could occur in South Asia if aerosols start to decrease465

there. Therefore, adaptation measures are especially important when aerosols decline.466

Our climate model results attributing parts of the record-breaking heat changes to aerosol467

reductions are limited by uncertainty in aerosol-cloud interactions. In heavily polluted regions,468

cloud droplet responses to aerosol changes can saturate, delaying the climate penalty from air469

quality improvements by two to three decades (Jia & Quaas 2023). This suggests that the timing of470

aerosol-induced increases in warming rate and record-breaking heat probability may depend on how471

well models represent this saturation. Additionally, for RAMIP, future work could investigate the472

mechanisms driving different model responses and use the inter-member spread to assess the role of473

internal variability relative to forced aerosol-driven changes in record-breaking heat probabilities.474

However, the main open question is how regional aerosol trends will evolve in the future. In475

particular, SSP3-7.0, with its high aerosol emissions, seems unrealistic globally and for regions with476

strong aerosol reductions, such as East Asia, where it misses the observed sulfate aerosol reduction.477

Regions such as South Asia and Africa, where aerosol emissions are still increasing, are of478

particular interest. If aerosol emissions begin to decrease sharply, similar to China in the 2010s,479

record-breaking heat extremes could increase substantially in the near future.480

Despite the evidence that regional aerosol trends modulate the probability of record-breaking481

heat extremes, increasing GHG concentrations remain the dominant driver of more record heat482

extremes globally. Aerosol reductions only unmask part of GHG-induced global warming. This483

unmasking leads to temporarily elevated record-breaking probabilities. Nonetheless, air quality484

improvements should remain a high priority for human health. Globally, strong reductions of GHG485

emissions are needed to prevent more record-breaking heat extremes in the long term. Adaptation486

measures should therefore account for temporary increases in record probability due to aerosol487

reductions. In this study, we show that changes in regional aerosol concentrations can substantially488

modulate the probability of record-breaking heat extremes by altering regional warming rates.489
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Supplementary Figures
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Supplementary Figure 1: Maps of ratio between 31-year smoothed empirically derived annual
record-breaking probability in the CESM2 large ensemble and the GHG-only simulations
from the CESM2 single-forcing large ensemble for the year 2026.
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Supplementary Figure 2: Latitudinal mean annual record-breaking probability of hottest
7-day period of daily mean temperatures (TM7d) records over land in ERA5 for period from
2010 to 2025. The profile is smoothed with a 10◦ latitude window, and records are defined
relative to the maximum in the preceding 50-year period.
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Supplementary Figure 3: Annual probability anomaly of hottest 7-day period of daily mean
temperature (TM7d) records in reanalysis data with respect to the latitudinal mean annual
record probability from 2010 to 2025 vs. change in total aerosol optical depth (AOD) from
1980–2009 to 2010–2025 of 5◦× 5◦ land regions where average AOD > 0.2, resulting in
178 eligible regions. Records are defined relative to the maximum in the preceding 50-year
period. The black line shows the linear regression showing a statistically significant slope of
−0.6 percentage points in annual record probability anomaly per 10% change in total AOD.
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Supplementary Figure 4: Annual probability of empirically derived record-breaking heat
extremes of hottest 7-day period of daily maximum temperatures (TX7d) in the Regional
Aerosol Model Intercomparison Project (RAMIP) for the period 2041–2050, with records
defined relative to the preceding annual maxima since 2015 within each simulation.. (a)
Absolute annual record-breaking heat probability in the SSP3-7.0 reference scenario. (b)–
(e) Annual record-breaking heat probability anomaly with respect to SSP3-7.0 for different
RAMIP scenarios, where anthropogenic aerosols follow the SSP1-2.6 scenario either globally
or only in selected regions, namely North America and Europe, East Asia, and South Asia.
Hatching indicates grid cells where fewer than 8 out of the 10 models agree on the sign of
change as a measure of robustness.



Supplementary Tables

Supplementary Table 1: RAMIP models and their minimum number of simulations for daily
maximum temperatures, RAMIP data reference and model reference (the RAMIP models
that are not yet publicly available are expected to be public before publication).

Model Simulations RAMIP data reference Model reference
CanESM5-1 10 Fraser-Leach et al. (2025) Sigmond et al. (2023)
CESM2 10 Allen (2026) Danabasoglu et al. (2020)
CNRM-ESM2-1 3 Nabat (2026) Séférian et al. (2019)
EC-Earth3-AerChem 10 O’Donnell et al. (2025) Van Noije et al. (2021)
GFDL-SPEAR LO 10 not yet publicly available Delworth et al. (2020)
GISS-E2-1-G 10 not yet publicly available Kelley et al. (2020)
MIROC6 10 not yet publicly available Tatebe et al. (2019)
MRI-ESM2-0 10 Oshima and Koshiro (2025) Yukimoto et al. (2019)
NorESM2-LM 7 Lewinschal (2025) Seland et al. (2020)
UKESM1-0-LL 10 Rumbold et al. (2026) Sellar et al. (2019)



Supplementary Table 2: Individual model anomalies of the Regional Aerosol Model Inter-
comparison Project (RAMIP) in annual probability of analytically derived record-breaking
heat extremes of hottest 7-day period of daily maximum temperatures (TX7d) for selected
regions, namely Central Europe (CEU), East China (EAC), and Eastern Indo-Gangetic Plain
(IGP). The anomalies are calculated for the period 2041–2050, with records defined relative
to the preceding annual maxima since 2015 within each simulation. Values show the mean
anomaly in percentage points relative to SSP3-7.0, with 2.5–97.5% bootstrap intervals in
brackets. For each selected regions, the global aerosol reduction from SSP3-7.0 to SSP1-2.6
and the respective regional aerosol reductions, specifically in North America and Europe
(SSP370-NAE126aer) for CEU, in East Asia (SSP370-EAS126aer) for EAC, and South Asia
(SSP370-SAS126) for IGP, are shown.

CEU EAC IGP
Model Global Regional Global Regional Global Regional
CanESM5-1 1.0 [−4.9, 6.9] −4.3 [−9.4, 1.6] −7.3 [−11.9, 0.4] −7.1 [−12.1, −0.5] 5.5 [2.5, 9.4] 1.8 [−0.9, 4.2]
CESM2 2.2 [−2.1, 7.6] 0.9 [−2.8, 4.3] 3.4 [−2.9, 8.2] −0.7 [−4.7, 3.7] 3.9 [−0.2, 8.1] −1.8 [−4.0, 1.6]
CNRM-ESM2-1 −0.9 [−5.0, 1.4] −4.7 [−6.0, 0.0] 0.1 [−1.5, 6.7] 2.4 [0.0, 9.0] 3.7 [0.0, 10.0] 1.7 [−1.9, 3.0]
EC-Earth3-AerChem 4.9 [−0.6, 5.8] 9.5 [2.5, 12.6] 3.9 [2.3, 15.2] 0.9 [−2.0, 9.6] 7.3 [−2.6, 16.2] 2.0 [−2.7, 8.2]
GFDL-SPEAR LO −1.9 [−5.3, 1.5] −1.9 [−5.7, 1.4] 0.6 [−3.8, 5.3] −2.2 [−6.5, 3.1] 4.8 [0.7, 8.7] 3.1 [0.7, 5.3]
GISS-E2-1-G −2.3 [−4.5, 0.1] −0.3 [−3.7, 3.1] 0.1 [−3.4, 4.2] 2.0 [−1.1, 5.8] 0.5 [−4.3, 5.6] −1.3 [−5.0, 2.8]
MIROC6 2.8 [−1.8, 6.8] −0.2 [−3.8, 4.1] 1.6 [−0.8, 5.2] 2.2 [−0.7, 4.9] 3.3 [0.3, 6.0] 1.7 [−1.1, 4.0]
MRI-ESM2-0 −0.4 [−3.5, 3.9] −1.1 [−3.7, 2.2] 2.3 [−3.2, 6.6] 6.4 [1.5, 10.6] 6.2 [2.4, 10.1] 3.3 [0.8, 4.9]
NorESM2-LM 3.1 [−2.8, 9.8] 0.4 [−3.5, 2.3] 1.0 [−2.6, 8.3] 1.3 [−5.2, 6.7] 4.8 [1.3, 7.1] 1.5 [−3.2, 5.6]
UKESM1-0-LL −0.5 [−4.0, 3.1] −0.7 [−5.2, 4.3] −2.2 [−6.1, 2.7] 0.8 [−5.2, 6.5] 7.2 [1.9, 14.4] 5.1 [1.4, 8.4]
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