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Business-as-usual will lead to super and ultra-extreme
heatwaves in the Middle East and North Africa
George Zittis 1✉, Panos Hadjinicolaou1, Mansour Almazroui2, Edoardo Bucchignani3,4, Fatima Driouech5, Khalid El Rhaz6,
Levent Kurnaz 7,8, Grigory Nikulin9, Athanasios Ntoumos1, Tugba Ozturk10, Yiannis Proestos1, Georgiy Stenchikov11,
Rashyd Zaaboul12 and Jos Lelieveld 1,13

Global climate projections suggest a significant intensification of summer heat extremes in the Middle East and North Africa
(MENA). To assess regional impacts, and underpin mitigation and adaptation measures, robust information is required from climate
downscaling studies, which has been lacking for the region. Here, we project future hot spells by using the Heat Wave Magnitude
Index and a comprehensive ensemble of regional climate projections for MENA. Our results, for a business-as-usual pathway,
indicate that in the second half of this century unprecedented super- and ultra-extreme heatwave conditions will emerge. These
events involve excessively high temperatures (up to 56 °C and higher) and will be of extended duration (several weeks), being
potentially life-threatening for humans. By the end of the century, about half of the MENA population (approximately 600 million)
could be exposed to annually recurring super- and ultra-extreme heatwaves. It is expected that the vast majority of the exposed
population (>90%) will live in urban centers, who would need to cope with these societally disruptive weather conditions.
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INTRODUCTION
The manifestation of human-induced global warming in the
Mediterranean region, including the Middle East and North Africa
(MENA), is expected to become particularly pronounced in the
21st century1. Climate projections, even under low greenhouse
gas emission pathways, indicate significant and relatively rapid
warming, in addition to less robust but substantial changes of
precipitation2,3. The regional warming is found to follow a
differential seasonal response with a much stronger temperature
increase projected for the boreal summer compared to the rest of
the year4. As a result of the rising warm-season temperatures,
heatwaves can be expected to increase in frequency, magnitude,
and duration5–8. The observed trends in heat extremes corrobo-
rate the model simulations and the transition to much warmer
conditions, which started in the 1980s9–17.
The potential intensification of heatwaves in the already harsh,

hot and arid MENA environment is expected to have direct
negative impacts on human health18,19, agriculture20, the water
and energy nexus21,22, and many other socioeconomic sectors. For
example, heat stress can cause substantial loss of labor
productivity23 and may also be linked to conflict and migration24.
Livestock in the MENA region will also be affected since the
majority of the camel, cattle, and goat populations are located in
areas of high vulnerability25. Regarding the impacts on human
health, in particular, exposure to elevated temperatures is linked
to heat cramps, heat syncope, heat exhaustion, and heat-stroke,
especially among the elderly and those with pre-existing
conditions, such as cardiovascular and respiratory diseases26.
Under high greenhouse gas emission and concentration

pathways, in parts of the Middle East, e.g., near the Arabian Gulf,
the combined effect of high temperature and humidity is
projected to reach or even exceed the thresholds for human
adaptability27,28. Mass gathering events in the MENA, such as the
Muslim Pilgrimage or Hajj, may be particularly affected by extreme
heat conditions. For example, Kang et al.29 cautioned for future
increases in the frequency and intensity of heat stress in Mecca
during the Hajj, with health consequences under both business-
as-usual and mitigation scenarios. The region is also characterized
by pronounced inequalities, and the poor are expected to suffer
most from climate change impacts on water and land resources,
health, and energy systems30.
The human population of the MENA region, including the

northern, eastern, and southern Mediterranean countries, is
currently close to one billion inhabitants, and this is projected to
increase rapidly in the coming decades. Furthermore, the level of
urbanization is high and increasing31 with a further concentration
of the population in large metropolitan centers being expected.
Therefore, additional thermal stress, typically a factor not
considered in global and regional climate projections, is expected
to be introduced through the urban heat island (UHI) effect32.
To date, the scientific literature on heatwave projections in the

MENA region is mostly based on global simulations at relatively
coarse resolution, or on regional modeling of the edges of
European and Mediterranean model domains that underrate the
entirety of MENA weather regimes as well as the pronounced
topography, which govern the regional climate. A recent MENA-
focused climate downscaling initiative that fully considers the
particularities of the region aims to provide the much-needed
high-quality regionalized information and is dedicated to the
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modeling of this extraordinary climate change hot-spot. This is
pursued through the Middle East–North Africa hub of the
Coordinated Regional Downscaling Experiment (CORDEX), i.e.,
MENA-CORDEX (http://mena-cordex.cyi.ac.cy/). Although there is
an increasing number of MENA-CORDEX studies focusing on
individual model optimization and validation33–39, as well as
several future projections for the region19,40–42, here we present a
multi-model ensemble approach. The main objectives of our study
are (i) to evaluate the ability of this multi-model ensemble to
simulate the MENA climate with a focus on temperature extremes
in the warm season, (ii) to project heatwave characteristics for the
MENA region under a scenario of high greenhouse gas
concentrations, and (iii) to estimate the potential exposure of
the population to extreme thermal conditions. We particularly
address the aspects of heatwaves that are expected to have
consequences for human health and society. These include
heatwave magnitude, amplitude, duration, and frequency.

RESULTS
Comparison with observations
The 30-year (1981–2010) mean and maximum warm-season (May-
September) daily maximum temperature (tasmax) was derived
from each of the MENA-CORDEX ensemble members (Supple-
mentary Table S1) and compared with reanalysis and gridded
observations (Fig. 1). On average, for the MENA land regions
(defined in Methods and Supplementary Fig. S1), most of the
models reproduce the magnitude and temporal evolution of
warm-season average and maximum tasmax reasonably well (Fig.
1a). For the warm-season absolute maxima and most of the years,
the gridded observations and reanalysis datasets fall within the
MENA-CORDEX model spread. However, the regional simulations
tend to slightly underestimate the maximum temperature,

indicating that our assessment of heat extremes tends to be
conservative and slightly underestimates the absolute extreme
temperature values and thus heatwave amplitudes. This tendency
is likely propagated from the driving global models that are also
found to mostly underestimate tasmax (Supplementary Fig. S2).
Some deviation is expected since the original spatial resolution of
most reference datasets differs from the MENA-CORDEX down-
scaling results, while there are also differences between the
reference datasets. Nevertheless, the models reproduce the
observed interannual variability and positive temperature trends.
The spread of tasmax values across the MENA region (in terms of
30-year climate means for the warm-season) is depicted by the
box-whisker plots of Fig. 1b. The modeled medians are close to
the observational and reanalysis values (~36 °C). The tails of the
boxplots represent the relatively coolest and warmest sub-regions
of the MENA domain. The ranges vary between both the observed
and modeled datasets.
The main spatial patterns of warm-season temperature are well-

captured by the MENA-CORDEX ensemble mean (Supplementary
Figs. S3 and S4). Nevertheless, local discrepancies and biases from
observations are identified. For about 70% of the MENA land, the
mean bias of the model ensemble from the gridded observations/
reanalysis is lower than ±3 °C (Supplementary Table S2). Such
biases, or even higher, are typical in dynamical downscaling
applications40,43,44 and are comparable to the observational
uncertainty range that is found for MENA during the summer
season45. Similar analysis was performed for the driving global
models that are found to more strongly underestimate tasmax. A
comparison between Supplementary Tables S2 and S3 indicates
an overall added value and weaker biases for the dynamical
downscaling. More detailed maps of the discrepancies between
MENA-CORDEX simulations and the observational datasets are
presented in Supplementary Figs. S5 and S6.

Significance of maximum temperature projections
To underpin the historical and future heatwaves analysis, we
explored the statistical significance of the projected climate
change signal. This was investigated for warm-season average
and maximum tasmax by applying the Student’s t-test. Already
within the next few decades (2021–2050), the tasmax is projected
to have statistically significant different sample means (at 95%
confidence interval) for most areas. There is convincing consis-
tency between the different experiments, as at least 90% of the
MENA-CORDEX projections suggest significant impacts of climate
change (Supplementary Fig. S7). By the end of the current century
(2071–2100) and for almost every part of the region, our
ensemble results indicate statistically significant changes for the
daily maximum temperature. These results agree with previous
studies for the region2,4. An indication of future changes,
presented as MENA-averaged probability densities, is depicted
in Fig. 2. The distribution of both summer average-tasmax and
maximum-tasmax is projected to shift to warmer conditions. By
the end of the century, the coolest summers are expected to be
as hot as the hottest extremes of the historical reference period.
Also, the shape of the distribution is projected to become more
platykurtic, indicating more frequent seasonal extremes in the
future. The simulated and projected warm-season temperature
increases are consistent with the driving global models (Supple-
mentary Fig. S8). The model spread of the EURO-CORDEX
experiments is well within the spread of the corresponding
global models, which are part of Phase 5 of the Coupled Model
Intercomparison Project. Since the inter-model spread is similar
between the results obtained by the global and regional
simulations, at least some of the modeling uncertainties are not
reduced through the dynamical downscaling.

Fig. 1 Comparison with observations. Time-series of warm season
(May-September) mean and maximum values of maximum daily
temperature (tasmax), averaged for the MENA region (a) and ranges
of warm season tasmax values for the land grid cells (b) for
individual models and four reference datasets for the historical
reference period 1981–2010.
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Heatwave projections
The average daily Heat Wave Magnitude Index46 (HWMId—see
“Methods” for definition) for the MENA region is presented in Fig.
3a. Each data point represents an individual year and model, while
the annual ensemble mean values (smoothed) are shown by the

red curve. From the beginning of the simulations until approxi-
mately the year 2020, “normal” and “moderate” heatwave
conditions prevail on average. This is expected since the criteria
for identifying heatwave days were based on the recent past
reference period. The models, on average, suggest a transition to
“severe”, “extreme” and “very extreme” events by 2050–2070. For
the following decades and towards the end of the 21st century,
thermal conditions in the region are projected to become
particularly harsh, as the so-far unobserved and thus unprece-
dented “super-extreme” and “ultra-extreme” events are projected
to become commonplace under the “business-as-usual” Repre-
sentative Concentration Pathway RCP8.5 (see “Methods” for
definition of future pathways).
The spatial extent of these heatwaves is summarized in Fig. 3b.

On average, up to the 1990s–2000s, ~20% of the MENA land
experienced “normal” to “moderate” events each year, while the
remaining 80% was unaffected by heatwaves. After 2020, “severe”
and “very extreme” heatwaves appear. Following the “business-as-
usual scenario”, after mid-century the entire MENA region is
projected to experience at least one “moderate”, “severe” or “very
extreme” event per year, while simultaneously, the unprecedented
“super extreme” events start emerging. By the end of the century,
high-impact “super-extreme” and “ultra-extreme” heatwaves will
prevail as they are projected to affect about 60% of the region
annually. While in this study we focus on the possible outcomes
of RCP8.5, we have also calculated the HWMId values for the
intermediate stabilization scenario RCP4.5 (Supplementary Figure
9). The comparison between the two scenarios indicates that the
end-of-century HWMId values and land area exposed to heat-
waves will be comparable to the mid-century of RCP8.5. For
RCP4.5, by the end of the century, a small part of the MENA (up to
10%) is expected to be exposed to “super-extreme” and “ultra-
extreme” heatwaves, while “severe” to “very extreme” heatwaves
will become common in about 50% of the area.
The mean and maximum HWMId values for three 30-year

periods are depicted in Fig. 4. For the control period, the low
HWMId values indicate that, on average, “normal” heatwave
events are simulated throughout the MENA region. The heatwaves
with maximum magnitude are at most “moderate” (Fig. 4d), while
the MENA-CORDEX ensemble indicates that “severe” heatwaves
have occurred at least once in the recent past. The 30-year mean
conditions in the near future (2021–2050) appear similar to the
most extreme events in the control period (prevalence of
“moderate” and “severe” events). The events of maximum
magnitude within the next three decades fall mostly into the
“extreme” or the “very extreme” categories. Towards the end of
the century (2071–2100), “super-extreme” and “ultra-extreme”
heat events are likely to occur at least once over most of the
domain. For extended regions across the Arabian Peninsula,
northern and sub-Saharan Africa “ultra-extreme” heatwaves, as
defined by present-day criteria, will become the normal (Fig. 4c, f).
The modeled mean duration of heatwaves, averaged over 30-

year climatic periods, is presented in Fig. 5(a–c). Only years with
heatwave occurrence were considered in this part of the analysis.
According to the MENA-CORDEX ensemble for the control period,
when heatwaves occur, they last on average 4–6 days (Fig. 5a).
Individual high-impact events are simulated to last up to two
weeks, mainly for inland locations (Supplementary Fig. S10). For
the near future (2021–2050), the average duration of heatwaves
increases and can even exceed ten days in some locations (Fig.
5b). The longest duration events in this period are projected to
continue for more than a month, i.e., in hot-spots of North Africa
and the Arabian Peninsula. The end-of-the-century projections of
heatwaves suggest prolonged events lasting several weeks (Fig.
5c). For the more temperate Mediterranean coastal area, the
average heatwave duration is expected to be between two and
three weeks. For the warmer parts of North Africa and the Arabian
Peninsula, extreme heatwaves (today’s criteria) are on average

Fig. 2 Projected changes of maximum temperature. Probability
density curves for simulated historical and projected future warm-
season average (a) and absolute maximum (b) daily maximum
temperature.

Fig. 3 (Projections of daily Heat Wave Magnitude Index). Annual
values of the daily Heat Wave Magnitude (HWMId) for individual
models (dots) and ensemble mean (curve) (a) and percentage of
MENA land area annually exposed to several heatwave categories
(b) for the period 1951–2100. Projections correspond to pathway
RCP8.5.
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projected to last between one to two months or even longer in
some of the above-mentioned locations. Under RCP8.5 and for
exceptionally warm years, the duration of heatwaves is projected
to be even longer (Supplementary Fig. S10).
The amplitude of heatwaves, defined as the peak temperature

of the hottest day during an event, is presented in Fig. 5(d–i) as
average and maximum values for each 30-year period. As for the
heatwave duration, only years with heatwave occurrence were
considered in the calculation of the 30-year averages. For the
historical reference period, average heatwaves have a peak
temperature (ensemble mean) that ranges from 20 °C for the
highest mountainous regions of the MENA to 50 °C in the hottest
areas near the Arabian Gulf. The absolute maximum heatwave
amplitudes of the 1981–2010 hottest events are about 3 °C
warmer than the average amplitudes throughout the domain (Fig.
5g). For the following decades and for the 2021–2050 period,
heatwave amplitudes are expected to increase by 0.5–2 °C on
average, while the hottest events in this period are projected to be
3 °C warmer than in the reference period (Fig. 5h). By the end of
the century, under the high greenhouse gas emission pathway,
the maximum temperature during heatwaves is expected to
exceed 56 °C in the warmest parts of the MENA region (Fig. 5i). As
mentioned above, our model ensemble slightly underestimates
tasmax, therefore these can be considered to be conservative
estimates. Maximum temperatures are also likely to be higher in
densely populated and urbanized areas due to the fact that
climate models do not account for the urban heat island effect.
Regarding frequency, the MENA-CORDEX ensemble for the

reference period (Fig. 6a, d, g) simulates between 6 and 15
“normal” or “moderate” events per 30 years. The maximum of 15
events per 30 years (or 1 event every 2 years) is found in the
Levant and in the central part of the MENA region, which is
however only sparsely populated. A limited number of “severe”,
“extreme” or “very extreme” events (between 1 and 3) were
simulated throughout the domain, while in the historic simula-
tions “super-extreme” and “ultra-extreme” heatwaves did not
occur. For the coming decades (2021–2050) the frequency of
“normal” or “moderate” events increases to more than 20 events
per 30 years, mainly in the more densely populated coastal
regions. For the warmer inland regions of North Africa and the
Arabian Peninsula, “severe”, “extreme” or “very extreme” events
are becoming more frequent as they are expected to occur up to
15–20 times in the 30-year period. In the hotter parts of the

domain, “super-extreme” and “ultra-extreme” heatwaves start to
emerge; however, their occurrence is still rare (1–3 events per 30
years). For the 2071–2100 period (Fig. 6c, f, i), “normal” or
“moderate” events are projected to occur regularly only in the
coastal regions. This is mainly due to the moderating temperature
effect of the seas, which warm more slowly than the continental
areas (not shown). The frequency of “severe”, “extreme” or “very
extreme” is projected to increase to at least one event every two
years in the inland areas, while higher frequencies are projected
towards the coasts. By the end of the century, the high-impact
“super-extreme” and “ultra-extreme” events may occur at least
once during this 30-year period in every grid cell of the MENA
domain. In the hottest regions, their frequency will become much
higher and events of such magnitude are expected to occur
almost every year.

Human population exposure to heatwaves
The human population of the MENA region (including the
Mediterranean and southern Europe) is currently about one billion
people, of which about 60% lives in cities (Fig. 7). The narrative of
the corresponding Shared Socioeconomic Pathway (SSP5) implies
a strong population increase until 2060–2070s and then a
decrease until the year 2100 (see Methods). Urbanization is
projected to continue, and by the end of the century more than
90% of the MENA inhabitants are expected to be urban dwellers.
Currently, according to the SSP5 projections, about half of the
regional population is exposed to “normal” or “moderate”
heatwaves annually. Nowadays, “severe”, “extreme”, and “very
extreme” events are affecting a few million people each year. This
number is projected to peak around the year 2065 and then
decrease. The unprecedented “super-extreme” and “ultra-
extreme” heatwaves start to affect a significant portion of the
MENA population by 2060 (more than 100 million), which
continues to increase in the following decades. By the end of
the 21st century, about 600 million inhabitants or about 50% of
the population of the region may be exposed to “super-extreme”
and “ultra-extreme” events. Another 400 million is projected to be
exposed to weaker, but still high-impact, “severe”, “extreme” and
“very extreme” events at least once each year. The majority of
people is anticipated to live in large urban conglomerates that are
expected to expand both in terms of spatial extent and population
density. This will result in a stronger UHI effect, which will
consequently induce additional heat stress. This effect is not

Fig. 4 Maps of daily Heat Wave Magnitude Index. Average (a–c) and absolute maximum (d–f) Heat Wave Magnitude Index daily (HWMId)
values for the control reference period (CTL: 1981–2010), the near future (21C1: 2021–2050) and the end of the 21st century (21C2: 2071–2100)
based on pathway RCP8.5.
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considered here, since city scales are not adequately resolved in
climate models, while the influence of the UHI effect can vary
significantly depending on the urban canopy (e.g., albedo,
orientation, thermal properties, etc.) and local flow conditions,
which should be taken into account in mitigation and adaptation
strategies.

DISCUSSION
In this study, we explored an ensemble of MENA-CORDEX regional
climate projections under a strong radiative forcing pathway
(RCP8.5). Our multi-model assessment for the region indicates a
future transition to extreme heatwave conditions in the future,
with unprecedented “super-extreme” and “ultra-extreme” events
that start to appear by mid-century and could become common
summer conditions by the end of the century. Future events of
such extraordinary duration, amplitude, and frequency will impose
conditions that will challenge human health and societies with
profound impacts on livestock, agriculture, and biodiversity. For
the Mediterranean part of the MENA domain, our results agree
with HWMId values and conclusions presented by Molina et al.47.
Their study was based on higher-resolution EURO-CORDEX
projections. The strong heating over the region and the transition
to hotter conditions is mainly driven by the intensification of the
greenhouse effect due to unabated anthropogenic emissions and
land-use changes. Previous analysis suggested that the excep-
tional summertime warming is associated with a thermal low,
which is conceived as a widening of the Persian trough that
extends from South Asia to the eastern Mediterranean, and is
projected to expand westward and combine with the intensifying
thermal low over the Sahara4. Amplifying feedbacks such as land-
atmosphere interactions and expanding soil moisture deficits are
also partly responsible for the relatively strong warm-season
heating48.

Peak temperatures during future heatwaves could exceed 56 °C
in some locations in the Middle East, and our analysis indicates
that this is a conservative estimate. This will be life-threatening for
humans, and even high-temperature tolerant animals such as
camels cannot survive in such conditions. The exposed human
population is expected to be concentrated in large urban centers.
Due to the UHI effect, the temperature maxima during such
events is expected to be even higher in the built environment and
especially in megacities. Due to spatial resolution limitations and
the lack of information about the present and future cities this
effect is not considered in our projections. Taking moderate UHI
intensities49,50 into account, we anticipate that the maximum
temperature during “super-extreme” and “ultra-extreme” heat-
waves in some urban centers and megacities in the MENA could
reach or even exceed 60 °C, which would be tremendously
disruptive for society. Humanity in such locations will depend on
indoor and outdoor cooling or will be forced to migrate.
Here, we focussed on the business-as-usual pathway (RCP8.5)

and considered the intermediate RCP4.5 conditions for compar-
ison. Our aim is also to also investigate future heatwave conditions
under less pessimistic scenarios (e.g., RCP2.6), however, the
currently available model ensemble is limited by the small
number of simulations. For the pathway RCP4.5, the end-of-
century summer maximum temperature conditions will be
comparable to those of the mid-century for RCP8.5, while the
mid-century heatwave conditions from both scenarios are only
marginally different. The comparison between these two future
pathways indicates that while the RCP4.5 conditions may be less
massively disruptive, they will nevertheless have severe impacts
on public health and society. The obvious conclusion is that
implementation of mitigation and adaptation measures must be
realized with high priority in the coming decades, and that the
MENA countries need to prepare for exceedingly hot summers.

Fig. 5 Heatwave duration and amplitude. Average heatwave duration (a–c), average amplitude (d–f) and absolute maximum amplitude (g–i)
for the control reference period (CTL: 1981–2010), the near future (21C1: 2021–2050), and the end of the 21st century (21C2: 2071–2100) based
on pathway RCP8.5.
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METHODS
Climate data and projections
We analyzed a multi-model ensemble of ten MENA-CORDEX simulations
(Supplementary Table S1). Our ensemble is the result of combining six
global earth system models and four regional climate models. All
dynamical downscaling simulations follow the general CORDEX guide-
lines51. Future climate projections (2006–2100) are presented for the
“business-as-usual” Representative Concentration Pathway RCP8.552. Ana-
lysis of the intermediate RCP4.5 was also performed and is presented in
the Supplementary Information. The horizontal resolution of the first phase
of CORDEX for this region was set at 0.44° (~50 km), and the full extent of

the domain is presented in Supplementary Fig. S1. While the larger African
domain is needed to model the atmospheric dynamics, e.g., of the
monsoon circulations, here we focus on the MENA region with a
predominantly subtropical climate, and we excluded the area south of
10°N, as well as regions that extent across the eastern and the western
boundaries, indicated by the white rectangle in Figure S1. For most of the
numerical experiments, we analyzed the daily maximum temperature data
series for the period 1951–2100. However, the temporal data availability
can vary slightly (Supplementary Table S1). As a baseline control reference
period, we defined the historical 30-year period of 1981–2010. The last 5
years (2006–2010) are part of the RCP8.5. projections, which are however
found to closely follow the observed trends2. For the data analysis and
visualization, we defined two future periods of equal duration, one
representing the near-future climate (21C1: 2021–2050) and one for the
end of the century (21C2: 2071–2100).
For model evaluation, we focus on the daytime maximum temperature

during the warm season, defined here as the 5-month period from May to
September. Simulated mean values and absolute maxima during this
season are compared with gridded observations. Our reference datasets
include the latest version (v4.04) of the Climate Research Unit (CRU)
gridded observations53 and the Berkeley Earth dataset54. For our
application, these two datasets are found to have some limitations. The
former (CRU), while having a spatial resolution of 0.5° which is comparable
to the MENA-CORDEX domain, only provides monthly temporal resolution.
The latter dataset (Berkeley Earth) is daily but has a coarser horizontal
resolution (1° × 1°). Therefore, we complemented our reference datasets
with daily reanalysis products of ERA-Interim55 and MERRA-256. For MENA-
averaged time series comparison, spatial maps, and quantitative bias
assessment we utilized all four available observational and reanalysis
datasets. Land-only maximum daily temperatures were remapped using bi-
linear interpolation to the MENA-CORDEX model grid.

Fig. 6 Heatwave frequency. Frequency of normal or moderate events (a–c), severe, extreme or very extreme events (d–f), and super-extreme
or ultra-extreme events (g–i) for the historical reference period (CTL: 1981–2010), the near future (21C1: 2021–2050) and the end of the 21st
century (21C2: 2071–2100) based on pathway RCP8.5. White areas indicate no occurrence of heatwave events of a specific class.

Fig. 7 Population exposure to heatwaves. Total MENA population
according to the SSP5 narrative and population that is projected to
be exposed to events with heatwave events of various magnitudes.
Solid curves represent the total and dashed curves the urban
population.
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Heatwave definition and calculations
According to the World Meteorological Organization, there is no
universally accepted definition of heatwaves (https://www.wmo.int/
pages/prog/wcp/ccl/references). Several definitions, metrics, and indices
have been proposed in the literature and are used by the meteorological
services and other authorities. Some of these definitions are based on local
criteria and absolute thresholds of temperature, while others are calculated
on percentage-based standards or they also include additional variables
such as relative humidity or planetary boundary layer height5,6,57.
Following Russo et al.58, we defined a heatwave as a period of at least
three consecutive days with a maximum temperature above a daily
percentage-based threshold. This is the 90th percentile of daily maxima
(centered on a 31-day window), based on simulated data for the recent
past reference period (1981–2010). Here, we refined it to the 95th
percentile to match the leptokurtic nature of the temperature distribution
that is common in the MENA region6. Such a percentage-based definition
can be universally applied on a global scale or to extended regions such as
the one under investigation. Another advantage of such percentage-based
definitions is that the effect of biases that are eventually introduced by
global or regional climate models is minimized.
To assess the intensity of a particular event, we used the daily Heat Wave

Magnitude Index (HWMId) introduced and optimized by Russo et al.46,58.
This comprehensive index of heatwave magnitude sums excess tempera-
tures beyond a certain normalized threshold and combines both the
duration and temperature anomalies of intense heatwaves in a single
indicator14. Following the identification of heatwave days (described in the
previous section), the daily heatwave magnitude (Md) is calculated as
follows:

Md Tdð Þ¼
Td�T30y25p

T30y75p�T30y25p
if Td>T30y25p

0 if Td � T30y25p

(
(1)

with Td being the maximum daily temperature at the surface (tasmax) on
day d of the heatwave, T30y25p and T30y75p are the 25th and 75th
percentile values respectively of the time series composed of 30 annual
tasmax values within the reference period 1981–2010. The interquartile
range (IQR) of the daily tasmax is used as the heatwave magnitude unit,
since it represents a non-parametric measure of the variability of the time-
series. According to this definition, an indicative Md value of 2 means that
the temperature anomaly on that day is twice the IQR. Finally, HWMId is
the sum of the daily magnitude of the consecutive days of the most severe
heatwave for each year. The calculation of HWMId is performed on a grid-
cell level with the full extent of available time-series for each ensemble
member being considered.
A descriptive classification of heatwave events based on the HWMId

values was proposed by Russo et al.58 and is presented in Table 1. To help
interpret the heatwave index, Table 2 presents several past events. In
addition to the heatwave magnitude, several other characteristics are
considered. Heatwave duration is defined as the duration (in days) of the
most severe heatwave per year. Furthermore, we introduce the notion of
heatwave amplitude, defined as the peak daily temperature of the
maximum HWMId event for each year (in °C).

Population data and projections
The proportion of the population that may become exposed to extreme
thermal conditions in the MENA region was calculated by combining the
future HWMId estimates with gridded global population projections for the
21st century, based on the Shared Socioeconomic Pathways or SSPs59. Of
the five qualitative descriptions of SSPs60, only SSP5 (“Fossil-fuelled
Development—Taking the Highway”) projects radiative forcing at levels as
high as RCP8.5. SSP5 implies major challenges to mitigation and low
challenges to adaptation. According to this pathway, the global (and
MENA) population size is expected to peak near 2050 and then starts to
decline. Although the absolute global and regional population numbers
are not the highest among the range of possible SSP scenarios, SSP5 is the
pathway with the highest percentage of urban population. We explored
the numbers of both total (= urban+ rural) and urban population that
may be exposed to severe heatwave conditions for each year. The original
gridded population data are available for the period 2000–2100 at 10-year
intervals and on a spatial grid of 1 km61. To combine the population data
with the MENA-CORDEX model grid we (spatially) aggregated the
population grids onto an intermediate grid (with a spacing similar to the
target grid), before applying the nearest-neighbor resampling algorithm to
match the MENA-CORDEX grid. This procedure was necessary to ensure

that the total population numbers are conserved. We then applied a linear
time interpolation at each grid point to create annual population numbers,
assuming that there are no abrupt population changes within the ten-year
periods.

DATA AVAILABILITY
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