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Abstract

The present study analyses changes in the timing and duration of the hot days
season over the Middle East and North Africa region from 1970 to 2099 using
model simulations of 11 regional models from the Coordinated Regional Cli-
mate Downscaling Experiment under the RCP8.5 scenario. In general, a non-
symmetrical lengthening of the hot days season is projected, with a tendency
to extend more into spring than into autumn. By the end of the century and
the RCP8.5 scenario, Western Africa and the Persian Gulf display a hot days
season starting 60 days earlier than in the historical period (1970-1999) (May
vs. July, respectively). Southernmost latitudes are the most affected by a later
retreat of the hot days season, of up to 60 days with respect to the historical
period (October vs. August). The length of the extreme season is projected to
increase between 100 and 120 days for the southernmost latitudes and the Per-
sian Gulf resulting in nearly four more months with hot days conditions.
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described the changes in the phase of the annual cycle
of surface temperature between 1954 and 2007. They

Changes in the annual cycle of temperature are one
of the reported impacts of climate change and they
have been the focus of different studies (Christidis
et al., 2007; Stine et al., 2009; Pena-Ortiz et al., 2015;
Cassou and Cattiaux, 2016). Stine et al. (2009)

reported a shift of 1.7 days-decade™ towards earlier
seasons over extratropical land with some regional dif-
ferences. Pefia-Ortiz et al. (2015) assessed the mul-
tidecadal variability of the summer length in Europe
for the period 1950-2012. They obtained an enlargement
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of the summer season particularly prominent since 1979,
and related it to mean temperature trends during June
and September, which affected the summer onset and end
dates.

The observed rise of temperatures and the associated
summer lengthening are accompanied by an increase
of extreme events as heat waves (e.g., Murray and
Ebi, 2012). Perkins-Kirkpatrick and Lewis (2020)
reported a significant increasing trend in heat wave fre-
quency, duration and cumulative heat since 1950, albeit
with regional differences. In particular, some of the larg-
est trends stood out in the Middle East and North Africa
(MENA) region (Ntoumos et al., 2020). This is also one of
the regions experiencing the most dramatic changes in
future projections, even for a 1.5°C global warming target
with respect to pre-industrial conditions (e.g., Perkins-
Kirkpatrick and Gibson, 2017; Russo et al., 2019a). Argueso
et al. (2016) found that the projected changes to longer,
more frequent and more intense heat waves by the end of
the 21st century are largely controlled by mean tempera-
ture changes. Hotter and longer summers are also expected
to affect the seasonality of heat waves, which would occur
earlier and closer to the spring, and latter into the fall, in
agreement with unusual recent heat wave events (Sanchez-
Benitez et al., 2018) and the observed lengthening of the
summer season (Pefia-Ortiz et al., 2015).

These seasonal shifts (summer lengthening and
changes in the seasonality of extreme events) imply
changes in risks due to increased exposure to hazards
associated with high temperatures. Changes in the warm
season could imply a heat-related mortality increase and
other heat wave risks, particularly in low-development
countries (Russo et al., 2019a). For example, Sheridan
and Lin (2014) reported an increment of mortality excess
in New York due to changes in the onset of heat wave
season. Muthers et al. (2010) concluded that the mortality
impact of early heat waves in Vienna was higher than the
impact of heat waves of the same magnitude in late sum-
mer, in agreement with the so-called harvesting effect
(e.g., Garcia-Herrera et al., 2010; deCastro et al., 2011).
These seasonality changes would also imply alterations
in the exposure to vectors of infectious diseases, by alter-
ing the timing when they can develop (Smith et al., 2014;
Watts et al., 2015). Outdoor activity should be reduced to
avoid exposure to heat waves (Watts et al., 2019, 2020),
therefore affecting key activities such as agriculture, par-
ticularly for the main global producers. Agriculture pro-
duction itself could also be affected, as during recent
devastating events (Barriopedro et al., 2011; Kornhuber
et al., 2020), being aggravated in regions with reported
synergies between heat wave and droughts (e.g., Miralles
et al., 2019; Russo et al., 2019b). Moreover, a shift to an
earlier occurrence of heat waves can challenge the energy

systems due to the increase in energy demand for air con-
ditioning (Hameed et al., 2019; Lange, 2019).

Therefore, analysing changes in the seasonality of
temperature extremes is of the outmost importance, espe-
cially in the most vulnerable countries, such as those
located in the MENA region. This region has been
experiencing a continuous rise in temperatures since the
20th century that will persist during the 21st century
(Evans, 2009; Niang et al., 2014; Giugni et al., 2015; Pal and
Eltahir, 2016; Ozturk et al., 2018; Varela et al., 2020). This
is accompanied by a robust increase in extreme tempera-
tures and heat waves (Lelieveld et al., 2016; Russo
et al., 2016; Dosio, 2017; Bucchignani et al., 2018; Varela
et al., 2020). Varela et al. (2020) reported a general increase
of extreme temperature conditions over the MENA region
for the 21st century, with more than 80% of the cities
experiencing heat wave conditions during at least 50% of
the warm season days. Almazroui (2019) and Driouech
et al. (2020) found a general rise in the number of hot days
with increasing rates up to 10 days- decade™'. However, to
the best of our knowledge, future changes in the timing of
current extreme conditions over the MENA region have
not been reported in the literature. They would have pro-
nounced impacts in several aspects. Regarding the socio-
economic consequences, the MENA region is characterized
by important regional differences (Ncube et al., 2014). This
fact, along with an overall low development, pose difficul-
ties to conduct adaptation and mitigation policies and to
deploy early warning systems (Goll, 2017; Borghesi and
Ticci, 2019; Watts et al., 2020). Taking into account the cur-
rent conditions and the fraction of people working in agri-
culture, industry and services, the areas of the MENA
region with the largest heat-related lost in potential work
hours are those situated in northwestern Africa and in the
Persian Gulf (Watts et al, 2019, 2020). When climate
change projections (2071-2099) are combined with esti-
mated population heat exposure to moderate intensity jobs,
the most affected areas are those situated in the southern-
most latitudes of the MENA region, with around 10% work
hours lost (Kjellstrom et al., 2018). These results delve into
the special difficulties of the most vulnerable populations,
causing other derived problems such as famine and
climate-induced migrations (Grant et al., 2014; Wodon
et al., 2014; Waha et al., 2017). Another important impact
is the increase in heat-related mortality (Gasparrini
et al., 2017; Mora et al, 2017; Ahmadalipour and
Moradkhani, 2018). Ahmadalipour et al. (2019) found that
the mortality risk from heat stress is expected to hit the
poorest nations the hardest, increasing by a factor of 8-20
in the last decades of the 21st century with respect to the
last decades of the 20th century for the MENA region. The
particular characteristics of the MENA region [e.g., aridity,
projected population increase from 341 million to
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845 million in 2100; (Waha et al., 2017)], make this region
prone to be one of the most seriously affected by changes
in the seasonality of extreme temperatures in the future
(Waha et al., 2017).

The main of this paper is to analyse how the hot days
season (HdS), defined as the period of the year experienc-
ing present-day extreme temperature conditions, will evo-
Ive under a warming climate in the MENA region. To
assess these changes, the Coordinated Regional Climate
Downscaling Experiment (CORDEX)-MENA regional
model experiments are used. The start, end and length of
the HdS are analysed for the historical period (1970-1999),
and climate change projections under the RCP8.5 sce-
nario, focusing on the near (2020-2049) and far (2070-
2099) futures. Moreover, different areas of the MENA
region are considered to assess regional differences.

2 | DATA AND METHODS

Daily maximum near-surface air temperature data were
retrieved from 11 Regional Climate Model-Global Climate
Model (RCM-GCM) pairs simulations of the CORDEX
(https://www.cordex.org/data-access/) for the Africa
domain. They include historical simulations for the 1970-
2005 period and future projections (2006-2099) from
11 RCM-GCM pairs (one realization per pair) under the
RCP8.5 greenhouse gas emission scenario (Taylor
et al., 2012). The list of models is displayed in Table S1.

The CORDEX simulations cover the domain [O,
42.24°N] and [20°W, 60.28°E] with a 0.44° x 0.44° spatial
resolution (Christensen et al., 2014). However, the MENA
region analysed here is limited to the areas of the domain
that extend north of 24°N, where there is a well-defined
seasonal cycle in temperature. As can be seen in Figure 1,
this domain includes hot spot areas for climate change
[e.g., the Mediterranean (Giorgi and Lionello, 2008;
Cramer et al., 2018] and critical human habitability
(e.g., Arabian Gulf; Pal and Eltahir, 2016). Previous

40°N |

32°NT 7

24°N [ ,
15°W 0° 15°E 30°E 45°E 60°E

FIGURE 1 Map of the Middle East and North Africa (MENA

region). Colour areas represent the sub-regions considered: IP (Iberian
Peninsula), TK (Turkey), WA and EA (Western and Eastern Africa),
PG (the Persian Gulf). The dashed line marks the 28°N meridian that
divides the study area into the northern and southern regions [Colour
figure can be viewed at wileyonlinelibrary.com]

studies (Dosio and Panitz, 2016; Ozturk et al., 2018;
Varela et al., 2020) have widely used RCMs due to their
capability to recreate extreme events at fine scales. In
what concerns heat waves, the performance of CORDEX
models over the historical period and the MENA region
has been evaluated in previous studies, such as Russo
et al. (2016) and Dosio (2017)).

To evaluate model performance, hourly 2 m tempera-
ture data were retrieved for the 1979-2005 period of ERAS5,
the fifth generation of the global reanalysis from the
European Centre for Medium-Range Weather Forecasts
(Hersbach et al., 2020). For each day, the maximum tem-
perature was selected and subsequently interpolated to the
common 0.44° X 0.44° grid of the CORDEX simulations.

The season of hot days (HdS) was characterized by its
start, end and length. HdS is defined as the period between
the first day (Start™) and the last day (End"™®) that
exceeded the local 95th percentile of the daily maximum
temperature distribution for the historical period (all days of
the year for the 1970-1999 period). Start"™ and End"™® days
are expressed in terms of their rank in the year (starting
from January 1). The HdS length (LengtthS) was computed
as the difference between End™® and Start"™S, HdS was cal-
culated for each land grid point of the MENA region, year
and model. Then, a multi-model mean was applied to the
parameters defining HdS (start, end and length), in order to
minimize biases associated with each single model (Pierce
et al., 2009; Jacob et al., 2014). The choice of the HAS defini-
tion follows similar standardized approaches employed in
the detection of extreme indices [e.g., TX90p of the Expert
Team on Climate Change Detection and Indices (ETCCDI)],
which does not require any duration criterion. This type of
definition is quite common in works on climatic extremes
(Easterling, 2002; Kunkel et al., 2004; Pefia-Ortiz et al., 2015;
Founda et al., 2019). To impose a persistence criterion is not
easy as it could be confused with the calculation of the earli-
est heat wave, which is not the objective of the present arti-
cle. Note that several studies stress that heat waves represent
a different type of extreme event, as compared to those rep-
resented by the extreme indices of the ETCCDI. The idea of
considering the first day as the start of the HdS resides in
the interest of developing early warning systems that can
help to mitigate the extreme heat as the harvesting effect.
Therefore, the HdS definition follows recent works such as
that of Founda et al. (2019) and keeps the first and last days
when the 95 percentile of the local daily maximum tempera-
ture is exceeded.

Spatial averages of the multi-model mean parameters
were also computed for the whole MENA region and dif-
ferent sub-regions (Figure 1): Iberian Peninsula (IP), Tur-
key (TK), West and East Africa (WA and EA, respectively)
and the Persian Gulf (PG). These sub-regions were
selected following geographical and climatological criteria,
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the latter mainly relying on the characteristics of HdS, as
described in the results. Trends in the regional metrics of
the HdS were calculated using the Spearman rank correla-
tion coefficient.

To minimize the influence of internal variability, the
annual local parameters (Start™®, End™® and Length™%)
were also averaged for three different 30-year periods: his-
torical (1970-1999), near future (2020-2049) and far future
(2070-2099). Multi-model mean changes in these metrics
were calculated as the difference between the future (near
or far) and historical 30-year means. As stated above, the
time of occurrence of hot days conditions with respect to
the warmest peak of the year is of high importance in
terms of the associated impacts (Watts et al., 2015). To
measure this, we compared the number of hot days in the
near- and far-future HdS that fall outside and inside the
historical HdS of the corresponding model. Their ratio
quantifies the contribution to changes in the frequency of
extremes from days that would not have yielded extreme
conditions in the historical period.

Model

200
1 2 3 4 5 6 7 8 9 10 11
Model

A two-step procedure was applied to assess the robust-
ness and significance of the changes in the HdS projected
by the multi-model ensemble. In the first step, model agree-
ment is tested and changes are considered robust when
more than 90% of the RCM-GCM pairs project the same
sign change as that of the multi-model mean. In the second
step, significance is assessed with the Mann-Whitney U test
to evaluate whether the historical and future samples of
each model pair have equal medians. Changes are consid-
ered statistically significant when the null hypothesis is
rejected in more than 66% of the models at 95% confidence
level. Confidence arises when both conditions are met.

3 | RESULTS

3.1 | Evaluation of CORDEX simulations

We first assessed the skill of the CORDEX ensemble of
historical simulations to reproduce the HdS of ERA5

® o S ‘

—40 =30 =20 -10 0 10 20 30 40
Astart4S (days)
(d)
60 — ; ; ; ; ; ; ;
50 -
40+
<
<30
X
-9
20 -
10|
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AEnd"® (days)

FIGURE 2 Mean value (+ 1 SD) of the season start (a) and end (c) for the common historical period for ERAS5 (black solid line) and
each CORDEX model (circles). The number of each model is referred to the Table S1. (b) and d) Histogram of the season start and end
difference between the CORDEX multi-model mean and ERAS5. In both cases, the difference means ERA5 minus CORDEX [Colour figure
can be viewed at wileyonlinelibrary.com]
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(1979-2005). a,c shows the climatological mean (+ 1 SD)
start and end of the HdS for the MENA region and each
CORDEX RCM-GCM pair. All models show a small bias
towards later onset of the HdS (higher Start'®S), with
small differences across the ensemble (i.e., similar individ-
ual model performance). The multi-model mean start date
of the HdS does not deviate from ERA-5 by more than
~10 days, which means a relative error lower than 10%.
There is a larger spread in the simulation of the end of the
HdS, with a generalized tendency for an earlier retreat
(i.e., lower EndeS), but no systematic behaviour across the
model ensemble. This result indicates that the ensemble is
not dominated by the performance of the RCA4 model,
which is employed in more than half of the RCM-GCM
pairs (Table S1). The multi-model mean tends to compen-
sate individual model biases in End"%, yielding a perfor-
mance that is comparable to that of the onset (i.e., relative
error lower than 10%). As a consequence, CORDEX models
display a shorter HdS length than ERAS, likely reflecting an
exaggerated seasonal cycle in mean temperature.

The frequency distribution of the multi-model mean
local biases in the HdS timing across the MENA region
is displayed in Figures 2b,d. In most of the region (~75%
of the grid points) the differences between the multi-
model mean and ERAS5 do not exceed ~10 days. The spa-
tial patterns of the start and end biases do not resemble
each other (Figure S1), although EA tends to concen-
trate the largest biases in both parameters (albeit over
different areas of this region).

Despite the expected differences between both data-
bases, data from CORDEX reproduces satisfactorily the
spatial patterns in the area under scope for the historical

S HdS
start1%(day). Period 1970-1999 Astart

15°E 30°E

End"'%S(day). Period 1970-1999

ALengtths

120

FIGURE 3

(days). Periods

AEndeS(days). Periods

30°E
(days). Periods

15°E

of Climatology

period. These results show the adequacy and robustness
of the models. Therefore, in the following sections, we
will use the full ensemble of CORDEX to address future
projections of HdS in the MENA domain.

3.2 | Projected HdS changes

Figure 3 (left panel) displays the multi-model mean
timing (start, end) and length of the HdS for the histori-
cal period over the MENA region. The middle and right
panels show the start, end and length changes of the HdS
for the near and far futures with respect to the historical
period over the MENA region. For the historical period,
WA and PG are the regions with a later start (around
mid-July, or calendar day 180-200). In EA, this value
decreases to 130-140, which corresponds approximately
to mid-May (the earliest start within MENA). Figure Sla
confirms that, in spite of the CORDEX biases, the multi-
model mean captures the overall spatial pattern of
ERA-5, including the earlier/later start of the HdAS in
EA/WP. In the case of the near future, the start of the
season is projected to advance to earlier dates
(i.e., negative changes in Start"%) by around 30 days for
the southern areas of Northern Africa and PG, and 10-
20 days for the rest of MENA. Larger changes are
expected for the far future, with values ranging from
40 days over some areas of EA, to up to 60 days in WA
and PG. Therefore, by the end of the century, the most
affected areas are projected to start the HdAS up to
2 months earlier than in the historical period (a shift
from mid-July to mid-May over WA and PG).

2020-2049
1970-1999

HdS

2070-2099
1970-1999

AStart " (days). Periods

15°E 30°E

2070-2099
1970-1999

2020-2049

1970 AEndeS(days). Periods

A 0

A5°E

2020-2049
1970-1999

15°E 30°E

H'ls(days). Periods

2070-2099

AlLength 1970-1999

Multi-model mean characteristics (start, end and length) of the hot days season for the historical period (1970-1999; left

column) and projected changes under the RCP8.5 scenario for the near (2020-2049; middle column) and far (2070-2099; right column)
futures. Grey points mark those pixels that passed our confident assessment on the projected changes. See text for details [Colour figure can

be viewed at wileyonlinelibrary.com]
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Focusing on the End™® (middle row panels), it
occurs by around mid-August (Days 220-230) for the his-
torical period and most of the area, except for coastal
regions and the northernmost sub-regions of MENA (IP,
TK), where it occurs in early September (around Day
250). The earlier (later) retreat of the HdAS in southern
MENA (coastal regions, IP and TK) is in overall agree-
ment with the ERA-5 pattern (Figure S1c). For the near
future, all areas display a later retreat of the HdS
(i.e., positive changes in End"'®®). The largest changes are
obtained in southern central areas of Northern Africa,
with values around 30 days. In the rest of MENA, the
end of the HdS is delayed by 10-20 days, which repre-
sents smaller changes than those reported for Start
This geographical pattern is also observed for the far
future, but with highest values that can reach 60 days in
southern central MENA and around 30-40 days in the
rest of the area. Thus, the southernmost latitudes are
expected to experience the largest changes in the En
(~2 months, from mid-August to mid-October) as com-
pared to the historical period.

Regarding the Length'™®, it ranges between 50 and
120 days across the MENA region for the historical
period. EA shows the longest HdS and WA, PG, IP and
TK the shortest one. The geographical pattern of changes
in Length™ is very similar for both time horizons, with
more pronounced changes for the far future. For the near
future, the lengthening of the HdS ranges from 20 to
40 days in the northern latitudes of MENA, to up to
60 days in the southern latitudes. In a similar way, the
far future shows a HdS that is 120 days longer than in
the historical period over the southernmost latitudes,
with lower changes in the rest of the area (typically below
80 days).

It is important to note that the lengthening of the
HdS is not equally distributed towards earlier and later
periods. Focusing on the far future (right column,
Figure 3), changes in the season length come from a
more noticeable shift towards earlier onsets than later
retreats, especially for WA and PG. Only a small region
in southern-central Northern Africa displays larger
changes in End"™® than in Start™ (top and middle
panels, Figure 3).

This asymmetric lengthening of the HdS also becomes
obvious at larger spatial scales. Figure 4 shows the start,
end and length of the HdS averaged for the MENA region
under the RCP8.5 scenario from 1970 to 2099. The slope
for the start dates is larger (in absolute values) than that
for the end dates (Figure 4a). In particular, the HdS onset
(red) advances steadily from around Days 170 (end of
June) to 120 (early May) by the end of the century, which
is around 50 days earlier than in the historical period. In
the same period, the End"® (blue) retreats about
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FIGURE 4 Multi-model mean (solid lines) annual evolution

and inter-model spread (+1 SD, grey shading) of the hot days
season for the MENA region during the historical period (1970-
2005) and the RCP8.5 scenario (2006-2099): (a) start (red) and end
(blue) of the hot days season. (b) Length of the hot days season
[Colour figure can be viewed at wileyonlinelibrary.com|

40 days, from mid-August (Day 230) to late September—
early October (Day 270). As a consequence, under
RCP8.5, the HdAS gets longer by more than 90 days
through the 21st century (Figure 4b), increasing from less
than 60 days in the historical period to nearly 160 days
(5 months) by the end of the century.

Although the changes presented in Figure 4 summa-
rize well the generalized behaviour of the MENA region,
there are also quantitative regional differences (see
Figure 3) that are herein addressed in more detail.
Table 1 shows the 1970-2099 multi-model mean trend
and SD of the HdS start, end and length for MENA and
the different sub-regions of Figure 1 under the RCP8.5
scenario. WA and PG are the areas with the largest trends
in Start"'¥S (almost —0.5 day-year™') which are equivalent
to an advance of about 2 months by the end of the cen-
tury. This contrasts with the northernmost regions
(IP and TK) and EA, where trends are smaller than
—-0.4 day-year™' (ie., ~45 days earlier onsets by 2100).
These results suggest quantitative latitudinal differences
in the changes of Start'™S. Indeed, the southernmost
areas of the MENA region (those equatorward of 28°N)
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TABLE 1
the MENA domain from 1970 to 2099 under the RCP8.5 scenario

REGION START; (days-year ')
Iberian Peninsula —0.35 + 0.06
Turkey —0.39 £ 0.09
West Africa —0.49 + 0.09
East Africa —0.37 + 0.08
Persian Gulf —0.46 + 0.11
South 28°N —0.48 + 0.09
North 28°N —0.39 £ 0.07
MENA —0.43 + 0.07

show the most dramatic changes in Start™S (—0.48 as
compared to —0.39 day-year ", for regions poleward of
28°N; Table 1), which translate to differences of almost
half a month by 2100. A similar latitudinal behaviour is
observed for End"™®, with delays that are about half a
month longer in the southernmost latitudes than in the
northern regions by the end of the century (Table 1).
Therefore, IP and TK experience lower changes in
End"® (smaller than 0.30 day-year™') than more equa-
torward regions (e.g, WA or EA, higher than
0.40 day-year ). Except for EA, the rest of the regions
show higher trends (in absolute terms) for Start'S than
for the EndeS, confirming the overall asymmetrical shift
of the HdS already reported for MENA. The distinctive
behaviour of EA could be explained by the early HdS
onset of this region already in the historical period (mid-
May, the earliest of all MENA regions), as compared to
the HdS retreat, which is comparable to that of the other
regions (about mid-August).

The latitudinal differences reported for Start™S and
End" contribute to an even more pronounced latitudi-
nal behaviour of the season lengthening, with a clear
contrast between southern (0.93 day-year ') and north-
ern (0.73 day-year ') latitudes, which means an HdS
around 1 month longer in the former by the end of the
century. Indeed, the largest and smallest trends in
Length™® occur in WA (0.91 day-year™'; approximately
120 days longer at the end of the century) and the IP
(0.63 days-year™'; or 80 days more with extreme condi-
tions), respectively.

The projected changes in the HdS found here are in
overall agreement with projections for the length of sum-
mer season reported elsewhere. For example, Park and
Min (2018) evaluated the changes in the summer length
for the Northern Hemisphere at 1.5 and 2.0° global
warmings. Despite the lower radiative forcings employed
therein, they found a generalized lengthening of the sum-
mer season, with larger advances in the summer onset

Linear trend (days-year™*) (+ 1 SD) of the multi-model mean start, end and length of the hot days season for each region of

END; (days-year %) LENGTH{ (days-year™ )

0.28 + 0.04 0.63 + 0.09
0.29 + 0.05 0.69 +0.13
0.42 + 0.08 0.91 + 0.16
0.43 + 0.11 0.80 + 0.15
0.38 + 0.04 0.83 £0.14
0.45 + 0.08 0.93 +0.16
0.33 + 0.06 0.73 + 0.12
0.38 + 0.06 0.80 + 0.13

than delays in the summer retreat, as well as latitudinal
differences involving more extended summers in mid-
than in high-latitudes. Similar results have been reported
for other regions, such as northern Europe (Ruosteenoja
et al., 2020) or China (Deng et al., 2018). The change
towards longer HdS in climate change scenarios is also in
agreement with the longer summers reported in RCM-
based projections for specific MENA sub-regions [e.g.,
Spain (De la Franca et al., 2013)]. By the end of the cen-
tury, the summer lengthening for Spain was ~40 days,
slightly lower than that obtained herein for the IP HdS
(~60 days).

According to Figure 4, changes in the HdS already
occur within the historical period, suggesting that they
might also be detected in observations, assuming model
realism and high signal-to-noise ratios in observations.
The verification of these assumptions is particularly chal-
lenging for extremes, and in regions with low density,
length and/or quality of observations, as Africa. Still,
recent studies focusing on daily mean temperature obser-
vations have already identified changes towards a longer
summer season in extratropical regions of the Northern
Hemisphere (e.g., Park et al., 2018), Europe (Pefia-Ortiz
et al., 2015) or the Middle East (Goldreich and
Chermoni, 2006), with overall larger changes in the sum-
mer onset than in the summer retreat. Some of the larg-
est changes were reported in the Mediterranean region
(partially covered by the MENA domain), where the sum-
mer has expanded towards earlier and later dates at dif-
ferent rates [23.6 days and 16.9 days, respectively, from
1953 to 2012; (Park et al., 2018)]. Some of the observed
changes are comparable to those obtained for MENA
over 1970-2010 (Figure 4), although this resemblance
could be circumstantial, since estimates apply to different
diagnostics (summer season vs. HdS) and regions, and
observations and model simulations are affected by inter-
nal variability and model biases, respectively (e.g., Pefia-
Ortiz et al., 2015; Dosio, 2017).
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On the other hand, the latitudinal pattern of changes
in the Length™S (Figure 3) resembles that found for the
projected frequency of temperature extremes (Varela
et al., 2020), which also shows a tendency for larger
increases in the southernmost latitudes of MENA, as
well as with recent observational trends in the fre-
quency and duration of heat waves (Perkins-Kirkpatrick
and Lewis, 2020). However, these changes do not inform
on the frequency distribution of extremes with respect to
the seasonal cycle. Therefore, we have evaluated here
future changes in the timing of occurrence of hot days
with respect to the historical HdS, which is relevant for
impact assessments. These changes are expressed as the
frequency ratio of future extremes occurring outside and
inside the historical HdS. Values lower than 1 indicate that
more than half of future extremes still occur during the
historical season, while values higher than 1 imply more
extremes shifted from the historical season, which poses
additional threats for adaptation policies and early warn-
ing systems. Figure 5 represents the number of hot days
that are within (left column) and outside (middle column)
the historical HdS for the near and far future under the
RCP8.5 scenario. Focusing on the near future (upper
panels), the frequency of the days inside and outside the
historical HdS is very similar (ratios of ~1), with the excep-
tion of a small area in southern-central Northern Africa
dominated by shifted extremes. This picture changes for
the far future (lower panels), when the HdS lengthening is
so large that unusual timings dominate the frequency of
extremes in MENA (ratios above 1). As expected, the frac-
tion of extremes outside the historical HdS tends to be
higher in areas where the increases in Length™ are also
higher (Figure 3, right column). In the southern-central
area of Northern Africa and PG, where the Length™
increases the most, dates outside the historical HdS largely
account for extremes, with ratios well above two (up to
4.5). By the end of the century and RCP8.5, the only area

that keeps showing ratios around 1 (similar to those in the
near future) is EA. This is also the southern region with
the smallest changes in Length™, and the longest HdS of
MENA in the historical period (around 100 days),
suggesting that climate change signals may have already
emerged in that region by 1970-2005 leading to smaller
future changes.

Thus, the projected lengthening of the HdS presented
here would involve an earlier occurrence of hot days and
could cause a corresponding shift in heat-related mortality
(Muthers et al., 2010; Anderson and Bell, 2011; Founda
et al., 2019). Moreover, Rohat et al. (2019), found that the
number of people exposed to extreme heat in African cities
will multiply by at least 20 by the end of the century.
Exposure and vulnerability to extreme temperatures are
more pronounced in many MENA countries than in other
more developed areas (Niang et al., 2014; Russo
et al., 2019a) due to the special characteristics of the
MENA region as the higher levels of poverty, informal set-
tlements and the need to work outdoors (Asefi-Najafabady
et al., 2018; Watts et al.,, 2020). This fact delves in the
importance to develop early warning systems that lessen
the increasing risks of temperature extremes. Nevertheless,
extreme temperatures are not systematically monitored in
many countries of Africa (Harrington and Otto, 2020)
hampering efforts to implement tailored adaptation and
mitigation measures (Besada et al., 2009; Nyiwul, 2019).
To deep further into local aspects, Table 2 shows the
multi-model mean timing and length of the HdS (Start"%,
End"™ and Length™) for the closest grid points to
15 MENA cities. The criterion for selecting these cities
was: (a) cities with more than 1 million inhabitants
(https://worldpopulationreview.com); and (b) one city per
country that meets the above condition. The results are in
overall agreement with the corresponding regional
changes in HdAS described above, although these local
values should be considered for illustrative purposes only
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TABLE 2
(mean + 1 SD) for 15 specific CORDEX-MENA cities

Historical: 1970-1999

Near future: 2020-2049

Multi-model mean of the seasonality of hot days (season start, end and length for the historical, near and far future periods)

Far future: 2070-2099

Start"®S  End"% Length™®S  start™S
Algiers 170 + 14 257+ 6 87+ 15 153 + 14
Amman 163 + 12 241 +7 78 £13 147 + 12
Baghdad 183+ 8 230+ 4 47 + 10 166 + 7
Beirut 164 + 19 252+ 7 88 +18 146 + 17
Cairo 134 + 17 234+ 10 100 + 14 118 +13
Casablanca 164 + 11 257 + 6 93 +15 144 + 16
Damascus 173 +13 240 + 7 67 + 15 157+ 15
Dubai 170 + 7 233+ 4 63+ 8 149 + 6
Istanbul 172 +£18 245+ 8 73 +17 159 £ 15
Lisbon 176 + 7 254 +5 78 + 10 164 +9
Madrid 183 + 4 236 + 4 53+6 167 £ 5
Riyadh 183 + 8 228 +3 45+9 158 +7
Tehran 177 + 4 228 £ 5 51+6 163 +7
Tripoli 140 + 28 263+ 6 123 + 26 125 + 22
Tunis 170 £ 6 248 + 5 78+ 9 158 +£9

and taken with caution, as they are expected to be more
affected by biases. These results are also in concordance
with those obtained by Varela et al. (2020) who observed
that more than 80% of the highly populated MENA cities
will experience heat wave conditions during at least 50%
of the warm season days by the end of the century. Our
results emphasize the importance of seasonal shifts in the
occurrence of extremes, many of which would occur out-
side of the historical season. This should be taken into
account in the planning and implementation of strategies
to cope with the projected increase of extremes in these
vulnerable regions.

4 | CONCLUSIONS

An ensemble of RCM-GCM climate change CORDEX
simulations over the Middle East-Northern Africa
(MENA) region reveals a robust and pronounced length-
ening of the season comprising hot days (HdS) during the
21st century. Changes in the length of the HdS
(Length™%S) arise from earlier onsets and delayed ends,
but with an asymmetrical shift involving larger changes
towards earlier dates. Under a RCPS8.5 scenario, the
multi-model mean onset of the HAS (Start™) over
MENA would advance almost 2 months at the end of the
century, with extremely warm days typical of the summer
season occurring by early May. A similar, albeit slightly

End"®  Length"®  start™® End"® Length™?S
267 £ 6 114 + 14 126 +£ 18 284 +9 158 £ 19
255+ 5 108 + 15 116 + 15 272+ 8 156 + 22
247 + 4 81+ 10 143 £ 12 264+6  121+18
266 + 9 120 + 19 116 +17  283+10 167 +24
254 +7 136 +£ 15 97+ 10 271 £ 7 174 £ 15
268 +£9 124 + 23 114 +17  285+11 171+ 27
255+ 6 98 + 19 129 £ 19 271+9 14227
252+ 5 103 + 10 123 £11 270+ 6 147 +15
256 + 9 97 £ 16 141+16 272+12  131+23
263 +9 99 +15 144 + 10 277+7 133+ 14
248 £ 6 81+9 150+ 5 265+ 6 115+ 9
248 +3 90 +9 128 +9 268 +4 140 + 12
244 + 4 81+9 144 £ 11 262+5 118%15
275+ 8 150 + 21 98 +18 291+9  193+19
257+ 5 99 + 12 134 £13 271+ 6 137 £ 138

lower retreat is reported for the end of the HdS (End™S),
which would extend to end September or early October
by the end of the century. Together, these changes sum
up to yield HdS about 3 months longer than in the histor-
ical period.

Late 21st changes in Length™ are not spatially uniform
and range from 2 to 4 months across the MENA region,
with the HdS lengthening increasing equatorwards, where
the seasonal cycle and daily variability is less pronounced.
This is in agreement with previous studies reporting dra-
matic increases in temperature extremes over tropical
regions, where a permanent heat wave state could be
approached (e.g., Perkins-Kirkpatrick and Gibson, 2017). In
all MENA regions, the HdS advances more towards earlier
dates than it retreats to later dates, with the exception of
Eastern Africa.

The climate change projections towards longer HdS
also involve pronounced changes in the timing of occur-
rence of hot days. By the end of the 21st century and
RCPS8.5, the number of extremes outside the historical
HdS would on average outweigh by a factor of two those
occurring within that season. The largest ratios are pro-
jected in the southern regions of MENA, with dramatic
shifts (fourfold ratios) in Western Africa and the Persian
Gulf. The exception is Eastern Africa, where the HdS
lengthening is constrained by the comparatively earlier
onset dates of the historical period. Taking into account
these results and the particular conditions of the MENA
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region, such as the continuous population increase or the
lack of resources, the risks associated with extreme heat
(such as migrations, mortality or famine) in the region
are expected to increase dramatically.

The causes of the regional differences in the HdS
(e.g., Eastern vs. Western Africa) require further research.
Previous studies have reported that the underlying pro-
cesses determining warm extremes in Northern Africa
vary with the season (e.g., Fontaine et al., 2013) and the
region (e.g., Guigma et al., 2020). The distinction of East-
ern and Western Africa is supported by the main mode of
inter-annual variability of hot days in observations,
which displays a zonal dipole, indicating that hot days in
Western Africa are not accompanied by extreme condi-
tions in Eastern Africa, and vice versa (Guigma
et al., 2020). In turn, this is in agreement with the spatial
structure and propagation of the main synoptic patterns
associated with heat waves (Moron et al., 2018), which
include a diversity of phenomena, from travelling
extratropical Rossby waves (mainly in the northern part
of the region) to the Madden Julian Oscillation (with
stronger effects towards the Sahel). Previous studies have
mainly focused on heat waves over specific regions of
Northern Africa, particularly the Sahel (to the south
of the MENA region addressed here), with more empha-
sis on the western half of Northern Africa. For these
regions, the main physical processes of extremely warm
events have been related to warm advection and the
greenhouse effect of water vapour (enhanced downward
long wave radiation), sustained by southwesterly low-
level moisture transport of water vapour from the Atlan-
tic Ocean and/or the Western African Monsoon
(e.g., Fontaine et al., 2013; Guigma et al., 2020). In partic-
ular, the water vapour effect plays a fundamental role
during Sahelian heat waves and its long-term variations
(Moron et al., 2018; Guigma et al., 2020), and could con-
tribute to the enhanced meridional differences of the
Length™™ projections found herein (larger increases
towards southern MENA under warmer/moister atmo-
spheric conditions). However, water vapour content is
also modulated by changes in its remote sources, trans-
port and regional processes. For example, variations in
the Western African Monsoon have been linked to sea
surface temperature anomalies in the Atlantic and Indian
oceans (e.g., Moron et al., 2018) as well as changes in the
Saharan Heat Low through a water vapour-temperature
feedback (Evan et al., 2015). It is not fully clear whether
and how much the water vapour effect influences the
HdS in the different MENA regions. Therefore, a more
complete picture on the regional dynamics of hot days
and their remote influences are required to gain under-
standing on the regional differences of the HdS reported
here and their future changes.
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