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Key Points: 

 Future heatwaves will be more severe, primarily due to mean temperature increases, 

with minor impacts from temperature variability changes. 

 Aerosol reductions will contribute most strongly to changes in heatwaves in the 

Northern Hemisphere extra-tropics.  

 Per unit of warming, aerosol reductions, compared to greenhouse gases, lead to 

stronger heatwave responses via aerosol-cloud interactions. 
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Abstract 

Using the Community Earth System Model Large Ensemble experiments, we investigate 

future heatwaves under the Representative Concentration Pathway 8.5 scenario, separating 

the relative roles of greenhouse gas increases and aerosol reductions. We show that there will 

be more severe heatwaves (in terms of intensity, duration and frequency) due to mean 

warming, with minor contributions from future temperature variability changes. While these 

changes come primarily from greenhouse gas (GHG) increases, aerosol reductions contribute 

significantly over the Northern Hemisphere. Furthermore, per degree of global warming, 

aerosol reductions induce a significantly stronger response in heatwave metrics relative to 

GHG increases. The stronger response to aerosols is associated with aerosol-cloud 

interactions which are still poorly understood and constrained in current climate models. This 

suggests that there may exist large uncertainties in future heatwave projections, highlighting 

the critical significance of reducing uncertainties in aerosol-cloud interactions for reliable 

projection of climate extremes and effective risk management. 

 

Plain language summary  

The past few years have seen record heatwaves worldwide, primarily driven by human 

activities. We used a state-of-the-art climate model to investigate future changes in heatwave 

characteristics under the Representative Concentration Pathway 8.5 scenario, and seek to 

separate the roles of projected changes in anthropogenic greenhouse gases and aerosols. The 

model shows that there will be more severe heatwaves (in terms of intensity, duration and 

frequency) primarily because of global warming, while the internal variability of the climate 

system does not change much by 2100 and hence has limited influences. Also, these changes 

are mainly associated with greenhouse gas increases. However, anthropogenic aerosol 

changes have important influences, through their effects on clouds and radiation, and produce 

larger impacts comparing to GHGs per unit of warming. Effects of aerosols on clouds such as 

changes in cloudiness and other rapid adjustments (e.g. changes in vertical temperature 

profiles), however, are still poorly represented in present generation climate models, leading 

to large uncertainties in future heatwave projections. Therefore, we call the attention of the 

community to prioritize efforts into reducing uncertainties involved in aerosol-cloud 

interactions, in order to get reliable projections of future climate extremes, as well as 

effective strategies for climate risk management.  
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1 Introduction 

The increased frequency and severity of heatwaves under global warming has raised 

enormous public attention during the recent years, especially after the 2003 heatwave over 

Central and Western Europe (Bouchama, 2004; García-Herrera et al., 2010) that broke 

temperature records set over the last 500 years and led to more than 70,000 deaths and 

economic losses in excess of 13 billion euros (De Bono et al., 2004). The past few years have 

witnessed numerous heatwaves around the world reported as “record-breaking”, “abnormal”, 

“rare”, and “catastrophic” by the media (Coumou and Rahmstorf, 2012; Russo et al., 2015; 

Ceccherini et al., 2017; Chen and Li, 2017). Under projected future climate warming, the 

intensity, frequency and duration of severe heatwaves are likely to increase further (Lau and 

Nath, 2014; Jones et al., 2015; Schoetter et al., 2015; Schär, 2016; Mora et al., 2017).  

Heatwave changes can be exacerbated due to variations in many of their driving 

factors, including: climate variability and large-scale teleconnections, changes in circulations, 

land-atmosphere coupling, soil moisture feedbacks, and anthropogenic forcings (Brown et al., 

2008; Field, 2012; Collins et al., 2013; Stott et al., 2013; Stocker, 2014; Perkins, 2015; 

Horton et al., 2016; Lu and Chen, 2016; Xu et al., 2016), with potential coupled feedbacks 

among them (Miralles et al., 2018). However, large gaps still remain in our understanding of 

the mechanisms underpinning changes in heatwaves, resulting in very uncertain future 

projections. For example, uncertainties in future emission pathways of anthropogenic forcing 

agents and the responses of climate models to them (Booth et al., 2013). Anthropogenic 

aerosols represent the largest uncertainty in radiative forcing since the pre-industrial times 

(Stevens and Feingold, 2009; Stocker, 2014; Stevens, 2017). A number of studies have 

shown that future aerosol reductions will lead to more severe temperature/heat extremes 

(Levy et al., 2013; Sillmann et al., 2013; Westervelt et al., 2015; Xu et al., 2015; Horton et 

al., 2016; Lin et al., 2016; Mascioli et al., 2016; Wang et al., 2016). However, the simplified 

temperature metrics used by these studies, such as the maximum of daily maximum 

temperature, do not necessarily represent heatwave characteristics (Chen and Li, 2017), 

because heatwaves are a quite distinctive type of temperature extreme where unusually hot 

weather occurs for several consecutive days. 

Given that aerosol emissions are likely to reduce worldwide during the 21
st
 century 

following stringent mitigation policies aimed at improving air quality, it is important to know 

the corresponding changes in heatwaves, as well as the relative roles of increasing 

greenhouse gases (GHGs) and decreasing aerosols at both global and regional scales, given 
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their importance for policymaking and future climate risk management. Furthermore, since 

temperature variability may change along with climate change in the future (Schär et al., 

2004), it is also critical to understand whether future changes in heatwaves will be more 

strongly driven by the mean temperature change or by changes in temperature variability, or a 

combination of both (Basarin et al., 2016). This study has three main aims: 1) to investigate 

future changes in the characteristics (intensity, duration, frequency and magnitude) of 

heatwaves at the global scale under the RCP8.5 scenario; 2) to compare the changes in 

heatwaves due to the shift of mean temperature and those related to changes in temperature 

variability; and 3) to quantify the relative roles of GHG increases and aerosol reductions. 

Methods used are described in Section 2, followed by results and discussion in Sections 3 and 

4. 

 

2 Methods 

The Community Earth System Model Large Ensemble (CESM-LE) project (Kay et 

al., 2015) has two 1000+-yr-long preindustrial control simulations that allow us to quantify 

the internal climate variability. The 30 simulations of the 1920-2100 period can therefore be 

used to disentangle the signal of climate change from internal climate variability. The 

atmosphere component of CESM1 is the Community Atmosphere Model 5 (CAM5) (Conley 

et al., 2012), with a horizontal resolution of 0.9º x 1.25º. The ocean component has a 

resolution of 1º × 1º (Hurrell et al., 2013). In these simulations, atmospheric concentrations of 

well-mixed GHGs (e.g. CO2 and CH4) in CAM5 are prescribed. CAM5 includes a three-

mode (Aitken, accumulation, and coarse) aerosol scheme (Modal Aerosol Mode 3). Several 

aerosol species (sulfate, organic carbon and black carbon, sea-salt, and dust) are simulated 

and their number concentrations and mass are prognostically calculated. Black carbon is 

emitted into the accumulation mode and ages, which allows it to be coated with soluble 

species (e.g., SO4) and to nucleate cloud droplets (Conley et al. 2012; Liu et al. 2012). In this 

study, we make use of two sets of CESM-LE experiments. The first set consists of a 30-

member ensemble of historical (1920-2005) and future (2006-2100, following the RCP8.5 

scenario) all-forcing simulations (Riahi et al., 2007; Van Vuuren et al., 2011). The RCP8.5 

scenario shows global GHG increases and aerosol decreases, but with aerosol trends showing 

strong regional variations (see Figure S1 and Text S1). The second set is a 15-member 

ensemble of simulations that follow RCP8.5 for 2006-2100 but with fixed aerosol/precursor 
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emissions at 2005 levels (hereinafter RCP8.5_FixA) (Lin et al., 2015; Xu et al., 2015). Each 

of the ensemble members has the same forcing and only differs with randomly perturbed 

initial atmospheric conditions (Kay et al., 2015).  

The warming under scenario RCP8.5_FixA is primarily from GHG increases with 

minor contributions from factors such as land use changes (Xie et al., 2013; Shindell et al., 

2015; Paul et al., 2016). For conciseness, we subsequently refer to changes under 

RCP8.5_FixA as GHG effects. Assuming that the response under RCP8.5 is a linear 

combination of GHGs and aerosols, the differences between RCP8.5 and RCP8.5_FixA then 

reflect the effects of aerosol changes (Zhao et al., 2018). 

We focus on compound heatwave events (Chen and Li, 2017) which are identified as 

hot days persisting for at least 3 consecutive days at a land grid-box (see Text S2 and Figure 

S2 for more details). Hot days are defined as days when both daily maximum (TX) and 

minimum (TN) are greater than their 95th percentiles; these are derived over the 1961-1990 

time period, using the 30 ensemble member simulations, and denoted as TX95P and TN95P 

respectively. To quantitatively describe the intensity and magnitude of heatwaves, we use the 

temperature excess above the 95
th

 percentile threshold. The temperature excess for a specific 

heatwave day is defined as the mean of the differences (TX-TX95P) and (TN-TX95P) for 

each grid-box. Heatwaves are described by the following four metrics on an annual basis 

(Figure S2): (i) Maximum duration (the maximum duration of all heatwaves across a year); 

(ii) Peak intensity (the annual maximum heatwave intensity calculated as the average 

temperature excess throughout its duration); (iii) Frequency (the total number of heatwaves in 

a year); and (iv) Total hot days (the total includes both heatwave days and hot days that 

persist for less than three consecutive days).  

 In addition to the above four metrics, we use another index, the heatwave magnitude 

(see the caption of Figure S2). This index, calculated by summing temperature excesses 

throughout the duration of a heatwave (Russo and Sterl, 2011), has the advantage of merging 

duration and temperature excess into a single indicator, and is therefore indicative of the 

overall severity of a heatwave. Note that any heatwave metrics based on fixed (either 

absolute or percentile) thresholds may lose their effectiveness when the climate is warm 

enough. Also, we do not normalize heatwave magnitude metrics to avoid the possibility of 

misleading interpretations (Sippel et al., 2015). All metrics are calculated for each ensemble 

member for each year at each land point (excluding Antarctica). The ensemble mean and 

25
th

-75
th

 percentile spread of metrics are used in the following discussion. We also calculate, 
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for each model land grid-box, the probability that future heatwave magnitudes will exceed 

their present-day local records (see Text S3 for more detail), following (Lehner et al., 2016). 

Note these probabilities can be biased as the CESM-LE members are not necessarily 

completely independent from each other. 

To evaluate the performance of CESM-LE in simulating present-day (1986-2005) 

heatwaves characteristics, we also calculated the 1986-2005 heatwave using TX and TN from 

the National Centers for Environmental Prediction/National Center for Atmospheric Research 

reanalysis (Kalnay et al., 1996), as well as the Met Office Hadley Centre gridded daily 

temperatures (Caesar et al., 2006). 

In order to diagnose the contribution of changes in future temperature variability to 

changes in heatwave characteristics, the above analysis is repeated after removing the decadal 

temperature trend from the raw temperature data at each grid-box. A 10-yr running mean of 

surface air temperature (see Figure S3) is first removed from both TX and TN to leave de-

trended anomalies. New 95
th

 percentile thresholds and heatwave metrics are then re-

computed from the de-trended data.  

 

3 Present-day and future projections of heatwave characteristics 

We first show that CESM is able to reproduce observed heatwave characteristics, then 

investigate how changes in mean climate and climate variability drive future heatwave metric 

changes. We also isolate contributions to future change from GHG increases and aerosol 

reductions. 

The performance of CESM-LE in capturing “present-day” heatwave metrics is 

evaluated comprehensively against two datasets (Figure S4-S5 and Text S4). Some parts of 

the world (e.g. Africa and S. America) lack observations; reanalysis data in these regions are 

also much more uncertain. CESM-LE can reasonably capture heatwave characteristics over 

most of the better-observed regions. 

Figure 1a-d shows values of the four heatwave metrics for ‘present-day’ (1986-2005; 

green) and for two future (2081-2100) projections (blue: RCP8.5_FixA; red: RCP8.5), 

averaged at global scale as well as for specific regions (also see Figure s6). Corresponding 

spatial patterns of changes (future vs. present-day) in these metrics due to both GHG 

increases and aerosol reductions are provided in Figure S7. Figures 1a and S7a show that 

https://en.wikipedia.org/wiki/National_Centers_for_Environmental_Prediction
https://en.wikipedia.org/wiki/National_Center_for_Atmospheric_Research
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GHG rises will increase global and regional mean annual peak heatwave intensities from ~2 

K to ~4 K. Aerosol reductions further enhance heatwave intensities by about 0.3 K 

(Australia) to 0.7 K (Europe and China). The annual maximum heatwave duration shows 

future increases, from a present-day global mean value of 3.6 days, increasing to 21 days with 

GHG increases, and 28 days when aerosol reductions are also included. Heatwave duration 

shows strong regional variations, with the largest increases seen over Brazil (Figures 1b and 

S7b, f). 

Changes in annual heatwave frequency (Figure 1c) and total hot days (Figure 1d) 

display similar features. Note, however, there is an exception of the heatwave frequency in 

Brazil (and also other tropical regions) that decreases as aerosols reduce (Figure S7g). This is 

because of the significantly longer heatwave durations.  

By definition, temperature variability sets the baseline (1961-1990) values for the 

heatwave metrics, and that variability has changed little by 1986-2005, or by 2081-2100 

(Figure 1e-h and S6e-h). This contrasts with the marked increases in metrics based upon 

absolute temperature changes, suggesting that future changes are largely associated with the 

general warming and only slightly modulated by temperature variability changes. 

Specifically, the relative contribution of temperature variability changes to the various 

heatwave metric changes is generally under 10% (Figure S8), except for heatwave intensity 

over Europe (24%), Brazil (21%) and India (11%) under both scenarios. In addition, the 

difference (Figure S8c) between RCP8.5 and RCP8.5_FixA suggests that future aerosol 

reductions will generally decrease the contribution of changes in temperature variability. This 

is particularly true for heatwave duration: a reduction ranging from a global mean of -0.5 % 

to a regional peak of -2.5% over Australia. This suggests that aerosol reductions will slightly 

dampen temperature variability in the future (see further discussions in Section 4). 

We also analyzed data by season, but found only small seasonal signals. We found 

that there will be slightly stronger changes in summertime heatwaves compared to 

wintertime, and that the seasonal contrast was amplified by aerosol reductions. See Text S6 

and Table S1, S2 for more details. 

In summary, future GHG increases will result in future (2081-2100) heatwaves that 

are, when globally averaged over land, significantly more intense (2.4 K), longer (17 days), 

and more frequent (12 more per year), compared to present-day. These changes will be 

further aggravated by aerosol reductions. Namely, 0.6 K (25%), 7 days (41%) and 2 more per 
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year (12%) of additional increases in intensity, duration and frequency, respectively, on top 

those related to GHG changes. Changes to heatwaves are similar in all seasons, and are 

dominated by changes in mean temperature, with only minor contributions from changes in 

temperature variability. 

 

4 Probabilities of record future heatwaves and driving mechanisms 

We now turn our attention to the heatwave magnitude metric, and examine the 

probability that present-day heatwave magnitudes will be exceeded in future. As above, we 

use the two scenarios to isolate the roles of GHG increases and aerosol decreases. 

4.1 Exceedance probability of future heatwave magnitude over present-day record 

Under the RCP8.5 scenario, the tropics see earlier emergences of heatwave 

magnitudes exceeding their 1986-2005 records (Figure 2a). Further, the exceedance 

probability is much larger over the tropics than at higher latitudes during both time periods. 

An explanation is that the relatively small temperature variability in the tropics makes it 

easier to break the historical record with relatively small increases in mean temperature 

compared to higher latitudes. This agrees with existing works showing that the tropics will 

see the earliest emergence of significant warming (Mahlstein et al., 2011; Lehner et al., 

2016). By 2081-2100, almost every year will have record-breaking heatwaves, with a global 

mean exceedance probability of 76% (Figure 2b). Not surprisingly, under the fixed aerosol 

scenario (Figure 2c,d), the probability is significantly smaller over the NH, where most 

aerosols are emitted. For aerosols (Figure 2e,f), although there are some signals in the SH, 

probability changes here are primarily associated with GHG increases (Figure 2c, d). In 

contrast, the aerosol signal is mainly over the NH. For example, aerosol reductions will 

increase the exceedance probability by a further 20%, on top of a 52% increase due to GHGs 

in Europe by 2081-2100. 

4.2 Sensitivity of heatwaves to warming mechanism 

As both GHG increases and aerosol reductions result in future warming, one may ask 

whether changes in heatwaves are more sensitive to one or the other. This is important 

because the sensitivities can be useful to assess the impacts of different future mitigation 

strategies. Here we examine the sensitivity of future changes in heatwave metrics per unit of 

global land warming. The sensitivities are calculated as the slope of the linear fit between 
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annual mean heatwave metrics and global land mean temperature changes (Figure 3a-c). Note 

the fitting was performed for 2041-2060 and 2081-2100 (Figure 3d-f) separately since these 

metrics increase exponentially with warming. The time evolution of these metrics together 

with other variables used to examine the driving mechanisms of such changes are provided in 

Figure S9.  

Heatwave intensity scales relatively linearly with warming from both GHG increases 

and aerosol reductions (Figure 3a), yet the latter leads to a greater heatwave intensity increase 

than the former per unit of warming over both the two time periods (Figure 3d). In fact, the 

larger sensitivity to warming from aerosol reductions (as compared to GHG increases) stands 

for all the three heatwave metrics during both time periods (Figure 3d-f). In the following we 

focus on the time period 2081-2100 unless otherwise stated. Over the period 2081-2100, 

surface mean temperature changes related to aerosol changes (diagnosed as the difference 

between RCP8.5 and RCP8.5_FixA, see Figure S9a) tend to stabilize at around 0.8K. 

However, over the same time period, heatwave duration related to aerosols continue to rise 

from ~ 1.2 days in 2080 to 1.8 days by 2100. (Figure S9e). As a consequence, the sensitivity 

of heatwave duration to warming from aerosol reductions 2 times of that warming from GHG 

increases. Aerosol reductions result in changes in heatwave intensity (Figures 3a, S9d) and 

duration (Figures 3b, S9e), in combination (but mainly due to changes in duration), lead the 

heatwave magnitude to increase exponentially with warming (Figure 3c). This leads to an 

even larger (2.4 times that of GHG increases) sensitivity of heatwave magnitude to warming 

from aerosol reductions (Figure 3f).  

 The steepest parts of the aerosol-related curves in Figure 3a-c correspond to the time 

period when the aerosols are sufficiently low in the atmosphere (i.e. late 21
st
 century in the 

RCP8.5 scenario), continuing aerosol reductions tend not to change mean temperature but 

increase heatwave magnitude exponentially. Because heatwaves are defined using TX and 

TN, we examine if the larger sensitivity to aerosol reductions discussed above stems from 

changes in maximum (Figure 3g) and/or minimum (Figure 3j) temperatures. It can be seen 

aerosol reductions induced exponential TX changes that resemble the shape of the heatwave 

duration/magnitude relationship with surface temperature, while TN increases linearly with 

warming. Therefore, it is the changes in TX that lead to dramatic increases in heatwave 

magnitude. This is particularly important over regions of the largest emission sources such as 

China, Europe, USA and. India (Figure S10). 
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We further investigate if this is related to aerosol direct and/or indirect effects, by 

examining representative aerosol effect indicators: cloud liquid water path (CLWP, Figure 

3h), shortwave cloud forcing (SWCF, Figure 3i) clear-sky shortwave radiation at top-of-the-

atmosphere (SWCST in Figure 3k), as well as longwave cloud forcing (LWCF, Figure 3l) 

cloud forcing. Note that although cloud can be influenced by dynamic and thermodynamic 

processes (Rosenfeld et al., 2008; Yu et al., 2014), the strong linear correlation between 

changes in AOD and cloud forcing (an R
2
 of 0.93 for SWCF and 0.80 for LWCF) (Figure 

S11) demonstrates that the aerosol-induced changes in cloud microphysics are the main 

drivers of the additional cloud forcing changes. Clearly, when the aerosol reductions resulted 

in little change in mean warming in 2081-2100, both CLWP (Figure 3h) and SWCF (Figure 

3i) show dramatic changes that significantly deviate from their linear correlations with 

warming during 2006-2081. In contrast, SWCST and LWCF continue to show a linear 

correlation with temperature changes that does not differ much between GHG increases and 

aerosol reductions (Figures 3k, l). Overall, these indicate the importance of aerosol-cloud 

interactions rather than the aerosol direct effect in increasing TX and thereby heatwave 

duration/magnitude in a dramatic way. Specifically, when aerosol loading is low by 2081-

2100, mean temperature and TN tend to stabilize (Figure S9a, b). However, TX increases 

exponentially (Figures 3i, S9c), because of large changes in aerosol-cloud interactions.  

We speculate that the exponential increases in TX and heatwave magnitude/duration 

due to aerosol-cloud interactions is related to the exponential relationship between aerosol 

radiative forcing, cloud microphysics and aerosol loading as discussed by Wilcox et al. 

(2015). More specifically, when the aerosol loadings are sufficiently low, small changes in 

aerosols can lead to significantly larger responses in cloud droplet size and cloud albedo, 

compared to the behaviour when the aerosol loadings are high. These result in exponential 

increases in shortwave radiation reaching the surface (Figure 3i) during daytime as well as a 

more unstable daytime atmosphere (because cloud lifetime and amount reduce as droplet size 

increases). Therefore, daytime temperatures increase and become more variable while the 

nighttime temperatures are less influenced by aerosol-cloud interactions. Consequently, 

unlike mean temperature and TN, TX continues to increase. 

Finally, for the same amount of mean warming, TX and heatwave duration increase 

dramatically due to aerosol reductions (Figure 3b, e), but this does not occur in the case of 

GHG increases. This suggests that aerosol reductions dampen the day-to-day TX variability. 

That is, the more variable the TX is from day to day, the fewer the consecutive days with TX 
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above TX95P, and vice versa. The dampening of temperature variability from aerosols 

reductions, by reducing the chances of intermittent cool days, would lead us to suffer more 

from persistent heatwaves. A physical explanation is that aerosol reductions may contract the 

Hadley cell (Allen and Sherwood, 2011) and shift the NH Hadley branch and jet stream 

northward (Lucas et al., 2014; Rotstayn et al., 2014; Xu and Xie, 2015; Chemke and Dagan, 

2018). In combination these effects dampen atmospheric variability over the tropics and 

extra-tropics. 

 

5 Discussion and conclusions 

A large body of literature has suggested that future GHG increases will very likely 

enhance the duration, intensity and frequency of heat extremes across the world (Meehl and 

Tebaldi, 2004; Lau and Nath, 2014; Russo et al., 2014; Jones et al., 2015; Schoetter et al., 

2015; Schär, 2016; Mishra et al., 2017; Mora et al., 2017). However, very little attention has 

been devoted to contrasting the roles of future GHG increases and aerosol reductions in 

future heatwave characteristic projections. A few studies have linked future aerosol 

reductions and increased temperature (or heat) extremes (Xu et al., 2015; Horton et al., 2016). 

However, their findings did not account for the duration of extreme temperature events, 

which is critical to properly characterizing a heatwave. 

In this study, we make use of the CESM-LE to investigate the effects of both GHGs 

and aerosols on changes in heatwave characteristics in the future. We show that all the 

heatwave metrics—intensity, duration, frequency, total hot days and magnitude -- increase 

during the 21
st
 century, primarily in response to the long-term warming and with a minor 

contribution from future temperature variability changes. Note that these heatwave metrics 

are influenced by the local temperature variability, and should be used in combination to 

interpret more fully the characteristics of heatwaves. In addition, GHG increases will account 

for most of these changes while aerosol reductions will exert their impact especially over the 

NH. However, given the same amount of warming, aerosol reductions are shown to increase 

the heatwave magnitudes in highly non-linear ways, through aerosol-cloud interactions. The 

various RCP scenarios have similar aerosol—but different GHG—emission pathways 

(Lamarque et al., 2013). In particular, the lower GHG increases in other RCP scenarios 

compared to RCP8.5 may induce smaller changes in heatwave metrics. Therefore, aerosols 

are likely to play a more important role in future heatwave projections. Furthermore, these 
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heatwave metrics may differ under other future scenarios such as the shared socio-economic 

pathways in which the spatial patterns of emission reductions differ (Gidden et al., 2018). 

The overall minor contribution of changes in temperature variability to future 

heatwave changes indicates the importance of the choice of the baseline (1961-1990 in this 

case) in setting the threshold for identifying the occurrence of a heatwave. In addition, 

“present-day” is defined as 1986-2005. Choosing a later period (1996-2015) result in only 

very minor changes, and does not influence the conclusions. We acknowledge that our 

analysis is based on one model, and it is currently unknown if the projections of changes in 

heatwave metrics described here hold across models. Climate models represent background 

aerosols differently (Carslaw et al., 2013); these may lead to differences in the magnitude of 

forced response to changing aerosols between models. This is particularly important in an 

already aerosol-limited environment (Samset, 2018; Lewinschal et al., 2019), and may 

suggest that the non-linear responses in heatwave metrics to aerosol changes are model 

dependent. Therefore, further research, using similar methods, is needed to further assess our 

findings.  

To summarize, the CESM model indicates that major changes in anthropogenic 

aerosols over the coming century can have very significant impacts on future heatwaves 

through aerosol-cloud interactions. However, the caveat is that this might only be a reflection 

of the specific aerosol scheme in CESM. In fact, there still are large uncertainties in our 

understanding of aerosol-cloud-radiation interactions, leading to poorly-constrained and 

diverging aerosol schemes in present generation climate models (Wilcox et al., 2015; Lee et 

al., 2016; Seinfeld et al., 2016; Malavelle et al., 2017). Therefore, our present projection of 

future heatwaves, and perhaps other types of climate extremes, might have large 

uncertainties. However, given the detrimental impacts of changes in future heatwaves and to 

more effectively manage climate risks, we call the attention of the community to prioritize 

efforts in reducing uncertainties in aerosol-cloud-radiation interactions. 
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Figure 1 Area-weighted mean of twenty years mean of ensemble mean (white cross), 25
th

 – 

75
th

 percentile spread (box), as well as ensemble minimum and maximum (whiskers) of 

heatwave metrics: (a) annual peak intensity (K), (b) annual maximum duration (days event
-1

), 

(c) annual frequency (number year
-1

) and (d) annual total days (days year
-1

), derived from the 

absolute temperatures. Green for the period 1986-2005, red for 2081-2100 under RCP8.5 and 

blue for 2081-2100 under RCP8.5_FixA. (e-h) are identical to (a-d), except for that (e-h) are 

calculated after the long-term temperature trend has been removed from the raw dataset. The 

results are shown for the global land (GLO), Australia (AUS), Brazil (BRA), China (CHA), 

Europe (EUR), India (IND), Southern Africa (SAF), and contiguous USA (USA). Detailed 

calculation procedures of these values shown here are provided in Text S5. 
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Figure 2 Exceedance probability of heatwave magnitude over 2041-2060 (left) and 2081-

2100 (right) relative to the baseline period (1986-2005), as calculated from all the ensemble 

members under (a,b) RCP8.5 (greenhouse gas increases (GHG)+aerosol reductions (AAs)), 

(c,d) RCP8.5_FixA (GHGs only) and (e.f) the contribution from aerosols.  
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Figure 3 Sensitivity of heatwave metrics to warming: scatterplots of changes (ensemble 

mean of annual mean) in land area-weighted mean heatwave (a) intensity (K), (b) duration 

(days event
-1

), and (c) magnitude (K*days) against global land mean surface temperature 

change. The sensitivity of changes in these metrics, derived as the slope of the linear fitting of 

the scatterplots in a-c, are shown in d-f for the time period 2041-2060 and 2081-2100, 

respectively. Also shown are changes in the annual mean of global area-weighted mean (g) 

monthly maximum temperature (TX, K), (h) cloud liquid water path (CLWP, g m
-2

), (i) 

shortwave cloud forcing (SWCF, W m
-2

), (j) monthly minimum temperature (TN, K), (k) 

clear-sky shortwave radiation at top-of-the-atmosphere (SWCST, W m
-2

) and (l) longwave 

cloud forcing (LWCF, W m
-2

), all plotted against land area-weighted mean surface 

temperature change (K). All scatterplots are plotted separately for the period 2006-2080 

(filled small dots) and 2081-2100 (large circles). The colour conventions are: red for RCP8.5 

(GHGs + AAs), blue for RCP8.5_FixA (GHGs only) and magenta for aerosols differentiated 

as RCP8.5 - RCP8.5_FixA.  


