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• Significant intensification of heat stress
projected for the Eastern Mediterranean.

• Heat wave duration, frequency, and sever-
ity are projected to increase.

• The persistence of heat days is projected
to increase.

• Projected changes in heat stress are
primarily attributed to temperature in-
creases.

• Heat-related mortality may increase to
~330 deaths during Summer in Israel.
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Heat waves are extreme events characterized by sweltering weather over an extended period. Skillful projections of
heat waves and their impacts on human mortality can help develop appropriate adaptation strategies. Here, we pro-
vide nuanced projections of heat wave characteristics and their effect on humanmortality over the EasternMediterra-
nean based on ERA5 reanalysis and CORDEX ensemble simulations. Heat waves were identified according to the 90th
percentile threshold of the Climatic Stress Index (CSI), specifically tailored for the summer conditions in this region.
We provide evidence that heat waves in the region are projected to occur seven times more often and last three times
longer by the end of the 21st century (RCP8.5). We find that heat waves will become more persistent in a warmer
world. Finally, we offer a conservative estimate of excess mortality in Israel based on a simple linear model. The
projected changes in heat stress intensity and frequency may result in ~330 excess deaths per summer at the end of
the 21st century (RCP8.5) compared to the historical baseline of ~30 heat-related deaths, particularly pronounced
in the elderly (65+ years).
We conclude that heat waves increasingly threaten society in the vulnerable Eastern Mediterranean. We also empha-
size that true interdisciplinary regional collaborations are required to achieve adequate public health adaptation to
extreme weather events in a changing climate.
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1. Introduction

Heat waves are hazardous weather events that affect many regions
worldwide. While there is no universal definition of heat waves, they are
generally defined as episodes of abnormally hot weather over a prolonged
period characterized by wide-ranged impacts (Perkins and Alexander,
2013; Chen et al., 2015; Becker et al., 2022). Health effects include
anuary 2023
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Table 1
Specifying model data by global driving model, spatial resolution, and Representa-
tive Concentration Pathway (RCP) scenario. Historical (Hist) forcing until 2005,
from 2005 to 2100 RCP forcing.

Driving model Resolution Scenario

EC-Earth 0.44° × 0.44° Hist, RCP 2.6/4.5/8.5
0.22° × 0.22° Hist, RCP 2.6/4.5/8.5

GFDL-ESM2M 0.44° × 0.44° Hist, RCP 2.6/4.5/8.5
0.22° × 0.22° Hist, RCP 2.6/4.5/8.5

CNRM-CM5 0.44° × 0.44° Hist, RCP 2.6/4.5/8.5

M. Wedler et al. Science of the Total Environment 870 (2023) 161883
increased mental and physical stress (Epstein and Moran, 2006; Lee et al.,
2018) andmorbidity (Åström et al., 2011). Finally, heat waves can increase
excess mortality rates, particularly in risk groups such as the elderly
(Åström et al., 2011; Chen et al., 2015). Notable examples of heat waves
in recent years are the 2003 European heat wave, with 30,000–75,000 ex-
cess deaths in Europe (Robine et al., 2008), and the so-called ‘2010 Russian
heat wave’, which caused about 55,000 deaths (Swiss Re Economic
Research & Consulting, 2011). Other impacts include infrastructural dam-
age, elevated electricity demands and power outages (Zimmerman and
Faris, 2010; Zachariadis and Hadjinicolaou, 2014), impaired agricultural
productivity (Deryng et al., 2014; Belhadj Slimen et al., 2016) as well as
stress on ecosystems (Ruthrof et al., 2018; Wang et al., 2019).

Heat wave duration, frequency, and intensity have already increased in
many regions worldwide (Coumou and Rahmstorf, 2012; Perkins and
Alexander, 2013), and this trend is projected to intensify in the future
(Russo et al., 2017; Mora et al., 2017). Addressing climate change at the re-
gional scale, especially in regions of complex topography, such as the East-
ern Mediterranean, requires data of high spatial resolution (Giorgi and
Gutowski, 2015; Latt et al., 2022). Such resolutions can be obtained by dy-
namically downscaling global simulations with a regional climate model.

The Mediterranean region is a climate change ‘hotspot’ (Giorgi and
Lionello, 2008) due to its location at the border between temperate and
arid climates. This makes the region particularly susceptible to small
changes in the general circulation (Giorgi and Lionello, 2008; Peleg et al.,
2015). For the Eastern Mediterranean, Kuglitsch et al. (2010) found that
the duration (number) of heat waves in the region has increased ~eight
(six) fold from 1960 to 2010. Regarding future projections, Lelieveld
et al. (2014) provided evidence that the number of very hot days (daytime
maximum temperature> 35 °C) in the coastal Levant may increase bymore
than two months until the end of the 21st century, while Zittis et al. (2016)
found that the Eastern Mediterranean could be exposed to heat waves with
amplitudes increased by up to 6 °C–10 °C and durations of up to 40 days.
These changes occur in a region characterized by socioeconomic vulnera-
bility and a fast-growing population (Cramer et al., 2018). Moreover, the
high degree of urbanization in the region can aggravate the effects of heat
waves through the urban heat island effect (Li and Bou-Zeid, 2013; Ward
et al., 2016).

Although the Eastern Mediterranean's summer season is characterized
by persistent synoptic conditions leading to high temperatures with rela-
tively small inter-diurnal variability, comparatively cool weather or partic-
ularly high temperatures are no exception (Saaroni et al., 2003; Harpaz
et al., 2014). The Persian Trough synoptic system governs over 80 % of
July and August days at lower levels (Bitan and Saaroni, 1992; Alpert
et al., 2004b; Ziv et al., 2004). It induces the north-westerly Etesian
winds, bringing relatively cool and moist air from Eastern Europe and the
Mediterranean Sea (Bitan and Saaroni, 1992; Ziv et al., 2004; Saaroni
et al., 2017). The low-level cool advection and mid/upper-level subsidence
induce a permanent inversion layer in the coastal areas, enhancing heat
stress by trapping moisture below it (Ziv and Saaroni, 2011; Saaroni
et al., 2017). Saaroni et al. (2017) proposed an environment-to-climate ap-
proach based on the so-called Climatic Stress Index (CSI) to improve earlier
synoptic classifications of summer conditions in the region.

To characterize the persistence of heat waves, we use a recent approach
grounded in dynamical systems theory. This perspective enables us to quan-
tify the persistence of atmospheric states in phase space (Faranda et al.,
2017). Indeed, Hochman et al. (2019, 2021) showed that the Persian
Trough exhibits an exceptionally high persistence relative to other regional
weather types and that heat days are, on average, more persistent than
cooler days in summer.

Only a handful of studies have explored the effects of heat stress onmor-
tality in the region, focusing mainly on Cyprus or big cities such as Tel-Aviv
(Peretz et al., 2011; Leone et al., 2013; Heaviside et al., 2016). Moreover,
the quantification of the impact of climate change and estimation of future
death tolls attributable to heat has rarely been conducted for the region
(Heaviside et al., 2016; Kendrovski et al., 2017; Ahmadalipour and
Moradkhani, 2018).
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Our study aims to provide detailed projections of heat wave frequency,
duration, intensity, and dynamics in the Eastern Mediterranean. In addi-
tion, we investigate the heat-mortality relationship in Israel and provide
an estimate of future excess mortality associated with increased heat stress.

2. Data

For evaluation of the model simulations and linking heat waves to mor-
tality, we use daily values from 1976 to 2018 at a 0.25°×0.25° regular grid
from the 5th generation of the European Centre for Medium-rangeWeather
Forecasting (ECMWF) Reanalysis (ERA5; Hersbach et al., 2020). Extracted
variables include temperature at 2m, 1000 hPa, and 850 hPa, aswell as sur-
face and sea level pressure. Depending on the availability of the datasets to
validate, different periods are used, namely 1976–2005 for model evalua-
tion and 2000–2018 for health impact analysis.

For the projections, we utilize regional daily model data from the Coor-
dinated Regional Downscaling Experiment (CORDEX), an initiative of the
World Climate Research Programme (https://cordex.org/; Giorgi and
Gutowski, 2015). We focus on data from the Middle East and North
Africa region (MENA-CORDEX; http://mena-cordex.cyi.ac.cy/), which,
compared to EURO- and Med-CORDEX captures the key regional weather
types (Alpert et al., 2004a; Zittis et al., 2021). Here, we apply daily data
from the Rossby Centre regional atmospheric model (RCA4; Strandberg
et al., 2014; Samuelsson et al., 2015) forced by three different global circu-
lation models at grid-spacing ranging from 0.22° × 0.22° to 0.44° × 0.44°.
The latter were driven under Representative Concentration Pathways
(RCPs), which comprise a commonly used representative-of-literature set
of four greenhouse gas concentration trajectories for the 2005–2100 simu-
lation period associated with a corresponding change in radiative forcing,
respective (global) temperature (van Vuuren et al., 2011). We consider
three Representative Concentration Pathways (RCP) with an additional ra-
diative forcing of 2.6, 4.5, and 8.5W/m2 at the end of the century compared
to pre-industrial levels, representing the lowest, intermediate, and highest
greenhouse gas concentration trajectories (RCP2.6, RCP4.5, and RCP8.5;
Table 1). This corresponds to all publicly available regional model simula-
tions containing the necessary variables for computing the CSI. Extracted
variables include temperature at 2 m and 850 hPa as well as surface
and sea level pressure. The model data is then interpolated to a standard
0.25° × 0.25° grid to match the ERA5 data.

Finally, to quantify the heat-mortality relationship, we employ data
from the Israel Central Bureau of statistics on the daily death toll, monthly
average total population, and annual average population by age for Israel
from 2000 to 2018.

3. Methods

3.1. Computation of the Climatic Stress Index (CSI) and heat wave indices

The Climatic Stress Index (CSI) is based on the Discomfort Index (Thom,
1959; Sohar et al., 1978) and the height of the marine inversion base. This
environment-to-climate approach to classifying summer days provides
valuable information on local weather conditions (Saaroni et al., 2017,
2018). We chose the CSI for studying heat waves as it combines tempera-
ture, humidity, and circulation (Saaroni et al., 2017, 2018). These variables
are important factors for human well-being (Armstrong, 2006; Epstein and

https://cordex.org/;
http://mena-cordex.cyi.ac.cy/
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Moran, 2006; Ahmadalipour and Moradkhani, 2018), while at the same
time, its approximation formula requires variables commonly included in
model outputs. The CSI is calculated as follows:

CSI ¼ 92:78þ 0:638T1000−850−0:178Δp−0:108pIran: ð1Þ
Fig. 1. Median sea level pressure map for the historical period (1976–2005) of ERA5 (a
mean (c) EC-Earth (d) GFDL-ESM2M (e) and CNRM-CM5 (f) compared to ERA5. O
significance level are colored. Boxes in the upper left panel show Israel/Jordan (black li
ture (T1000−850), West Egypt and South Caucasus (dotted grey line, 24°N–29°N; 21°E–29
and North Iran (red dashed-dotted line, 35°N–44°N; 46°E–54°E) to quantify the depth of
well is the region for which inverse persistence (θ) of the 2-meter temperature field is ca
references to color in this figure legend, the reader is referred to the web version of this
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Here, T1000−850 is the mean between air temperature at 1000 hPa and
850 hPa averaged over [31°N–34°N; 33°E–37°E]. It represents the regional
lower-level ambient temperature over the Levant. Δp is the mean sea level
pressure averaged over West Egypt [24°N–29°N; 21°E–29°E] minus the
mean sea level pressure averaged over the South Caucasus [36°N–44°N;
42°E–54°E]. It is a proxy for the intensity of the Etesian Winds. pIran Is the
), the model ensemble mean (b), the difference between the multimodel ensemble
nly significant differences according to the Wilcoxson-Ranksum test at the 5 %
ne, 31°N–34°N; 33°E–37°E), representing the regional lower-level ambient tempera-
°E and 36°N–44°N; 42°E–54°E), as a proxy of the intensity of the Etesian winds (Δp)
the Persian Trough (pIran). All of the above are used for computing the CSI. Shown as
lculated (yellow dashed line, 27.5°N–37.5°N; 30°E–40°E). (For interpretation of the
article.)
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mean sea level pressure averaged over North Iran [35°N–44°N; 46°E–54°E],
representing the depth of the Persian Trough. The application period of the
CSI encompasses July and August when the Persian Trough and the Etesian
winds are the dominant synoptic patterns (Alpert et al., 2004b; Hochman
et al., 2021). The regions used for the computation of CSI are shown in
Fig. 1 a.

We approximate the 1000 hPa temperature, as it is unavailable for the
model runs. The correlation between the 1000 hPa temperature and its ap-
proximation isR=0.99 for ERA5, see Suppl. Text S1. Further, the daily CSI
distributions of the model are bias-corrected via the ‘(EquiDistant)
Fig. 2. CSI vs. mortality relationship for all ages (a, b) 0–19 years (c, d) 20–64 years (e, f
and CSI when only considering days above a CSI threshold. The right panels show CSI-m

4

Cumulative Distribution Function (matching)’ method for the historical
(projection) periods (Li et al., 2010; Wang and Chen, 2014).

We define a heat day as a day onwhich the CSI exceeds the 90th percen-
tile (Hochman et al., 2021), henceforth the Heat Day Threshold (HDT) of
the historical (1976–2005) ERA5 daily CSI distribution. A heat wave con-
sists of at least three consecutive heat days (Perkins and Alexander, 2013;
Chen et al., 2015; Zittis et al., 2021). Indeed, the HDT proves to be a reason-
able choice when investigating the CSI-mortality relationship, as there is a
sharp increase in correlation around the 90th percentile of the CSI, espe-
cially in the elderly population (Fig. 2).
) and 65+ years (g, h). The left panels show the correlation between daily mortality
ortality diagrams with linear fits.
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We introduce several heat stress indices to evaluate heat stress condi-
tions mainly based on the framework constructed by Perkins et al. (2012)
and Perkins and Alexander (2013):

• Average Climatic Stress (ACS): Median daily CSI value assesses the
average heat stress on a summer day.

• Heat Day Frequency (HDF): Mean number of heat days per summer
assesses the probability of days exacerbating high heat stress.

• HeatWave Frequency (HWF): Mean number of heat waves per summer
assesses the probability of prolonged events of high heat stress.

• Heat Wave Duration (HWDu): Mean duration of a heat wave quantifies
the average length of a prolonged heat stress episode.

• Average Heat Wave Day Climatic Stress (AHWDCS): Median daily CSI
value on heat wave days evaluates the average heat stress during episodes
of high heat stress.

• Heat Wave Severity (HWS): Median heat wave severity. The severity of
a heat wave is the sum of all daily CSI values minus the 90th percentile of
CSI values. It measures the accumulated excess heat stress during a heat
wave, comparable to the Excess Heat Factor (EHF) introduced by Nairn
and Fawcett (2014).

To assess how changes in the variables, i.e., low-level temperature and
circulation changes related to the sea level pressure variables, contribute
to the CSI increase, we exploit the multiple linear form of Eq. (1). We esti-
mate the linear contribution Cx of a variable x by its average change
weightedwith its prefactor (see Eq. (1)) divided by the average CSI change:

Cx ¼ wx �
xproj
� �

− xhisth i
CSIproj
� �

− CSIhisth i ; ð2Þ

where proj and hist represent the projected and historical distribution, re-
spectively. Note that this estimate neglects indirect effects such as interac-
tion among the variables and can therefore not address the question of
causal attribution of the individual variables (Trenberth et al., 2015).

3.2. Computation of persistence

To assess the persistence of heat waves in a changing climate, we use re-
cent developments in the theory of dynamical systems, which enable the
computation of such instantaneous properties of 2-dimensional atmo-
spheric states (Lucarini et al., 2016; Faranda et al., 2017). We compute
the quantity θ(ζ), which measures the inverse persistence of a state ζ in
phase space. More details on this can be found in Lucarini et al. (2016),
Faranda et al. (2017), and Hochman et al. (2021).

Here, we apply this method to compute the persistence of the daily
latitude-longitude 2 m temperature fields over the region (yellow box in
Fig. 1 a). This domain [27.5°N–37.5°N; 30°E–40°E] is consistent with
previous studies (Hochman et al., 2021, 2022),which demonstrated the rel-
atively low sensitivity of θ to domain size and location (Hochman et al.,
2022). We consider anomalies from the seasonal cycle, computed by aver-
aging θ for a given date from 1976 to 2005. Values below zero indicate a
more persistent behavior than expected for that date in summer compared
to the long-term mean and vice versa.

We then computed θ for the climate projections. We assume that the
persistence of a given state does not change much in a warmer world, but
rather the overall probability of reaching that state might be shifted.

3.3. Quantification of heat-related mortality

We describe the relationship between CSI and mortality both qualita-
tively and quantitatively.We test for a threshold above which the mortality
increases with the CSI (Armstrong, 2006; Baccini et al., 2008). We do this
by correlating CSI and daily mortality rates above different CSI thresholds.
Mortality rates are computed by dividing the daily death count by the cor-
responding population group count. We find a threshold at ~90th CSI per-
centile, most pronounced for the elderly and total population, justifying our
5

definition of heat day threshold at the 90th percentile (Fig. 2 a, c, e, g).
Above this threshold, the correlation coefficient is significantly different
from zero for the total population and the elderly (65+ years). Note that
the correlation between mortality and CSI among the different age groups
is highest among the elderly.

To quantify the mortality behavior, we assume a simple linear model,
hypothesizing that the mortality rate increases linearly with the daily CSI
value above the Heat Day Threshold. Further, we assume some lag effect
of heat stress. We assume the impact of a heat day to decrease linearly
with time. Mathematically the mortality rate λ(t) on a heat day t is given
in this model by:

Λ tð Þ ¼ aþ b � 3 � eCSI tð Þ þ 2 � eCSI t � 1ð Þ þ 1 � CSI t � 2ð Þ
6

¼ aþ b∑i¼3
i¼0

3 � i
6

eCSI t � Ið Þ, (3)

where eCSI(t) = CSI(t)− HDT.

3.4. Statistical inference

We compute the ensemble mean by averaging the driving model-
specific values. If available, the latter is computed by averaging the values
from both spatial resolutions. Significance on the 5 %-level is tested using
the Wilcoxon rank sum test (for median sea level pressure maps) or
bootstrapping with 10,000 realizations. We use two-sided tests for the
historical period and a one-sided test for the projections.

4. Results

4.1. Evaluation of MENA-CORDEX model simulations

We first evaluate the model's ability to simulate the variables constitut-
ing the CSI. Themedian sea level pressure pattern over the EasternMediter-
ranean is well captured (cf. Fig. 1 a to b). All model runs show an
overestimation, mostly overmountainous regions such as the ZagrosMoun-
tains in Iraq or the East Anatolian Mountain ranges, as well as over parts of
the Eastern Mediterranean Sea (Fig. 1 c–f). There is a slight underestima-
tion over the Romanian Plains and the Western Black Sea (Fig. 1 c–f).
Most importantly, the regions used for the CSI calculation (see Fig. 1 a),
including South Caucasus, the Caspian Sea as well as East Libya/West
Egypt, are resolved well with almost no (significant) bias in the models
(Fig. 1 c–f). Accordingly, the temperature at 850 hPa and 1000 hPa distri-
butions are reproduced well (see Fig. 3 a, b).

We evaluate the different heat stress metrics following the bias correc-
tion of the CSI model distributions. Fig. 4 shows that the individual
model runs capture the range of ERA5 values. All heat stress metrics for
the model mean (Supplementary Table S1) and each model run alone
(not shown) are not significantly different from the ERA5 values.

Moreover, we quantify the persistence in phase space of the 2-meter
temperature field over the broader region of the Levant, which we use as
a proxy for atmospheric heat wave conditions. As in Hochman et al.
(2021), heat days are marked by a higher persistence than non-heat days
(Fig. 5). Indeed, CSI correlates to the 2-meter temperature field persistence,
qualitatively and quantitatively captured by themodel simulations. This in-
dicates a less persistent behavior below some threshold and an increasing
persistence with CSI above that threshold. We conclude that the outputs
of the MENA-CORDEX simulations provide a good representation of
the metrics compared to ERA5 and therefore use them next for future
projections.

4.2. Future projections of heat wave characteristics

The corresponding heat wave characteristics projections for future de-
cades are shown in Fig. 6 and Supplementary Tables S2 and S3. We find a
significant increase in all heat metrics under all scenarios for both future



Fig. 3. Boxplots for ERA5 and the different model simulations showing the distribution of the historical temperature in the high summer season (July and August) over Israel
(black rectangle in Fig. 1 a) at 850 hPa (a) and 1000 hPa (b). (c, d) same as (a, b) but for the multimodel ensemble mean projections and for the periods 1976–2005,
2026–2055, and 2071–2100 under three RCP scenarios (RCP2.6, RCP4.5, and RCP8.5). The median temperature for ERA5 and the model mean are blue, and red dashed
lines, respectively (a, b). Similarly, the 1976–2005 model median temperature is a blue and red dashed line for 2071–2100 under RCP 8.5 (c, d). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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periods compared to the evaluation period. The distributions show a clear
patternmarked by a similar intensification of heat stress conditions towards
the near future (2026–2055),while for the end of the century (2071–2100),
the RCP 2.6 scenario shows a slight decline as may be expected for this
pathway. The RCP 4.5 and RCP 8.5 scenarios show an increase compared
to mid-century, which is more robust in the RCP 8.5 scenario. Considering
the changes in CSI as an example: Towardsmid-century, the average CSI in-
creases by about 40% to 80% of the CSI standard deviation, while towards
end-century, compared to mid-century, it stays approximately constant for
RCP 2.6, increases another 20% to 30% for RCP 4.5, and additional 130%
for RCP 8.5 (Fig. 6 a and Supplementary Tables S2 and S3).

We highlight that the heat day frequency is projected to increase by
~2–8 times the base value at the end of the century, depending on the sce-
nario. This will lead to summers consisting solely of heat days at the end of
the century under RCP 8.5. In addition, the heat wave frequency will in-
crease from 1 to 2 heat waves per summer in the near future and three at
the end of the century under RCP 4.5 and RCP 8.5, respectively. The aver-
age heat wave duration is projected to increase by 30–200 %, depending
on the scenario. Finally, the average heat wave severity may increase by
~3.5 times under RCP 8.5 at the end of the century.

Next, we estimate the direct contribution of low-level temperature and
circulation changes to the increases in CSI values. We find that changes in
low-level temperature contribute~90–95% to the change in CSI compared
to only~5–10% change associatedwith sea level pressure, i.e., circulation.
This is found in the average CSI change and the average CSI change within
6

the upper 10%-tail of the corresponding distributions. It encompasses tem-
perature increases of over 2 K at the end of the century for both 850 hPa and
1000 hPa. The regions on which CSI is computed show little change in sea
level pressure (Fig. 7).We note, however, that themedian sea level pressure
increases over mountainous regions like Anatolia and Greece while it de-
creases over the Mediterranean Sea and the Levant, which might lead to
an intensification of the Etesian winds in the future (Anagnostopoulou
et al., 2014; Dafka et al., 2019).

We provide evidence that future heat day temperature patterns and at-
mospheric heat wave conditions might manifest an even more persistent
behavior than their historical counterparts. Indeed, the persistence of heat
days increases (decrease of θ), indicating the influence of elevated green-
house gas concentrations on the persistence of heat days (Fig. 8 and Supple-
mentary Fig. S1). The CSI and persistence anomaly are highly correlated
(R ≈ 0.8), hinting at a synoptic mechanism enhancing the persistence of
high heat stress conditions.

4.3. Heat-mortality relationship and estimate of future heat-related mortality

We apply a simple linear model (Sect. 3.3) to describe the CSI-mortality
relationship. We find that the highest absolute increase in mortality rate
is most prominent for the elderly. Indeed, the relative increase in mortality
rate per unit CSI corresponds to 2.5 %± 2.9 % for young people, 0.6 %±
1.2% for adults, and 2.3%±0.8% for the elderly (Fig. 2 b, d, f, h). Assum-
ing causality, we estimate that the historical heat stress conditions have led



Fig. 4. Boxplots of the distributions used for computing the heat stress metrics for ERA5 and regional climate model for the historical period (1976–2005). The indices
considered are Average Climatic Stress (ACS) in CSI units (a), Heat Days Frequency (HDF) in days per year (b), Heat Wave Frequency (HWF) in number of heat waves per
year (c), Heat Wave Duration (HWDu) in days (d), Average Heat Wave Day Climatic Stress (AHWDCS) in CSI units (e), Heat Wave Severity (HWS) in CSI units (f). Heat
stress metric values of ERA5 (model mean) are indicated by the red dashed line (black dotted line). Red diamonds represent outliers in the diagram. Mean (median)
values are represented by black squares (black lines) inside the box plots. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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to ~30 ± 10 additional deaths per summer, which is about 0.4 % of the
total death count. Assuming the linear model holds for CSI values outside
the historical range and no change in the demographic structure or CSI-
mortality relationship, we can estimate the number of excess deaths for
7

the climate projections. For 2026–2055, about 0.70 ± 0.30 more people
per summer per 100,000 inhabitantsmight die due to increasing heat stress
in Israel, increasing the attribution of heat-related deaths to about 1.2 %.
At the end of the century, these numbers change to 0.55 ± 0.20 (~1 %),



Fig. 5. Climatic Stress Index (CSI) vs. inverse persistence (θ) anomalies computed on 2 m temperature for the region in Fig. 1 a (see Sect. 3.2). Diagrams for ERA5 (a) and the
regional model simulations including CNRM-CM5 MNA-44 (b) EC-Earth MNA-22 (c) and MNA-44 (d), GFDL-ESM2M MNA-22 (e) and MNA-44 (f).
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0.95 ± 0.35 (~1.5 %), and 3.00 ± 1.05 (~4 %) under RCP 2.6, 4.5, and
8.5, respectively. Assuming a constant population of about 10 million,
this would correspond to ~300 more excess deaths due to heat stress at
the end of the century under RCP 8.5. It should be noted that we consider
a rather conservative linear model for the dependence of mortality on CSI
values. However, the increasemay shownonlinear (exponential) effects, re-
sulting in larger excess mortality estimates than ours.
8

5. Discussion and conclusions

Our analysis has shown that the characteristics of heat waves for the
Eastern Mediterranean increase in frequency, intensity, and duration in a
warmer climate. Our results are in line with studies providing evidence of
an increase in heat stress in the region (Lelieveld et al., 2016; Zittis et al.,
2021). Moreover, there is a consensus that the duration, magnitude, and



Fig. 6. Same as Fig. 4, but for different RCP scenarios (RCP2.6, RCP4.5, and RCP8.5) and three different periods (1976–2005, 2026–2055, and 2071–2100).Heat stressmetric
values of the historical model mean (RCP8.5 at the end of the century) are indicated in a blue dashed line (red dotted line). The black dashed line indicates the number of
summer days considered, i.e., July and August. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M. Wedler et al. Science of the Total Environment 870 (2023) 161883
frequency of heat waves will increase. This study adds to the literature by
comprehensively examining projected heat wave characteristics using a
region-specific heat stress index combining temperature, humidity, circula-
tion, and related measures. Though it is difficult to compare directly,
our projected proportion of heat days under RCP 8.5 (1976–2005: 10 %–
11 %, 2026–2055: 27 %–31 %; 2071–2100: 73 %–82 %) compares well
to that of warm days over the whole year in the MENA region
(1986–2005: ~15 %; 2046–2065: 46 % ± 9 % RCP 8.5; 2081–2100:
9

67 % ± 9 % RCP 8.5), as found by Lelieveld et al. (2016). Our results for
average heat wave duration under RCP 8.5 (1976–2005: 4.7–5.6 days;
2026–2055: 6.5–7.1 days; 2071–2100: 12.1–19.3 days) fall in the range
of Zittis et al.'s (2021) findings. Finally, Zittis et al. (2016, 2021) and
Driouech et al. (2020) report heat waves of an unprecedented duration of
up to several months, which aligns with our evidence that summers may
consist of a single long heat wave in the future. Although direct comparison
is difficult, the projected increase in the persistence of heat days



Fig. 7. Sea level pressure differencemaps of themultimodel ensemble mean under three RCP scenarios (RCP2.6, RCP4.5, and RCP8.5) for mid-century (2026–2055) and end
century (2071–2100) with respect to 1976–2005. Only significant differences (for the medians) using the Wilcoxson-Ranksum test at the 5 % significance level are colored.
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qualitatively agrees with Pfleiderer et al. (2019), who provided evidence
that warm summer weather become more persistent in a 2 °C warmer
world. As the persistence of heat days is a main driver of heat wave dura-
tion, it is essential that future research explores the causes behind this in-
crease in heat persistence. Possible explanations may include a
shallowing of the Persian trough, combined with the North Africa thermal
low (Lelieveld et al., 2016; Zittis et al., 2021) and the connection of heat
wave persistence to soil moisture (Perkins, 2015) in a drier future climate
(Hochman et al., 2018). Overall, our results demonstrate how drastically in-
creasing greenhouse gas concentrations may aggravate the heat stress con-
ditions in the Eastern Mediterranean.

Here, we provide the first estimates for Israel's heat-mortality rela-
tionship and future projections, which are essential for developing
10
appropriate public health strategies in response to heat stress. We find
that heat-related mortality effects are more significant for the elderly
(65+ years;+2.3 % ± 0.8 % increased mortality rate per unit CSI)
than for the total population (+1.7 % ± 0.6 %; Åström et al., 2011;
Chen et al., 2015). These values fall in range with results from Peretz
et al. (2011) and Leone et al. (2013) for the Tel Aviv district. Compared
to mortality projections for the nearby island of Cyprus, Heaviside et al.
(2016) have estimated a 10-fold higher historical heat-related mortal-
ity, and Kendrovski et al. (2017) arrived at a 5-fold higher historical at-
tribution of heat-related mortality. This could be partially associated
with different demographics or analysis methods. However, our esti-
mates corresponding to ~4- and ~10-fold the historical heat-related
mortality under RCP 4.5, and RCP 8.5, respectively, agree with the



Fig. 8. Same as Fig. 5, but for model projections under the RCP8.5 scenario. The consideredmodels are EC-EarthMNA-22 (a) andMNA-44 (b) GFDL-ESM2MMNA-22 (c) and
MNA-44 (d), and CNRM-CM5 MNA-44 (e). The considered periods are 1976–2005 (Hist), 2026–2055 (Mid), and 2071–2100 (End). Dashed lines represent the historical
(green), mid-century (orange), and end-century (red) median persistence anomaly of heat days. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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estimates by Heaviside et al. (2016), Kendrovski et al. (2017) and
Ahmadalipour and Moradkhani (2018).

Our heat wave projections are subject to some uncertainties that arise
from the global and regional climate models, the initial conditions of the
simulations, and the downscaling domain (Giorgi and Gutowski, 2015;
Syed et al., 2019). These uncertainties can be assessed using a larger
11
ensemble of simulations currently unavailable for the MENA-CORDEX
area and considering different resolutions and downscaling domains. Our
estimate of projected mortality associated with heat stress is subject to un-
certainties due to the natural variability of mortality, potential con-
founders, and conservative assumptions regarding the heat-mortality
relationship. It is desirable to explore these uncertainties with more
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comprehensive datasets, currently not publicly available, and by relaxing
the conservative assumptions, e.g. allowing for a more complex functional
form of the heat-mortality relationship, in future research.

We conclude that in a warming world, heat waves pose an increasing
threat to society in the vulnerable Eastern Mediterranean. We emphasize
that true interdisciplinary regional collaborations are required to develop
adequate public health adaptation to extremeweather events in a changing
climate.
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