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Abstract Heat stress is expected to intensify, since temperatures are projected to increase during the
21st century. We investigate the assumed co-occurrence of annual extremes of temperature and one heat
stress metric and assess the effect of relative humidity variations on the heat stress changes. We show in
CMIP5 simulations that both extremes tend to co-occur in Europe and northern America, when the
conditions are the hottest and the driest. However, extreme seasons occur later for heat stress than
temperature by up to 2 months within the tropics. By 2100, models project a drying that hampers the
increase in heat stress extremes. Within northeastern Africa, the slight projected wettening enhances the
warming effect on the heat stress changes and induces the maximum heat stress intensification. Models
are generally able to represent the phasing of both extremes compared to observations, with large
uncertainties over regions experiencing the greatest future heat stress intensification.

Plain Language Summary Temperature and heat stress extremes are projected to intensify
in the future. However, the occurrence and the changes in heat stress extremes also depend on humidity
variations. We show that both extremes tend to co-occur during the year in mid-latitudes, but extremes
of heat stress tend to occur later than temperature extremes in the tropics, when the relative humidity is
annually higher. We also show in future climate simulations that the global projected drying that
strengthens the increase in temperature extremes weakens the intensification of heat stress extremes.
Nevertheless, this does not prevent risk for health, particularly in tropical areas.

1. Introduction
Global mean temperatures are very likely to continue rising during the 21st century (Collins et al., 2013).
As global climate is expected to warm in the future, the ensuing heat stress, the well-established combined
effect of temperature and humidity on human health, is projected to increase. This heat stress is projected to
intensify health risks for population and to decrease labor capacity, particularly over tropical and subtropical
areas (Dunne et al., 2013; Zhao et al., 2015). Moreover, the preferential warming of the hot tail of temperature
distributions tends to increase the magnitude, frequency, and duration of extremes (Alexander et al., 2006;
Meehl, 2004). In previous studies, it was shown that the greatest increase of temperature extremes over
land is due to the largest associated drying in midcontinental areas such as Europe, northern America, and
Amazonia (Donat et al., 2018; Fischer & Schar, 2010). However, the near-surface relative humidity (RH)
and its annual and interannual variations are often overlooked when studying the evolution of the heat
stress (Diffenbaugh et al., 2007; Fischer & Knutti, 2013). Yet the impacts of hot extremes on physiology and
health can be exacerbated by elevated ambient humidity (Chen et al., 2018; Mora et al., 2017), and a stronger
interest in the contribution of the projected changes in humidity is needed.

In this paper, we investigate the potential co-occurrence of extremes of temperature and extremes of the
simplified Wet-Bulb Globe Temperature, a commonly used heat stress indicator (Australian Bureau of Mete-
orology, 2010; Yaglou & Minard, 1957). We compare their projected changes during the 21st century in order
to assess how they are spatially and temporally related. We also analyze the effect of RH variations on the
heat stress changes and assess whether the changes in humidity enhance or hamper the global warming
effect on the changes in heat stress extremes.
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2. Data and Methods
2.1. Simulated and Observed Data
We analyze data of near-surface air temperature (T), RH, and associated simplified Wet-Bulb Globe
Temperature (W) from 1979 to 2100. W is calculated using the simplified equation:

W = 0.567 × T + 0.393 × VP + 3.94

with W in no unit or units of W, T the near-surface air temperature (in ◦ C), and VP the air vapor pressure
(in hPa). VP and RH are calculated from daily data of specific humidity (q), sea-level pressure (slp), and T
(see Methods in the Supporting Information). Twenty CMIP5 (Taylor et al., 2012) general circulation models
(GCMs) provide daily q, slp, and T between 1979 and 2100. We selected one GCM per modelling group among
these 20 models and retained 12 GCMs for our multimodel analysis (Table S1). Some models provide several
realizations. For these models, each realization is weighted by the total number of realizations available for
the model, in order to equally represent all GCMs in multimodel mean values (Chavaillaz et al., 2016). We
chose the RCP8.5 scenario since it provides clearer signals as a response to the largest projected warming.

We also compare simulations over the historical period with the WATCH-Forcing-Data-ERA-Interim
(WFDEI) observations (Weedon et al., 2014). This data set presents an observation-based estimate of the
daily data we use from 1979 to 2014, and the historical period is thus defined between 1979 and 2005 in this
study. WFDEI and CMIP5 simulations are bilinearly interpolated onto the CCSM4 1.25◦ x 0.9375◦ spatial
grid to compute the multimodel means and investigate the comparison with observations and the intermodel
comparison.

2.2. Annual Extremes and Related Variables
Heat stress indicators are usually discussed by comparing their values to absolute danger thresholds defined
in health studies (Kjellstrom et al., 2009). However, this approach can be limited by model biases (Zhao
et al., 2015), population acclimatization (Bowler, 2005), and heat stress index choices (Buzan et al., 2015).
Here we do not analyze the frequency of occurrence of the different classes but focus on projected anomalies
of extreme values of W. For each model, the annual extremes are calculated as the average of daily values
of T and W above the annual 99th percentile, for each year from 1979 to 2100 (hereafter T99 and W99).
Temperature and RH during days of W99 are extracted (TW99 and RHW99), in order to assess their contribu-
tion to annual W99 occurrence and evolution. Mean changes between the historical (1979–2005) and future
(2074–2100) periods are calculated as𝛥T99,𝛥W99,𝛥TW99, and𝛥RHW99. Note that we find similar but weaker
signals when using the annual 95th or 98th percentiles in the definition of extremes (not shown here).

3. Results
3.1. Future Projected Changes in Extremes
The multimodel mean 𝛥T99 over land between historical and future in Figure 1a exhibits the largest warm-
ing (≥ +6.7-8.3 K) in midcontinental regions such as Europe, the Amazon basin, and northern America,
consistent with previous papers (Fischer & Knutti, 2013; Zhao et al., 2015). When comparing 𝛥T99 to the
multimodel changes in annual mean temperature (Figure 1c), the greatest differences between extreme
and mean changes are located over midcontinental areas. In these regions, T99 increases by 2–3 K more
than the annual mean. This regional amplification of 𝛥T99 compared to the annual mean changes can be
explained by the enhancing effect of the drying during the hottest days of the year. The soil-moisture deficit
during summer leads to a reduction in cooling evapotranspiration that amplifies the increase in temper-
ature extremes (Donat et al., 2018; Fischer & Schar, 2010; Hirschi et al., 2011). Note that the magnitude
of the differences may be biased by using the annual mean rather than the mean over the hottest season.
As an example, in northern high-latitudes, the stronger projected warming during winter induces the neg-
ative values exhibited in Figure 1c. For latitudes above 60◦ N, the annual mean temperature increases more
than annual extremes over land. This is due to a stronger projected warming during winter (Screen &
Simmonds, 2010). In this paper, we do not focus on high-latitudes, since the values of temperature and heat
stress extremes remain too low to refer as a severe source of risk for human health (Kjellstrom et al., 2009).

Figure 1b shows different spatial patterns of 𝛥W99 compared to 𝛥T99. The greatest intensification of heat
stress extremes over land is located within northern Siberia, northern Sahelian Africa, Arabia, Amazonia,
and eastern China, with an increase higher than +5.7 units of W (consistent with Zhao et al., 2015). The
global maximum 𝛥W99 located over Amazonia and Siberia are associated to a maximum 𝛥T99 (Figures 1a
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Figure 1. Multimodel ensemble mean change between 1979–2005 and 2074–2100 periods of daily values above the annual 99th percentile for the RCP8.5
scenario for (a) temperature (𝛥T99), and (b) heat stress (𝛥W99). (c) Difference between 𝛥T99 and the multimodel annual mean temperature. (d) Same as (c) but
for the heat stress. Stippling indicates where the multimodel ensemble mean change is twice greater than the intermodel spread (calculated as the standard
deviation of the 12 general circulation models historical means) in (a) and (b), and once greater than the intermodel spread in (c) and (d).

and 1b). However, the high values of 𝛥W99 in Sahelian Africa and Arabia do not spatially correspond to high
𝛥T99 values, while global maximum 𝛥T99 located in Europe does not coincide with the strongest 𝛥W99.
Moreover, the greatest difference between 𝛥W99 and annual mean changes is not necessarily associated
to the greatest 𝛥W99 (Figure 1d), contrary to temperatures. We thus choose to focus on three regions to
highlight three different types of changes during the 21st century when comparing heat stress to temperature
(see boxes in Figure 2b). First, Europe does not show a severe multimodel W99 increase but exhibits an
important difference with respect to the annual mean W changes (≥ +1.25 units) and shows the maximum
𝛥T99 over land, particularly in the south. Second, the Sahelian Africa to Arabia region (hereafter the SAA
region) shows both the largest 𝛥W99 and the greatest difference with the mean W changes (+1.75 units) but
is not a particular 𝛥T99 hot spot. Finally, the Amazon basin shows one of the strongest intensification in
W99, a small difference with the mean increase (≤ +0.8 units) and a severe 𝛥T99. These different behaviors
highlight that the largest 𝛥W99 is not linearly linked with the maximum 𝛥T99 and suggest a strong spatial
and temporal effect of RH changes.

3.2. Contribution of T and RH to 𝜟W99
In order to assess the three above-mentioned behaviors, the relative contribution of T and RH to 𝛥W99 is
analyzed. The global patterns of changes of TW99 and RHW99 occurring in W99 conditions are displayed in
Figure 2.

In Europe, TW99 strongly increases between historical and future periods (𝛥TW99 ≥ +7 K) but does not
lead to the maximum 𝛥W99 over land (≤ 4.9 units of W). This first can be explained by the relatively low
historical TW99 in this region. Indeed, for the same warming, W99 increases more at higher temperature and
humidity conditions due to the Clausius-Clapeyron effect (Fischer et al., 2012). Therefore, despite having the
global largest projected 𝛥TW99 (Figure 2a), the lower historical TW99 temperature in Europe compared to the
tropics induces a relatively moderate 𝛥W99. The second explanation is that models project a future drying
during days of W99, with a multimodel 𝛥RHW99 of −13% (Figure 2b). Although this drying enhances the
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Figure 2. Multimodel ensemble mean change of (a) temperature (𝛥TW99, in K), and (b) relative humidity (𝛥RHW99, in absolute %) during W99 conditions.
Stippling indicates where the multimodel mean change is twice greater than the intermodel spread. Boxes in (b) indicate regions used for further analysis in
Figures 3 and 4.

T99 warming, it attenuates the W99 intensification. As previously studied, this drying is due to a decrease of
soil evaporation and a corresponding decrease of the latent heat flux during summer that further increases
temperature during the warmest days of the year (Donat et al., 2018; Vogel et al., 2017).

In Amazonia, 𝛥TW99 does not exceed +5.5 K, and 𝛥RHW99 decreases by more than 8% (Figure 2b). During
the historical period, TW99 are relatively high and the region remains humid in the future even with dryer
conditions during W99. As a consequence, the Amazon basin is projected to experience one of the global
maximum W99 intensifications (𝛥W99 = +5.5 units of W), despite a strong associated drying.

Within the SAA area, 𝛥TW99 does not exceed +4.5 K, but RHW99 is projected to slightly increase by 1% to 3%
in this specific region (Figure 2b). The global maximum 𝛥W99 over the SAA region shown here is due to the
slight projected increase in RH that enhances the warming effect on 𝛥W99. The multimodel mean patterns
show a small spatial shift between 𝛥RHW99 and 𝛥W99 in the SAA region (Figures 1b and 2b). However, the
model per model analysis exhibits a good accordance between regional patterns of global maximum 𝛥W99
and positive 𝛥RHW99 (Figures S1 and S2). The positive correlation between evolutions of W99 and RHW99
within the SAA region from 1979 to 2100 is also robust model per model (Figure S3).

Here we confirm the nonlinearity expected between 𝛥W99 and 𝛥T99 (Davies-Jones, 2008; Matthews et al.,
2017), and we show the important role played by RH variations, particularly within regions with the largest
𝛥W99. Moreover, TW99 is not projected to increase as much as the annual T99 over land between 60◦ S and
60◦ N (Figures 1a and 2a). This suggests that TW99 and the associated W99 may not necessarily co-occur
with T99 during the year.

3.3. Historical and Future Seasonal Cycles of W, T, and RH
We study the potential phasing between annual T99 and W99 by analyzing the seasonal cycles of W, T, RH,
and their future changes for Europe, Amazonia, and the SAA region. This analysis quantifies how seasons
of highest T and highest W are phased, which only provides an estimation of the mean phasing between T99
and W99. In order to compare their seasonality and their changes, W, T, and RH are normalized between 0
and 1, subtracting the annual mean from each daily value and dividing it by the difference between annual
maximum and minimum (the real values described in this section refer to Table S2). Such analyses require a
model per model approach, and mean cycles over both historical and future periods for each model are cal-
culated. We describe the CCSM4 seasonal cycles in the main paper (Figures 3a to 3c), since this GCM exhibits
the best agreement with observations among CMIP5 models for temperature and precipitation (Knutti et al.,
2013). Cycles for all of the 12 models are displayed in Figures S4, S5, and S6. Historical cycles computed
using the WFDEI data set are also displayed in Figures 3d to 3f.
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Figure 3. Mean seasonal cycles of W (red), T (orange), and RH (blue) over the 1979–2005 period (dashed lines) and the 2074–2100 period (solid lines) for the
CCSM4 model within (a) Europe, (b) Amazonia, and (c) the Sahel to Arabia region. (d–f) Same as (a–c) but for WATCH-Forcing-Data-ERA-Interim
observations (1979–2005). Annual cycles are unitless and normalized between 0 and 1, subtracting the annual mean from each daily value and dividing it by the
difference between annual maximum and minimum. Real values of W, T, and RH are displayed in Table S2.

In Europe, W, T, and RH are seasonally well correlated in both observations and GCMs (Figures 3a, 3d, and
S4). The annual highest W occurs between June and August, when T is the highest (mean annual maximum
= 21 K for CCSM4 in Table S2) and RH the lowest (≤ 64%), since high T drives the annual extremes of W
in this region (Buzan et al., 2015). We show that highest values of T and W co-occur during summer in this
region (as for northern America, not shown here). Models represent the historical mean seasonal cycles well
compared to the WFDEI data set in both magnitude and phasing, except for CanESM2, IPSL-CM5A-MR,
and MRI-ESM1 that simulate the annual minimum RH earlier by 1 month compared to observations (Figure
S4). In the future, T increases and the associated summer RH between historical and future drops by 9%.
As a consequence, this drying dampens the warming effect on the associated W99 intensification. Previous
papers have shown that a larger land-ocean contrast in the lower tropospheric summer warming, as well as
a faster and earlier decline of soil-moisture due to the precipitation decrease during spring, primarily drive
the projected summer RH decrease in Europe (Donat et al., 2018).

Figures 3b and 3e show the seasonal cycles for the Amazon basin for CCSM4 and WFDEI and exhibit
more complex cycles of W, T, and RH. During the historical period, annual highest W can occur during
March-to-May and October-to-December (OND) seasons but do not co-occur with annual maximum T. The
March-to-May intense W is due to both high T and high RH values, while the OND high W season is associ-
ated with hotter but dryer conditions (Table S2). The seasonal cycles simulated by the models are time-lagged
compared to the observations. The spread among models is also bigger than for Europe. CCSM4 robustly
represents the seasonal cycles despite dry and cold biases (Table S2). In the future, temperature increases
with a preferential warming during the July-to-October (JASO) dry season. This preferential warming leads
to the future occurrence of highest W values only during the OND season. However, the associated drying
by −11% hampers the effect of the greater OND warming on the W increase and dampens the annual high-
est W intensification in this region. This effect is illustrated by a lower increase in the seasonal variability of
W compared to the variability of T (Figure 3b). No study assesses the RH variability over the Amazon basin.
This variability is explained here through the analysis of precipitation variability, since the RH and precipi-
tation annual cycles are seasonally well correlated in both WFDEI and GCMs (not shown here). Moreover,
in the future, CMIP5 models project a negative annual mean 𝛥RH, which is associated with a decrease in
annual mean precipitation, soil-moisture, evaporation, and river runoff (Collins et al., 2013; Kirtman et al.,
2013). Therefore, the projected greater reduction of rainfall during the JASO dry season compared to annual
mean (Marengo et al., 2012) may explain the decrease of RHW99 and RHT99 (Table S2). It was shown in recent
decades that the warmer than average tropical Atlantic sea surface temperatures lock the Intertropical Con-
vergence Zone more to the north during JASO and cause the observed drying over Amazonia (Gloor et al.,
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Figure 4. Boxplots of the 12 general circulation models regional mean W99 in unit of W, for (a) Europe, (b) Amazonia, and (c) the SAA region. In each panel:
(left boxplot) historical W99, (middle boxplot) future projected W99, (right boxplot) theoretical future W99theo. The solid thick black lines in each boxplot
represent the multimodel medians, and the red diamonds represent the multimodel means. The black dashed line in each panel corresponds to the historical
WATCH-Forcing-Data-ERA-Interim mean W99. Colored lines show the risk levels of W defined in Kjellstrom et al. (2009) for a medium physical activity: 29
units of W (green line), 30.5 (orange), 32 (red), and 37 (dark red).

2015; Marengo & Espinoza, 2016; Yoon & Zeng, 2010). In the future, models simulate an accelerated sea sur-
face temperatures warming over much of the tropical Atlantic, suggesting a more pronounced northward
Intertropical Convergence Zone shift during JASO (Good et al., 2008). Despite large uncertainties among
models, this is consistent with the projected decrease in rainfall and RH.

Within the SAA region, the season of intense W occurs in August, when the summer values of T start to
decrease and the annual lowest RH starts to increase (Figures 3c and 3f). This induces a delay between
annual maximum T and W from 2 weeks to 2 months depending on the models (Figure S6). Models represent
T and W seasonal variabilities well but agree less for the RH cycle compared to observations, with only 5/12
models showing the annual RH bump between July and September exhibited in WFDEI (Figure 3f). At the
end of the 21st century, there is no significant change in the seasonal cycle of T, and the region seems to warm
homogeneously throughout the year (similar values as in Figure 1c). Nevertheless, Figure 3d shows a late
summer RH increase in the future, which is consistent with the slight positive𝛥RHW99 of +1–3% (Figure 2b).
In this region, the projected increase of RH enhances the warming effect on 𝛥W99 and leads to the global
maximum projected 𝛥W99 over land. This late-summer RH increase enhancement in the future can be
explained by a reinforcement of the mean moisture transports over Sahel from Atlantic and Mediterranean
sources, associated with rainfall surpluses in the eastern part of the desert (Biasutti, 2013; Monerie et al.,
2012). This strengthening can be favored by different mechanisms such as a greater surface warming over
the continent, a northward migration, and a more intense circulation of the West African Monsoon that
induces a spring drying and a fall wettening in the future (Fontaine et al., 2011; Monerie et al., 2013).

3.4. Quantification of the Effect of RH Variations on 𝜟W99
To quantify the dampening/enhancing effect of 𝛥RH on 𝛥W99, we compute a theoretical future mean heat
stress extreme (W99theo) in a world experiencing the same global warming but no change in RH. W99theo is
calculated by combining annual RHW99 averaged over the 1979–2005 period and annual TW99 averaged over
2074–2100. Since models locate different magnitudes of the positive/negative 𝛥RHW99 at different grid cells,
W99theo is calculated model per model. Figure 4 displays for Europe, Amazonia, and the SAA regions the
multimodel boxplots of the regional mean historical W99 values (left boxplot of each panel), the projected
future W99 (middle boxplot), and the theoretical projected W99theo (right boxplot). Values for each model
are shown in Figure S8.

In Europe, due to the hampering effect of the projected drying, 𝛥W99 is modulated by −5.1 to +1.06 units
of W depending on the model, with a multimodel median of −2.72 units (Figures 4a and S7a). We show
that historical mean W99 values from the models are good compared to WFDEI observations, with a mul-
timodel mean overestimation smaller than +1 unit of W. Within the Amazon basin, Figure 4b shows a
dampening effect by −6.02 to −0.11 units with a multimodel median of −2.32. In this region, the models
underestimate the historical W99 by−1.66 units (Figure S7b). Within the SAA region, the projected increase
of W99 is modulated by −3.15 to +0.45 units of W (median = −0.66) compared to a world with no change
in RH (Figures 4c and S7c). For this region, models slightly underestimate historical W99 by −0.67 units.
The spread among models results from very different locations and magnitudes of the positive 𝛥RHW99 in
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the SAA region (Figure S2), questioning whether GCMs are representing the same mechanism. As a con-
sequence, some models show a negative or a slight difference between 𝛥W99 and 𝛥W99theo in the SAA
region due to the selected box for the regional mean (Figure S7c). However, the positive difference between
𝛥W99 and 𝛥W99theo is robust model per model and located between the Sahel, northern Africa, and Ara-
bia (Figure S8). These patterns show an enhancing effect per grid cells of 0 to +2.5 units of W due to the
associated positive 𝛥RHW99.

In health studies, four danger classes of heat stress were defined considering medium physical activity as
29–30.5 units of W (light danger class), 30.5–32 (moderate danger), 32–37 (strong danger), and ≥37 (extreme
danger) (Kjellstrom et al., 2009; Parsons, 2006). In Europe, considering these health recommendations, the
green threshold is projected to be reached in 50% of the models in the future and the orange threshold in
25% (Figure 4g). Without any projected future drying (𝛥W99theo), the green danger class is reached in 70%
of the GCMs, the orange class in 60%, and the red class in 50% of the models. The effect of RH variations
on 𝛥W99 thus plays an important role in Europe. Within the Amazon basin, future W99 reaches the most
dangerous heat stress danger threshold in 30% and W99theo in 60% of the models (Figure 4h). W99 values
cross the red danger class in 100% of the models even with the dampening effect of the 𝛥RHW99 decrease.
Moreover, in this region, the models underestimate the historical values of W99 compared to observations,
which implies that projections are even worse when applying bias corrections (Dunne et al., 2013; Zhao
et al., 2015). Therefore, the drying hampering effect shown can be neglected in Amazonia, since future W99
is projected to pose severe dangerous heat stress conditions for population (Kjellstrom et al., 2016). In the
SAA region, future values of W99 reach the red class with or without any change in RH, and 80% of the
models show an amplification effect smaller than one unit of W (Figure 4i). The global mean projected
drying over land does not affect this hotspot. Indeed, the slight RHW99 increase induces the most severe
global intensification of W99 by up to +6 units of W, which corresponds to an intensification stronger than
the four danger classes defined for health recommendations (Figure 4).

4. Summary and Discussion
According to 12 CMIP5 models, extremes of temperature (T99) and extremes of simplified Wet-Bulb Globe
Temperature (W99) tend to co-occur in mid-latitudes and to be time-lagged in the tropics due to the RH. In
tropical areas, mean seasonal cycles show that extreme seasons of W occur later than extreme seasons of T
by up to 2 months, when the yearly maximum temperature decreases but the RH increases. Consequently,
the future changes in the corresponding W99 are not linearly correlated to the changes in T99, as suggested
in Matthews et al. (2017). Significant RH changes are also projected during W99 conditions in the future and
modulate the global warming effect on 𝛥W99 in all regions. The global maximum W99 intensification over
land is located within the Sahel to Arabia region, where the slight positive RH changes enhances 𝛥W99, and
within the Amazon basin, where the drying effect hampers the W99 intensification.

Nevertheless, robustness in the 𝛥RH projections during W99 among models is limited. The significance is
better over drying areas (Figure S2), consistent with seasonal and annual mean changes in RH (not shown
here). These uncertainties may be explained by the relative contribution of processes driving the changes in
variability such as enhanced land-atmosphere coupling, reduction in cloudiness, and atmospheric circula-
tion changes that strongly differ among CMIP5 models (Deser et al., 2012; Flato et al., 2013). In particular, the
SAA region emphasized in this paper would deserve a further investigation to understand the multimodel
differences.

The multimodel analysis conducted here shows a good representation of historical mean values and seasonal
variabilities of W, T, and RH compared to the WFDEI observations. However, model biases in extremes are
well known compared to observations and reanalyses (Dunne et al., 2013; Fischer & Knutti, 2013; Zhao
et al., 2015), and bias corrections would be necessary to quantify the 𝛥RH impact on human health and
labor productivity. When using the simplified W, we also neglect the solar radiation and wind components in
assessing the changes in heat stress extremes (Grundstein & Cooper, 2018). This approximation may impact
the implications of the changes on the labor productivity and health (Kjellstrom et al., 2009).

These results, not diminishing the severe conclusions of the projected increase in temperature, confirm
the importance of studying humidity variations. They highlight the need to fill the lack of high-quality
observations that still limits confidence for both observed and projected changes (Chen et al., 2018). They
also exhibit the need to better represent the hydrological cycle and atmospheric circulation in GCMs.
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Land-atmosphere feedbacks play an important role in the assessment of climate impacts on population
(Seneviratne et al., 2018). They induce moisture fluxes between soil and atmosphere, modulating the occur-
rence of heat extremes in the mid-latitudes, where they particularly determine the onset of heat waves
through larger-scale circulation patterns (Horton et al., 2016; Seneviratne et al., 2006). Atmospheric circula-
tion also needs to be better constrained in GCMs, since climate extremes in tropical regions such as droughts
can directly be linked with moisture transport from ocean and circulation strengthening (Barichivich et al.,
2018).

Following the time lag emphasized in the tropics, temperature and heat stress extremes should be analyzed
as consecutive events during the year in order to improve the assessment of the future climate change-driven
impacts on population (Leonard et al., 2014; Mora et al., 2018; Zscheischler et al., 2018).
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