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Abstract

This study analyzes projected heat extremes over the Middle-East—North Africa (MENA) region until the end of the twenty-
first century with a number of temperature indices based on absolute values and thresholds to describe hot conditions. We
use model projected daily near-surface air (2-m) temperature (7,,,,, and T,;,) to derive the indices for the period 1980-2100.
The data were taken from 18 CMIP5 models combining historical (1980-2005) and scenario runs (2006-2100 under RCP2.6,
RCP4.5, and RCP8.5 pathways). Results show a domain-wide projected warming for all emission scenarios. Our findings
for a business-as-usual pathway indicate excessive warming of more than 8 °C in the northern part of the domain (south
Europe) for the annual warmest day (TXx) and night (TNx). In the hottest parts of the domain record high temperatures
reached 50 °C in the recent past, which could increase to at least 56 °C by the end of the century, while temperatures over 50
°C are expected to occur in a large part of the MENA region. A significant increase is projected in the number of hot days
(TX > 40°C) and nights (TN > 30°C) all over the region. For the period of 2071-2100 excessive hot days and nights will
become the normal during summer in large parts of the MENA with some locations expected to exceed 180 and 100 days,
respectively. Calculations of the corresponding heat index suggest that several areas across the MENA region may reach

temperature levels critical for human survival.
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1 Introduction

The intensity, frequency, and duration of heatwaves have
increased in many regions around the globe since the 1950s
(Sillmann et al. 2013a; Perkins-Kirkpatrick and Lewis 2020)
and temperatures are expected to further rise in the coming
decades owing to climate change (Coumou and Robinson
2013; Sillmann et al. 2013b). Even a modest global mean
temperature increase of 2 °C relative to pre-industrial times,
could indicate that extreme temperatures in many regions
can increase well above 2 °C (Seneviratne et al. 2016). Heat
extremes are of high importance to society and ecosystems
due to their potentially severe impacts (Allen et al. 2018), for
example, they are recognized as the major weather-related
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cause of premature mortality (Gosling et al. 2009; Mitchell
et al. 2016). Over the next few decades, half of the world’s
population may regularly (every second summer on aver-
age) experience regional summer mean temperatures that
exceed those of the historically hottest summer (Mueller
et al. 2016).

The Middle East-North Africa (MENA) region emerges
as a climate change hotspot with strong temperature
increases and rainfall reductions since the middle of the
twentieth century (Lelieveld et al. 2012; Tanarhte et al.
2012; Zittis 2018; Ntoumos et al. 2020). This region has
been historically exposed to high temperatures and dryness.
For example, on July 21, 2016, a temperature of 53.9 °C
was recorded in Mitribah, Kuwait, the third highest WMO-
recognized temperature extreme (Merlone et al. 2019). Stud-
ies suggest that climate warming in the MENA follows a
differential seasonal response with much stronger warming
in summer than in winter (Sillmann et al. 2013b; Lelieveld
et al. 2016). Climate projections indicate that in MENA, heat
extremes intensification is very likely to continue throughout
the twenty-first century (Zittis et al. 2016; El-Samra et al.
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Table 1 Set of 18 CMIP5

alobal models with their Model lon (°) lat (°) ECS (°C) TCR (°C) References

respective horizontal resolution,  pcc.csMI.1 2.81 2.79 2.8 1.7 Tongwen et al. (2014)

?g‘gé‘;’;‘;‘(ﬁ;ﬁ‘:}:ﬁ i?ﬁ;‘;g“y BNU-ESM 281 2.79 41 26 Ji et al. (2014)

response (TCR) for CO, CanESM2 2.81 2.79 3.7 2.4 Chylek et al. (2011)

doubling CCSM4 1.25 0.94 2.9 1.8 Gent et al. (2011)
CNRM-CM5 1.40 1.40 33 2.1 Voldoire et al. (2013)
CSIRO_MK3.6.0 1.87 1.87 4.1 1.8 Collier et al. (2011)
GFDL-CM3 2.50 2.00 4.0 2.0 Griffies et al. (2011)
GFDL-ESM2G 2.50 2.00 2.4 1.1 Dunne et al. (2012)
GFDL-ESM2M 2.50 2.00 2.4 13 Dunne et al. (2012)
HadGEM2-AO 1.87 1.25 46 2.4 Collins et al. (2008)
HadGEM2-ES 1.87 1.25 46 25 Collins et al. (2008)
IPSL-CM5A-LR 3.75 1.89 4.1 2.0 Dufresne et al. (2013)
IPSL_CM5A-MR 2.50 1.26 4.1 2.0 Dufresne et al. (2013)
MIROCS 1.40 1.40 2.7 15 Watanabe et al. (2010)
MIROC-ESM 2.81 2.79 47 22 Watanabe et al. (2011)
MIROC-ESM-CHEM  2.81 2.79 46 22 Watanabe et al. (2011)
MPI-ESM-LR 1.87 1.87 3.6 2.0 Giorgetta et al. (2013)
MRI-CGCM3 1.12 1.12 2.6 1.6 Yukimoto et al. (2012)

2018; Legasa et al. 2020; Ozturk et al. 2021). According
to the business-as-usual pathway, by the end of the twenty-
first century about half of the MENA population (approxi-
mately 600 million) will be exposed to excessively high
temperatures (up to 56 °C) while extreme heat conditions
will likely last for several weeks (Zittis et al. 2021). If the
projected high temperatures become reality, they will exceed
the threshold for human adaptability and parts of the region
may become inhabitable for humans (Pal and Eltahir 2016;
Almazroui 2020).

Analysis of projections from the Coupled Model Inter-
comparison Project Phase 5 (CMIPS) (Taylor et al. 2012)
can provide estimates for future changes in temperature
related extremes, which vary according to world region,
emissions scenario, and time period in the twenty-first cen-
tury. From the work of Sillmann et al. (2013b), it emerges
that the projected changes in extreme indices of temperature
will be more pronounced in and around the Mediterranean
region compared to other areas of the world, indicating a
considerable intensification of heat stress. Lelieveld et al.
(2016) used CMIPS5 global model projections and derived for
a high emissions scenario (RCP8.5), that (averaged over the
MENA) the warmest nights will surpass 30° by the middle of
the century and increase further to above 34 °C by the end of
the century. The maximum daytime temperature during the
hottest days may increase to nearly 47 °C by the middle of
the century, and reach nearly 50 °C by the end of the century
in the RCP8.5 scenario.

Considering the challenges arising from the intensifi-
cation of heat extremes, it is important to acquire a more
detailed picture of the projected changes over the MENA
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region. In a recent study, Ntoumos et al. (2020) compared
ETCCDI indices computed from observations and CMIP5
model simulations, and found that the GCMs were gener-
ally able to reproduce the historical trend patterns of the
temperature-related extreme indices. It was also shown that
CMIP5 models exhibit domain-wide strong and statistically
significant warming over the last decades. Here, we extend
this analysis until the end of twenty-first century, by reveal-
ing certain aspects of future temperature extremes under
different emission scenarios and GCM climate sensitivity.
Particular emphasis is given yo the projected highest (maxi-
mum) temperatures and heat stress, approaching the limit of
human health tolerance, as well as the sub-regional hotspots
where these occur.

Specifically, following the description of the pertinent
climate data and the definitions of temperature extremes
(Sect. 2), we document their changes in space and time
according to different RCP scenarios (Sect. 3) and reveal
the magnitude and duration of the projected maximal tem-
peratures for the scenario with high greenhouse gas (GHG)
concentrations (Sect. 4) (Table 1).

2 Data and Methodology

2.1 Global Climate Models and Scenarios

We consider the output of 18 CMIP5 models from the his-
torical forcing runs until 2005, and beyond this year from

the Representative Concentration Pathway (RCP) model
projections (Vuuren et al. 2011) for radiative forcing values
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Fig.1 MENA averages of
absolute temperature indices
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over land as simulated by

the CMIP5 ensemble for the
RCP2.6 (blue), RCP4.5 (green),
and RCP8.5 (red) displayed as
anomalies from the reference
period 1981-2000. The box-
and-whisker plots show the
interquartile ensemble spread
(box) and outliers (whiskers) for
18 CMIP5 model simulations
of the RCP8.5 scenario over the
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2.6,4.5 and 8.5 W/m?. Daily maximum and minimum near-
surface air temperatures were retrieved from the Earth Sys-
tem Grid Federation (ESGF) data portal'. Model selection
was done based on data availability for the different RCP
scenarios. Here, we consider only one (typically the first)
ensemble member of each model. The data were acquired
from the historical simulations for the period 1980-2005
and scenario projections for the period 2006-2100 (under
the RCP2.6, RCP4.5 and RCP8.5). The complete set is sum-
marized in Table 2.

2.2 Extreme Heat Indices

To detect changes in climate extremes, we used indices
based on daily maximum and daily minimum near surface
temperatures (TX and TN), facilitated by a standard proce-
dure that defines a set of temperature based indices, a sub-
set of the Expert Team on Climate Change Detection and
Indices (ETCCDI) (Karl et al. 1996). These indices are also
defined and described in detail by Tank et al. (2009) and
Zhang et al. (2011). From the longer list of these indices,
we focus on the following four, which are related to extreme
heat and from the way they are defined, are pertinent to the
warm part of the year and the peak temperatures during
summer. The used indices are split into two categories as
described below.

Absolute Indices These are the Warmest Day and Warm-
est Night, defined as the maximum of TX (labelled TXx) and
the maximum of TN (labelled TNXx), respectively, in a year.

Threshold Indices Because of the very high summertime
temperatures prevailing in MENA region, we define as Hot

! https://esgf-node.llnl.gov/projects/esgf-linl/
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Days the number of days per year with TX > 40 °C and Hot
Nights the number of days per year with TN > 30 °C.

2.2.1 Heat Index

We also examine the Heat Index (HI) to account for the heat
stress induced by the combined effects of high temperature
and high humidity. HI is interpreted as what the tempera-
ture feels like to the human body when relative humidity is
combined with the air temperature and is defined by the U.S.
National Oceanic and Atmospheric Administration (NOAA)
and is used for issuing heat warnings. HI is calculated as
multiple linear regression with temperature and relative
humidity as input variables (Rothfus 1990; Steadman 1979).
For our calculations we used daily mean temperature (TG)
and relative humidity (RH) from the CMIP5 output.

2.3 Data Processing and Calculations

The data analysis is restricted to a geographical domain rep-
resentative of the MENA region that extends from 12° N
to 46° N, and from 20° W to 64° E, covering North Africa,
Middle East, and the Mediterranean (including parts of
south Europe). For the purpose of comparing indices among
datasets of different native spatial resolution, we regridded
the original daily temperature data to a common 45 X 19 grid
(1.87° x 1.87°) for MENA. For the CMIP5 data, the indices
were derived from the 7, and T,,,;,, daily timeseries for each
model and RCP scenario, and the multi-model averages were
subsequently calculated.

Regarding the significance of the projected changes in
heat extremes, we follow the definition used in the IPCC’s
Atlas of Global and Regional Climate Projections (IPCC
2013b). More specifically, a change is considered signifi-
cant when its signal is larger than the interannual variability
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«Fig.2 The multimodel mean of temporally averaged changes in the
Warmest Day (TXx, left) and the Warmest Night (TNXx, right) over
the time period 2081-2100 displayed as differences (in °C) relative to
the reference period (1981-2000) for RCP2.6 (top), RCP4.5 (middle),
and RCP8.5 (bottom). The hatching represents significant changes

of the reference historical period. We derive the interan-
nual variability directly from the calculation of the standard
deviation for temperature.

A simple bias adjustment method was implemented to
remove any systematic errors in the model output to enhance
the confidence in the projected absolute values of the tem-
perature extremes. For this purpose, the WFDES bias-
adjusted ERAS reanalysis was used (Cucchi et al. 2020). The
WEFDES dataset has been generated using the WATCH Forc-
ing Data (WFD) methodology applied to surface meteoro-
logical variables from the ERAS reanalysis and is provided
at 0.5 spatial resolution. Here the projected heat extremes
were corrected based on their climatological biases from
the WFDES. More specifically, the multimodel mean biases
from the WFDES were calculated for the reference period.
Subsequently, the projected model indices for the future
period were adjusted by subtracting the reference period
biases (as detailed in Sect. 4). Since the heat index is not
available in the WFDES output we used the Global Land
Data Assimilation System (GLDAS) dataset (Mistry 2020).
GLDAS is a high-spatial resolution (0.25 °), global-gridded
database of multiple human discomfort indices.

3 Changes in Heat Extremes

In this part of the study, we analyze the projected changes
in heat extremes in space and time according to the different
RCP scenarios.

Fig.3 MENA averages of
threshold temperature indi-

Hot days

3.1 Absolute Indices
3.1.1 Temporal Evolution

We begin our analysis with the temporal evolution of the
absolute indices averaged for the MENA domain (land only).
Figure 1 depicts the temporal evolution of the warmest day
and warmest night displayed as anomalies from the reference
period 1981-2000. Here, we plot CMIPS5 data for the histori-
cal (1980-2005) and from 2006 to 2100, separately, for the
three scenario runs (20062100 under RCP2.6, RCP4.5, and
RCP8.5). In accordance with the global average temperature
projections (Knutti and Sedlacek 2013), differential warm-
ing due to the RCP scenarios is discernible only after 2030.

For all scenarios, both TXx and TNx are projected to
increase until the end of the twenty-first century. The multi-
model median increase in TXx and TNx during 2081-2100
is 6.1 °C and 6.3 °C, respectively, in RCP8.5. The warming
is less pronounced for the other two RCP scenarios: for TXx
and TNx the projected median increase is 1.8 °C for both
in RCP2.6, and 3.3 °C and 3.2 °C, respectively, in RCP4.5.

In addition, the ensemble model spread for RCP8.5, indi-
cated with the box-plots, is similar for both indices. A corre-
lation analysis (not shown) between the models’ equilibrium
climate sensitivity (ECS) and the derived MENA-average
changes, reveals that models with higher ECS tend to show a
more pronounced warming. For both indices of temperature
extremes we find, for RCP8.5, a strong correlation (r = 0.8,
Figure S1).

3.1.2 Spatial Patterns
We present the spatial changes of temperature indices of

extremes as simulated in the CMIP5 ensemble for all three
RCP’s for the time period 2081-2100. Figure 2 depicts the

Hot nights
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interquartile ensemble spread
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(2041-2060 and 2081-2100) as
indicated by shading
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«Fig.4 The multimodel mean of temporally averaged changes in the
annual number of hot days (TX > 40 °C, left) and hot nights (TN >
30 °C, right) over the time period 2081-2100 displayed as differences
(in °C) relative to the reference period (1981-2000) for RCP2.6 (top),
RCP4.5 (middle), and RCP8.5 (bottom). The hatching represents sig-
nificant changes

changes relative to the 1981-2000 reference period for the
warmest day and night (TXx and TNXx, respectively).

CMIP5 maximum TXx

26 28 30 32 34 36 3B 40 42 44 46 48 50 52 54 56 58

The results generally indicate an intensification of heat
extremes with increasing radiative forcing of the warming
patterns, which have already been observed in the region,
in model simulations of the historical and present climate
(Ntoumos et al. 2020). These warming patterns are quite
similar for both indices. The changes are significant over
the entire MENA, for all emission scenarios. Both TXx
and TNx exhibit stronger increases in the northern part
of the MENA domain (South Europe) which is in line

WFDE5 maximum TXx

R

26 28 30 32 34 36 3B 40 42 44 46 48 50 52 54 56 58

bias-adjusted CMIP5 maximum TXx

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58

Fig.5 Spatial representation of the maximum TXx for the multimodel ensemble mean (top, left), WFDES reanalysis (top, right) for the period
1990-2019, and multimodel ensemble mean(bias adjusted) for the 2071-2100 (bottom)
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CMIP5 maximum TNx
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Fig.6 Same as Fig. 5 but for the maximum TNx

with relevant global (Sillmann et al. 2013b) and regional
(Lelieveld et al. 2016) studies. These results are also in
agreement with recent CMIP6 based studies (Vogel et al.
2020; Almazroui et al. 2021), in which similar patterns
of warming have been reported. According to Almazroui
et al. (2021), the CMIP6 multimodel ensemble indicates
a substantial increase in TXx over the Mediterranean
region and adjacent parts of Europe, in contrast with areas
near the tropics. The stronger warming at the northern
part of the MENA domain can be linked to soil moisture
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feedbacks (Russo et al. 2019) and precipitation deficits
(Mueller and Seneviratne 2012), which can amplify heat
conditions. On the other hand, this positive soil moisture
- air temperature feedback is absent in the arid areas of
MENA, since rainfall and soil moisture in summer are
practically zero (Zittis et al. 2014). According to RCPS.5,
TXx is projected to increase up to 10 °C over the Balkan
region, while a 1-2 °C less intense warming is projected
for the TNx index. A similar pattern of regional changes
in TXx and TNx is seen for RCP4.5 and RCP2.6, albeit
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less pronounced as compared to RCP8.5. A quantitative
overview of the mean indices changes in different parts of
the MENA is shown in Table S1.

3.2 Threshold Indices
3.2.1 Temporal Evolution

Figure 3 shows the temporal evolution of the median
changes in the number of hot days (TX > 40 °C) and hot
nights (TN > 30 °C) per year relative to 1981-2000 refer-
ence period averaged for the MENA domain. The num-
ber of hot days increases by about 20 days at the end of
twenty-first century in RCP2.6. For RCP4.5 the median
increase in the number hot days/year is 37 and reaches 73
for RCP8.5. The multimodel median increase in the num-
ber of hot nights/year is 54 for RCP8.5 while is less pro-
nounced for RCP4.5 and RCP2.6, about 17 and 7 nights,
respectively.

The spread for these two indices is illustrated by the
box-and-whisker plots, showing that the number of hot
nights can increase to more than 60 days per year. This
can be related to differences among models in simulat-
ing processes that control nighttime temperatures such as
regional circulation changes, cloud cover, and soil mois-
ture (Morak et al. 2011). It is also worth noting that for the
number of hot days we find a significant correlation (r =
0.84) between the models’ ECS and the average projected
changes over MENA, while for the number of hot nights
no correlation is found (Figure S1).

3.2.2 Spatial Patterns

In Fig. 4, we show the changes relative to the 19812000 ref-
erence period of the hot days and nights (days with TX > 40
°C and TN > 30 °C, respectively) per year. The spatial pat-
terns and magnitude of the projected changes are quite simi-
lar for the two indices. The strongest warming is observed
in the southern parts of the MENA which is expected from
the prevailing lack of soil moisture in those areas so that the
temperatures adjust to sensible heat only, without any con-
tribution by latent heating. For the more temperate Mediter-
ranean, where the soils are not notoriously dry, this increase
is weaker (0-30 days), especially compared to other areas
around MENA. Only for the RCP8.5 scenario the increase
in the number of hot days is more than 30, over parts of the
Iberian Peninsula and the Balkans (see Table S1).

The greatest changes in the number of hot days, exceeding
90 (3 months) and reaching 150 (5 months), are simulated
for RCP8.5 in sub-regions near the tropics with relatively
high temperatures throughout the year. Smaller increases
are observed for the other two scenarios with the respective
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changes below 90 and 60 days, for RCP4.5 and RCP2.6,
respectively. In addition, the change in the number of hot
nights surpasses 90 in parts of North Africa and the Arabian
peninsula for RCP8.5.

4 Projected Maximum Temperatures

In this part of the study, we extend the analysis of heat
extremes to the highest projected temperatures over the
MENA as well as the absolute numbers of hot days and
nights per year, focusing on the RCP8.5 scenario results.
We also add to our analysis the Heat Index to account
for humidity and indicators that are related to heat stress
impacts. We now use the 1990-2019 as reference period to
include an up-to-date account of the current heat extremes.
An overview of the future extremes in different parts of
MENA can be found in Table 2.

4.1 Absolute Indices
4.1.1 Maximum of TXx

Figure 5 illustrates the maximum values of TXx obtained
from the ensemble of the 18 CMIP5 models and the
WEFDES reanalysis. The maps reveal the highest daily tem-
peratures over each period indicated, for every grid point
of the MENA analyzed. On the top we show the maximum
of TXx over the 1990-2019 period for the CMIP5 ensem-
ble mean (using the model output of the historical run up
to 2005 and of the RCP8.5 thereafter) and the WFDES
reanalysis. The bottom map refers to the 2071-2100 period
as projected by the CMIP5 ensemble for RCP8.5 with the
values adjusted based on the CMIP5 model biases from
WEDES of 1990-2019 climatology.

For the control period (1990-2019) the spatial distri-
bution and magnitude of the CMIP5 derived index are in
good agreement with the ones obtained by WFDES. The
CMIP5 ensemble mean captures nicely the observed hot-
test areas within the region (parts of northern Africa and
the Middle East with the highest occurring temperatures
approaching and even surpassing 50 °C). In the northern
parts of the domain, where milder conditions exist, the
CMIP5 ensemble tends to overestimate the index, espe-
cially over high terrain areas. This slight warm bias can
be attributed to the coarse spatial resolution of the global
models compared with the WFDES, which more accu-
rately represents altitude differences. The effect of bias-
adjustment to the CMIP5 data is also illustrated in Figure
S2.

Regarding the projections for the end of the century
period (2071-2100) the “hotspot” areas remain the same

@ Springer



352

A. Ntoumos et al.
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Fig.7 Same as Fig. 5 but for the hot days

(parts of northern Africa, Gulf region/Iraq). A large part
of the MENA region is projected to experience daily tem-
peratures over 50 °C by the end of the century. Especially
over the northern part of the Gulf and Iraq, CMIP5 ensem-
ble projects temperatures over 56 °C, higher than the cur-
rently occurring worldwide heat records (Matthews 2020).
It is worth noting that quite a few ensemble members (not
shown) indicate future record high temperatures reaching
and even surpassing 60 °C.
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4.1.2 Maximum of TNx

The maximum values of the TNx index (record high night-
time temperatures) from the CMIP5 ensemble and the
WEFDES reanalysis are presented in Fig. 6. The same method
of bias adjustment was followed.

The CMIP5 models capture quite well the observed
“hotspot” areas of the index (with maximum of TNx over
30 °C) over the Gulf region, parts of northwest Africa and
some areas around the Red Sea. Model warm bias exist
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over the northern part of the domain, especially in moun-
tainous regions due to the coarse model resolution. For
the 2071-2100 period most areas in north Africa and the
Middle-East exhibit daily minimum temperatures over 35
°C. Parts of northwest Africa and mainly coastal areas of
the Gulf will record nighttime temperatures over 40 °C at
the end of the century.

4.2 Threshold Indices

We next extend the previous analysis of single-day extreme
heat events to the threshold indices of the number of days
with TX >40 °C and TN > 30 °C.

4.2.1 Hot Days

Figure 7 depicts the average annual number of hot days (TX
> 40 °C) from the CMIP5 ensemble and the WFDES rea-
nalysis for the control period 1990-2019 and for the future
period 2071-2100. The future values (bottom map) have
been adjusted using the model biases from the WFDES in
the control period.

In general, CMIPS models capture very well the hotspot
areas within MENA. One noticeable exception is the south-
ern part of the Arabian peninsula where the CMIP5 models
simulate a considerable number of hot days (> 50) whereas
WEFDES presents lower values (< 20). For the present period
(1990-2019) the number of hot days around the Mediter-
ranean is close to zero whereas in parts of North Africa and
the Gulf reaches 100-120 days per year.

For the future period (2071-2100) the bias adjusted
CMIPS5 ensemble projects that the annual number of hot
days will reach and surpass 180 days in regions near the
tropics and the Gulf. In other words, these areas may record
temperatures over 40 °C on a daily basis for more than the
half of the year. Lower, but still significant values are pro-
jected in the northern part of MENA. For instance, the num-
ber of hot days in southern Balkans will be 20-40 days.

4.2.2 Hot Nights

In a similar way, the number of hot nights (TN > 30 °C)
is presented in Fig. 8 for CMIP5 models and WFDES5
reanalysis.

For the present period (1990-2019), the occurrence of
minimum temperatures over 30 °C is limited to three MENA
sub-regions and it is more pronounced (in magnitude and
spatial extent) in the CMPIS data. According to the CMIP5
ensemble, areas around the Gulf, the Red Sea and north-west
Africa reach a number of 30 hot nights per year. The occur-
rence of hot nights is even more limited in WFDES with only
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coastal regions around the Gulf exhibiting a similar amount
of hot nights.

While in the present period hot nights are a rare event for
most of the MENA region, they will become more common
(in frequency and spatial occurrence) at the end of the cen-
tury. For the 2071-2100 period, the CMIP5 ensemble pro-
jects that the hottest areas will surpass 90 days (3 months)
of hot nights per year. Even the cooler areas at the north
of MENA domain could record 10-30 days with minimum
temperatures over 30 °C.

4.3 HeatIndex

Figure 9 shows the average annual maximum Heat Index
(HIx) from the CMIP5 ensemble and the GLDAS dataset
for the control period 1990-2018 and for the future period
2071-2100. Here, we exclude the year 2019 due to the una-
vailability of GLDAS data for the year 2018. Similar to the
other indices, a bias adjustment was applied based on the
model biases from the GLDAS dataset in the control period.

For the control period (1990-2018), we find that the
CMIPS ensemble mean captures the areas with the highest
HIx. These areas are the broader area of the Gulf, large part
of west Africa and some areas around the Red sea with HIx
over 40 °C. The models show warm biases relative to the
GLDAS dataset, due to their limited ability to realistically
simulate humidity.

At the end of the century (2071-2100), the bias-adjusted
ensemble projects a strong increase in the HIx. The MENA-
average warming before bias adjustment is 11 °C compared to
1990-2018 (see also Figure S5). On the other hand, both TXx
and TNx indices show a rather moderate increase of about
5 °C over the same period. This is in line with global stud-
ies (Russo et al. 2017; Schwingshackl et al. 2021) in which
the Heat Index is projected to increase sharply in all regions
of the globe even for a moderate increase in mean tempera-
ture and temperature related indices, pointing to the future
amplification of heat stress. Bias-adjusted HIx is projected
to approach and in some areas surpass the 54 °C threshold in
areas around the Gulf, the Red Sea and in Sub-Saharan Africa
where high temperature and relatively high humidity values
are combined. The Heat Index values above the 54 °C are
classified as “extreme danger” according to the NOAA heat
warning scale?. Note that the Heat Index might be underes-
timated because it is calculated using daily mean values of
relative humidity and temperature instead of relative humid-
ity occurring at the time of the daily maximum temperature.

2 https://www.wrh.noaa.gov/pst/general/safety/heat

@ Springer


https://www.wrh.noaa.gov/psr/general/safety/heat

354

A. Ntoumos et al.

CMIP5 hot nights
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Fig.8 Same as Fig. 5 but for the hot nights

Table 2 Multi-model bias-
adjusted values over the time
period 2071-2100
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Domain Max TXx (°C) Max TNx (°C) Hot days Hot nights HIx(°C)

MENA 50.1 + 1.4 350+ 1.1 104 + 12 49 + 17 454 £2.6
Mediterranean 472+ 1.6 313+ 1.3 29+ 16 12+ 12 39.6 + 1.7
Sahara 523+1.2 36.8+1.3 130 + 14 53 +21 458 +3.4
Middle-East 515+1.5 372+ 1.1 116 + 12 66 + 19 47.0 +3.0

Values are displayed for different indices over different subdomains within MENA. The subdomains are
displayed in Figure S5. The + ranges indicate 1o standard deviations of the mean
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CMIP5 HIx

GLDAS Hix

bias-adjusted CMIP5 Hix

Fig.9 Spatial representation of the mean annual maximum of Heat Index (HIx) of the multimodel ensemble mean (top, left), GLDAS dataset
(top, right) for the period 1990-2018, and multimodel ensemble mean(bias adjusted) for the 2071-2100 (bottom)

5 Summary and Conclusions

This study analysed the temporal evolution and spatial
patterns in the magnitude and frequency of temperature
extremes, with emphasis on the excessively hot conditions
projected for the end of the twenty-first century. For this, we
used the output from 18 CMIP5 models from historical runs
(1980-2005) and emission scenario simulations (2006-2100
under RCP2.6, RCP4.5, and RCP8.5). To evaluate changing

Published in partnership with CECCR at King Abdulaziz University

heat extremes we included a subset of absolute and thresh-
old indices defined by the ETCCDI. The definition of the
threshold indices (i.e summer days and tropical nights) was
modified to be more relevant with the hot summer tempera-
tures that prevail in the MENA.

Spatial patterns of change in the indices were analyzed for
the period of 2081-2100 compared to the reference period
of 1981-2000. Findings suggest a domain-wide warming for
all the emission scenarios. For the warmest day (TXx) and
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the warmest night (TNx) models show a consistent pattern
with stronger warming in the northern part of the MENA,
exceeding 8 °C in RCP8.5. The opposite pattern is found for
the number of hot days (TX > 40 °C) and hot nights (TN >
30 °C), which is expected due to the warmer background cli-
mate of the southern areas. In the hottest areas of the region
the models project changes that exceed 120 and 90 days for
hot days and nights, respectively, progressively increasing
throughout the century responding to the increasing radia-
tive forcing.

The highest obtained temperatures were also derived from
the maximum of TXx and TNx according to the RCP8.5 sce-
nario. The accuracy of these projected values was improved
by implementing a bias adjustment method based on the
model spatial differences from the WFDES reanalysis. For
the 2071-2100 period, a large part of the MENA region
could exceed 50 °C during the strongest heat events and
may even surpass 56 °C in parts of Gulf and Iraq. For the
maximum of TNx, the CMIP5 ensemble shows a widespread
occurrence of nights with minimum temperatures over 35 °C
and over 40 °C in the coastal areas around the Gulf.

The number of hot days (TX > 40 °C) is close to zero
in the more temperate areas of the Mediterranean for the
present period (1990-2019), while it approaches 100 days in
the hottest parts of the region. At the end of the twenty-first
century (2071-2100) days with maxima over 40 °C seems to
become the “new normal” occurring in more than half of the
days in a year (180 days) in many locations within MENA.
The occurrence of hot nights (TN > 30 °C) is limited in
the present period (1990-2019) for most of MENA. This is
projected to change dramatically until the end of the century
with a large part of MENA recording nighttime temperatures
above 30 °C for the entire summer season. Especially, parts
of Gulf will exceed 4 months (120 days) of hot nights.

The effect of relative humidity on heat extremes was
also considered, in the calculation of the Heat Index. It is
shown that HIx increases sharper relative to the TXx index,
highlighting the amplifying effect of humidity on the com-
bined heat. Projected HIx index values in several areas
across MENA region are projected to reach levels critical
for human survival.

In the already environmentally stressed MENA, a strong
increase in hot weather extremes is anticipated. According
to the business-as-usual scenario, areas in MENA may have
to deal with extremely high temperatures that will exceed
the currently occurring worldwide records (Matthews 2020).
This will aggravate the impacts of heat extremes on human
health, as limits to human comfort and survivability are
being reached. Moreover, extreme heat is expected to impact
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various sectors like agriculture, energy supply, that will
challenge social and political systems in the region (Waha
et al. 2017). It is thus imperative the planning for adaptation
measures that will ameliorate the adverse impacts of extreme
heat, especially in the most strongly affected areas of the
region revealed in this study.
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