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Abstract: In this study, projected changes in climate extreme indices defined by the Expert Team
on Climate Change Detection and Indices were investigated over Middle East and North Africa.
Changes in the daily maximum and minimum temperature- and precipitation- based extreme indices
were analyzed for the end of the 21st century compared to the reference period 1971-2000 using
regional climate model simulations. Regional climate model, RegCM4.4 was used to downscale
two different global climate model outputs to 50 km resolution under RCP4.5 and RCP8.5 scenarios.
Results generally indicate an intensification of temperature- and precipitation- based extreme indices
with increasing radiative forcing. In particular, an increase in annual minimum of daily minimum
temperatures is more pronounced over the northern part of Mediterranean Basin and tropics. High
increase in warm nights and warm spell duration all over the region with a pronounced increase
in tropics are projected for the period of 2071-2100 together with decrease or no change in cold
extremes. According to the results, a decrease in total wet-day precipitation and increase in dry spells
are expected for the end of the century.

Keywords: climate extreme indices; extreme events; regional climate modeling; climate change;
Middle East North Africa (MENA)

1. Introduction

The need for robust future projections of extreme climate events has increased rapidly
during the recent decades since extreme climate events affect society and ecosystems
with their potentially severe impacts [1-3]. The Special Report on Extreme Events of the
Intergovernmental Panel on Climate Change (IPCC) states there is evidence from the
gathered observations since 1950 that climate extremes are changing, and some extremes
have changed due to the anthropogenic influences [4]. Since extreme events are rare, there
are only few pieces of data to make assessments on their frequency or severity and the rarer
the event, the more challenging to identify or analyze the changes [4]. Moreover, as with
many climate phenomena, extreme events are also multifaceted and are extremely difficult
to monitor [5]. Therefore, there have been international coordinated efforts to enable and
ease the research on observed and projected changes also to encourage the comparison
of observations and modeled data of climate extreme events, especially for temperature
and precipitation extremes. One such effort was by the Expert Team on Climate Change
Detection and Indices (ETCCDI) (https://www.clivar.org/organization/etccdi, accessed
on 20 April 2021) who have defined a set of climate change indices focusing on extreme
events based on daily temperature and precipitation data [6,7]. These indices enabled the
development of regional and global gridded datasets in a comparable way [8] such as
HadEX [9] and the updated version HadEX2 [10].

Most of the indices defined by the ETCCDI, simply referred to as indices hereafter,
describe moderate extreme events that have a re-occurrence time of a year or less compared
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to more extreme events that have 20- year re-occurrence times [11,12]. Indices are derived
from daily maximum and minimum of near surface temperature, daily precipitation data
(TX, TN and PR, respectively) and they extract information from daily weather observations
or model outputs to answer questions on the changes of climate extremes such as the
heaviest daily precipitation event or the number of days below freezing [8]. The full set
of the total 27 extreme indices can be viewed in the work of Sillmann et al. [12]. Detailed
information on the indices can be found in the literature [7-9] and on the ETCCDI website.
Sixteen of these indices are based on temperature and 11 are based on precipitation data.
Since human activities are especially vulnerable to hydrological extreme events such as
floods and droughts, changes in precipitation extremes have attracted more attention in
the literature [11]. Here in this study a subset of the 27 indices were used and the selected
indices give a broad and comprehensive overview of the future changes in temperature
and precipitation extremes.

The indices are easy to interpret, give robust results therefore they have many applica-
tions in climate research and other related areas [2]. They have been used to investigate
and monitor global changes in extreme events with observational data [9,10,13,14], with
projected future data [2,11,15-17] or to evaluate model performance [12,18]. The indices
also enable regional analyses of extreme event changes therefore model performance evalu-
ated also regionally [19] and the regional changes in temperature and precipitation extreme
events have been assessed for many parts of the world during the recent decades, such as in
Australia [20], North America [21,22], the United States [23], the Mediterranean Basin [24],
countries of Western Indian Ocean [25], the Arab Region [26], China [5,27,28], Iran [29],
Egypt [30], Central and South Asia [31], East Asia [32], Ethiopia [33-35], Saudi Arabia [36].
Various detection and attribution studies also used indices [37-39].

Collaborative studies on the climate extreme events detected that intensity of extreme
precipitation increases in the future under global warming in many parts of the world, even
in the regions where mean precipitation decreases [40-44]. The increases in heavy precipita-
tion in the future together with the reductions in the probability of wet-days indicate more
extreme climate with higher probabilities of drought as well as more heavy precipitation
events [11]. Changes in temperature extreme events are generally in accordance with the
mean temperature changes for many parts of the world. Nonetheless, as a result of sea
ice and snow melting due to the global warming, cold temperature extremes are found
to be warming faster than warm temperature extremes [40,41]. Summertime temperature
variability is reported to be increasing over land, which means potentially larger relative
increases in warm extremes than in mean summertime temperature [11,41,45].

As a complementary study to the work of Sillmann et al. [2], the aim of this study
is to investigate the projected changes in climate extreme indices defined by ETCCDI
over Coordinated Regional Climate Downscaling Experiment (CORDEX) Region 13 that is
Middle East and North Africa (MENA) for the end of the 21st century. The primary tools
for studying possible future changes in climate mean, variability and climate extremes
are the simulations with global coupled ocean-atmosphere general circulation models
(CGCMs) [11,14]. Since the CGCMs have coarse resolution (100-300 km) and they have
no topographic information at finer scales, they are not suitable for generating detailed
results [46]. To obtain more detailed climatic conditions over a specific region, Regional
Climate Models (RCMs) are considered to be the best tools for downscaling the outputs
of CGCMs [47-49]. Here in this study, RegCM4.4 is used as an RCM with two different
CGCMs, that are HadGEM2-ES and MPI-ESM-MR both of which are recommended to be
used for MENA region together with RegCM4.4 [49-51]. According to Ozturk et al. [50],
RegCM outputs driven by MPI-ESM-MR show better agreement than the results of RegCM
driven by HadGEM2-ES global model with respect to the observational dataset. MPI-
ESM-MR, as well as that of the HadGEM2-ES is discussed to be relatively better than
other CGCMs for the MENA region [50,52]. Moreover, RegCM4 has been found to be well
suited to conduct long-term high-resolution projection of climate for the CORDEX-MENA
domain [53]. To be able to generate future simulations, CGCMs are forced with repre-
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sentative greenhouse gas and aerosol emission scenarios. Representative Concentration
Pathways (RCPs) are the greenhouse gas concentration trajectories adopted by IPCC and
these trajectories describe possible climate futures depending on the amount of greenhouse
gas emissions until 2100. Two of the RCPs used in this study are the intermediate level
emission scenario RCP4.5 which foresees a 4.5 W/m? of radiative forcing at the end of
the century and the worst- case emission scenario RCP8.5, which is also referred as the
"business- as- usual scenario” meaning the society would not make any effort to cut green-
house gas emissions at all, foresees an 8.5 W/m? of radiative forcing at the end of the
century [54]. These radiative forcing levels were defined as £5% of the stated level rela-
tive to the pre-industrial levels. The different radiative forcing amounts in two scenarios
can lead to different average temperature responses and it is expected in this study that
this difference will also be evident in seasonal and annual temperature and precipitation
extremes [55].

The region that is the subject of this study, MENA is evidently the world’s most water
scarce region and of all the challenges the region faces, it is the least prepared for increased
future water crises [56,57]. The region has well-recognized high vulnerability to adverse
climate effects [58] and the growing population brings an increasing demand on water
resources [59]. The Fifth Assessment Report (AR5) of IPCC shows about a 50% decrease
in precipitation in the rainy season with the “business- as- usual” scenario, RCP8.5 by the
end of the century (2021-2100) with respect to 1986-2005 [60]. Various regions in MENA
have already been experiencing severe droughts for decades [61]. With the effect of climate
change, heavy downpours of rain are expected as well as longer lasting droughts [62] and
therefore floods also pose a great danger for MENA [56]. Despite their highly arid and
semi-arid climatic conditions with generally dry and hot summers and mild winters [26],
many cities in MENA have been experiencing costly flash floods for many years [63].
A study by Zhang et al. [64] employing climate extreme indices for 1950-2003 at 52 stations
covering 15 countries in the Middle East found increasing trends in the annual maximum
of daily maximum and minimum temperature, the annual minimum of daily maximum
and minimum temperature, the number of summer nights, and the number of days where
daily temperature was higher than its 90th percentile; and decreasing trends in the number
of days where daily temperature was lower than its 10th percentile. Trends in precipitation
indices were found to be weak in general and they did not show spatial coherence [64].
Coupled Model Intercomparison Project (CMIP) Phase 5 climate model projections under
RCP4.5 and RCP8.5 showed that climate warming is strongest in summer in MENA while
in the rest of the world it is typically stronger in winter, and the summertime warming
extends the thermal low at the surface from South Asia across MENA while the hot desert
climate intensifies and becomes more extreme [65].

Almazroui et al. [66] projected the change in temperature and precipitation over the
African continent with 27 global climate models from CMIP6 under the Shared Socioeco-
nomic Pathways (SSPs) which are a set of five storylines on possible trajectories for human
development and global environmental change until the end of the century [67]. These
SSPs consist of a set of baselines that provides a description of future developments in the
absence of new climate policies as well as mitigation scenarios that explore the climate
change mitigation policies [68]. The SSP5 scenario foresees a rapid economic growth, very
high levels of fossil fuel use, a doubling of food demand, a tripling of energy demand with
greenhouse gas emissions until the end of the century, which is in line with the energy and
resource intensive business- as- usual RCP8.5 scenario [69], therefore these two scenarios
are evaluated together. In the study of Almazroui et al. [66] the mean annual temperature
over Africa for the 2070-2099 period is projected to increase by 1.4 °C under weak forcing
scenario SSP1-2.6, by 2.3 °C under moderate forcing scenario SSP2-4.5 and 4.4 °C under
strong forcing scenario SSP5-8.5. The projections show that the Sahara will have the largest
increase in mean annual temperature with 5.6 °C, while Central East Africa will have the
smallest increase with 3.5 °C under the SSP5-8.5 scenario. Although showing a mixed
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spatial pattern, precipitation is projected to decrease in general over Northern Africa and
increase in general over the central parts of Africa.

The study of Driouech et al. [70] assessing future changes of climate extreme events
in MENA using another regional climate model called ALADIN-Climate reported that
projected changes for MENA indicate the intensification of heat waves number, duration
and magnitude, and contrasted precipitation changes. North- West MENA is projected
to get become drier while North- East MENA along with the Mediterranean side of the
region is projected to get become wetter. Regional warming is projected to be at a rate
between 0.2 to 0.5 °C/decade over land depending on the scenario used. The findings of
the study show that drought is expected to increase in the Northern MENA independent
from which index is used, however, if the index accounts for both the effect of precipitation
and temperature changes, then the increase of drought will be at a higher rate [71]. It is
reported that the Regional Climate Model ALADIN-Climate results corroborate previous
studies projecting the MENA region [70].

Another study by Zittis et al. [72] employing Heat Wave Magnitude Index with a
comprehensive ensemble of regional climate projections to simulate future hot spells in
MENA reports that business- as- usual emission scenario will lead to super and ultra-
extreme heatwaves in MENA. Especially in the second half of the 21st century, MENA will
face potentially life-threatening excessively high temperatures (up to 56 °C and higher)
with extended duration (several weeks). It is stated that by the end of the 21st century
about half of the MENA population who live in urban centers will be exposed to annually
recurring super- and ultra-extreme heatwaves, and among other socioeconomic sectors,
agriculture, the water and energy nexus, as well as the labor productivity, biodiversity and
livestock in MENA will be negatively affected by these heatwaves. Therefore, to assess
regional impacts, underpin mitigation and adaptation measures, robust information from
climate downscaling studies has crucial importance for the region [72].

2. Materials and Methods

This study is aimed to determine the future changes of the intensity and frequency
of extreme events and to provide an early warning system for the countries in MENA to
better prepare for the possible severe impacts of climate change. Therefore, first the outputs
of MPI-ESM-MR global climate model of the Max Planck Institute for Meteorology and
HadGEM2-ES global climate model of the MET Office Hadley Centre were downscaled to
50 km for the MENA region using the Regional Climate Model (RegCM4.4) of the Abdus
Salam International Centre for Theoretical Physics [73]. To make the future projections for
the 21st century with respect to the 1971-2000 reference period, two emission scenarios
RCP4.5 and RCP8.5 were used. Thereafter, a subset of the 27 ETCCDI indices were chosen
to assess various aspects of a changing global climate which include changes in intensity,
frequency and duration of extreme temperature and precipitation events. In Table 1 the
indices that are used in this study are given with their definitions and units.

The selected indices can be classified roughly in four categories for both the temper-
ature indices and the precipitation indices [2]: (1) Absolute indices of temperature with
the maximum of TX (TXx) and the minimum of TN (TNn) mainly describe the hottest
or coldest day in a year, season or month.T. The annual temperature extreme indices are
generally used in the literature to show the extreme temperature range in history [9,74]
and in the projected future [11]. (2) Threshold indices for temperature such as frost days
(FD) or tropical nights (TR) count the number of days when a previously fixed temperature
is exceeded and in this study, FD and TR count the days when TN is below 0 °C and
above 20 °C, respectively. Threshold indices for temperature are used in climate impact
studies such as on agriculture [75] or human health [76]. Precipitation threshold index
that is the heavy precipitation days index (R10mm) counts the days when the threshold
of 10 mm precipitation exceeded, and this index is generally associated with wet days
but not with extreme precipitation. (3) Percentile-based threshold indices represent the
exceedance rates (in %) above or below a previously defined thresholds that is 10th or 90th
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percentile derived from 1971-2000 base period. In this study, percentile-based temperature
threshold indices that are cold nights (TN10p) and warm nights (TN90p) describe the rate
of days that the threshold exceeded where TN or TX is below the 10th or above the 90th
percentile, respectively. Percentile-based precipitation threshold index that is very wet days
(R95p) describes the accumulated annual precipitation amount in mm on days when daily
precipitation amount exceeds the 95th percentile threshold of precipitation (PR > 1 mm)
distribution derived from the 1971-2000 base period. (4) Duration indices for temperature
that are the warm spell duration (WSDI) and cold spell duration (CSDI) characterize the
length of warm and cold spells. They are calculated as in percentile indices, with the
percentile thresholds of the base period 1971-2000. WSDI counts the days in a year when
TX is above the 90th percentile for six or more consecutive days and CSDI counts the days
in a year when TN is below the 10th percentile for six or more consecutive days. Duration
index for precipitation is the consecutive dry-day index (CDD) which characterizes the
length of the longest period of consecutive dry days in a year i.e., days with PR <1 mm
in a year. If a dry spell does not end in a year and continues for more than 1 year, then
CDD is not reported for that year and the accumulated dry days are carried forward until
the year when the spell ends. With this definition, intermitting dry spells where the dry
season spans a period longer than 1 year is avoided [2]. There are other studies that define
CDD where dry spells are terminated at the end of the year even if the dry spell does not
end [74]. The method used in this study can result in very large values at some grid points
for the regions where dry spells last for very long periods [12]. However, CDD is the only
ETCCDI index to indicate lack of precipitation and meteorological drought only. Since
drought is a complex phenomenon combining various factors, the use of CDD with other
precipitation or drought indices is encouraged to interpret drought [16,74,77].

There is one more index that do not fit in any of the categories described above.
The total wet-day precipitation index (PRCPTOT) is defined as the total annual amount
of precipitation on wet days which are the days with more than 1 mm of precipitation.
Although PRCPTOT is not directly related with climate extreme events, they provide
practical information about the daily precipitation distribution and the relationship between
the changes in extreme conditions such as R95p [2].
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Table 1. A subset of the climate extreme event indices recommended by the ETCCDI that are used in this study. Adopted from the work of Sillmann et al. [12].

Label

Index Name

Index Definition

Units

TN10p

Cold nights

LetTNj; be the daily minimum temperature on day i in period j and let TN;,, 10 be the
calendar day 10th percentile centered on a 5 day window. The percentage of days in a year
is determined where TN;; < TNj;10

%

TN90p

Warm nights

Let TN;j; be the daily minimum temperature on a day i in period j and let TN;,90 be the
calendar day 90th percentile centered on a 5 day window. The percentage of days in a year
is determined where TN;; > TN;;,90

%

WSDI

Warm spell duration

LetTX;j be the daily maximum temperature on a day i in period j and let T'X;,,90 be the
calendar day 90th percentile centered on a 5 day window for the base period 1971-2000.
Then the number of days per period is summed where in intervals of at least
6 consecutive days: TX;; > TX;,90

days

CSDI

Cold spell duration

LetTNj; be the daily minimum temperature on a day i in period j and let TN, 10 be the
calendar day 10th percentile centered on a 5 day window for the base period 1971-2000.
Then the number of days per period is summed where in intervals of at least
6 consecutive days: TN;; < TN, 10

days

TXx

Max TX

Let TXx be the daily maximum temperature in month k, period j. The maximum
daily maximum temperature each month is then: TXxy; = max (T Xxy;)

°C

TNn

Min TN

Let TNn be the daily minimum temperature in month k, period j. The minimum
daily minimum temperature each month is then: TNny; = max(TNny;)

°C

FD

Frost days

Let TN be the daily minimum temperature on day i in period j. Count the number
of days where TN;; < 0°C

days

TR

Tropical nights

Let TN be the daily minimum temperature on day i in period j. Count the number
of days where TN;; > 20 °C

days

R10mm

Heavy precipitation days

LetPR;; be the daily precipitation amount on day i in period j. Count
the number of days where PR;; > 10 mm

days

CDD

Consecutive dry days

Let PR;j; be the daily precipitation amount on day i in period j. Count
the largest number of consecutive days where PR;; <1 mm

days

R95p

Very wet days

Let PRy,; be the daily precipitation amount on a wet day day w (PR > 1 mm) in period i
and let PR, 95 be the 95th percentile of precipitation on wet days in the 1970-2000
period. If W represents the number of wet days in the period, then:

R95p; = LI, PRy,;, where PRy,; > PRy,95

PRCPTOT

Total wet-day precipitation

Let PR;; be the daily precipitation amount on day 7 in period j. If I represents
the number of days in j, then PRCPTOT; = ZL:l PR;
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3. Results

The results are presented first for temperature indices and secondly for precipitation
indices in terms of the spatial patterns of changes of extreme event indices for two different
RCPs, RCP4.5 and RCP8.5. The changes are displayed for the time period 2071-2100
with respect to the reference period 1971-2000 for both of the models, MPI-ESM-MR and
HadGEM2-ES. Future change in temperature and precipitation indices obtained from
spatial averages for sub-regions are also presented in tTables. We divided MENA region
into four sub-regions based on based on the criteria described by Giorgi and Francisco [78].
We have extended Mediterranean region to 49 degrees East in order toto include all parts
of Turkey. Southern boundaries for East Africa and West Africa were limited according
to data boundaries of MENA region. Temporal evolution of change in some of indices
throughout the century is also presented (Supplementary Figures S1-54).

3.1. Temperature Indices
3.1.1. Absolute and Threshold Indices

Our analysis starts with the comparison of the TNn and TXx of the two model out-
puts together with the two emission scenarios, displayed in Figure 1. The 95-percentile
confidence range values for the period of 2071-2100 with respect to period of 1971-2000
are also given in Figure 2. The ranges are the differences between the upper and lower
confidence limits. Relative to the reference period 1971-2000, Figure 1 shows a general
increase in the annual minimum of TN, and the annual maximum of TX over MENA for
the end of the century. The increase in TXx is greater than the increase in TNn for both
scenarios and for both models. The spatial patterns of change in TNn and TXx differ
from each other and the increase in TXx is stronger than TNn between the latitudes of 10°
N-30° N for both models but especially for the RCP8.5 scenario, except that HadGEM2-ES
RCP4.5 scenario results show somewhat similar increase for both of the indices between
these latitudes. HadGEM2-ES global model shows stronger increase in both TNn and TXx
compared to MPI-ESM-MR global model for both scenarios, however, the change is even
more pronounced with the RCP8.5 scenario. HadGEM2-ES global model driven results also
show more warming in mean temperatures than that of MPI-ESM-MR global model for the
period of 2070-2100 [50]. The greatest changes in TNn, exceeding 8 °C, simulated in RCP8.5
and with HadGEM2-ES are in the west African monsoon region and Southern Europe.
MPI-ESM-MR gives the greatest changes in TNn over the Southern Europe with RCP8.5,
exceeding 7 °C. The greatest change in TXx is seen with the HadGEM2-ES in RCP8.5 and
almost the whole region shows an increase more than 6 °C including the Mediterranean
region, west African monsoon region more than 8 °C and the higher latitudes of the re-
gion more than 10 °C. These regions will face severe heat stress in summer with extreme
temperatures if path of RCP8.5 is followed in the future. The 95 percentile confidence
range values are in between 0 to 0.8 °C for all domain, except for Northern Balkan region,
Turkey and Iran for minimum temperature. In the Northern Balkan region, uncertainty
range increases to 1.6 °C. Our results show 95% confidence that the increase in TX by the
end of the century will be between 9 £ 0.8 °C in the Mediterranean region. Results of
this uncertainty for temperature change signal indicate that all changes can be considered
robust. Our TXx results show a decrease of about 1 °C around Tajikistan, however, other
studies in the literature revealed cold biases of climate models over the region [50,79-82].
In contrast to HadGEM2-ES, MPI-ESM-MR projects TXx to warm more uniformly for both
scenarios. For both models and for both scenarios, in terms of hot extremes, both TNn and
TXx are projected to increase in the end of the 21st century.

Spatial averages over the sub-regions of the domain show the highest increase of
8.1 °C in TXx over the Mediterranean region. The greatest increase of 6.8 °C and 6.7 °C in
TNn is expected over East Africa and West Africa at the end of the century respectively
(Table 2). Projected warming is increasing with time and most of the warming will be
during the end of the century over all the domains. Our results are in line with the
findings of Almazroui [49], stating that RCP8.5 clearly simulates higher temperatures with
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larger standard deviations as compared to the RCP4.5 especially for the 1970-2100 period.
According to the study of Almazroui [49], all increasing trends in temperature and in hot
day numbers are also statistically significant at the 95% level.
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Figure 1. The temporally averaged changes in TNn (a,c,e,g) and TXx (b,d,f h) for the period of 2071-2100 displayed as

differences (in

°C) with respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a,b) and with

RCP8.5 (e,f) and for the model HadGEM2-ES with RCP4.5 (¢,d) and with RCP8.5 (g,h).

In Figure 3, the temporally averaged changes of FD for the period 2071-2100 relative
to the reference period 1971-2000 for both models and in two emission scenarios are
displayed. Both MPI-ESM-MR and HadGEM2-ES global models in both concentration
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pathways exhibit decrease in FD for the northern part of the region. As in the case of
TNn and TXx, HadGEM2-ES shows stronger decrease for both RCPs and as expected,
RCP8.5 results show less frost days compared to RCP4.5 results for the Mediterranean.
The greatest decrease in FD with reductions exceeding 70 frost days, is displayed in red in
Figure 3 and obtained with HadGEM2-ES in RCP8.5 for regions such as the Mediterranean
coasts of France, Northern Italy, Russian lands between the Caspian Sea and the Black
Sea. Mediterranean sub-region has the greatest decrease of 28.6 days in frost days on
average while other sub-regions have very low decrease in number of frost days (Table 2).
Equatorial region of MENA between the latitudes 10° N and 10° S shows almost no
difference in FD for MPI-ESM-MR in both scenarios and shows only about reductions
of 5 days for HadGEM2-ES RCP4.5. The region, especially East Africa and West Africa
sub-regions have already very low number of frost days. The similar pattern of regional
changes is seen for all cases, the most pronounced decreases being in the business-as-usual
emission scenario.
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Figure 2. The 95 percentile confidence ranges of temporally averaged changes in TNn (a,c,e,g) and TXx (b,d,fh) for
the period of 2071-2100 displayed as differences (in °C) with respect to the reference period 1971-2000 for the model
MPI-ESM-MR with RCP4.5 (a,b) and with RCP8.5 (e,f) and for the model HadGEM2-ES with RCP4.5 (¢,d) and with

RCP8.5 (g h).
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Table 2. The temporally averaged changes in absolute and threshold temperature indices weighted over sub-regions of
MENA for the period of 2071-2100 displayed as differences with respect to the reference period 1971-2000.

Mediterranean Minimum of TN (°C)  Maximum of TX ( °C) Frost Days (days) Tropical Nights (days)
MPI-ESM-MR RCP4.5 2.6 2.1 —11.6 21.8
HadGEM2-ES RCP4.5 32 44 —17.8 46.4
MPI-ESM-MR RCP8.5 3.8 5.1 —19.2 49.7
HadGEM2-ES RCP8.5 6.2 8.1 —28.6 82.9
Sahara

MPI-ESM-MR RCP4.5 1.5 23 —-2.0 38.2
HadGEM2-ES RCP4.5 2.6 37 —4.3 56.3
MPI-ESM-MR RCP8.5 29 5.1 -29 69.9
HadGEM2-ES RCP8.5 5.8 6.8 —-52 98.1
East Africa

MPI-ESM-MR RCP4.5 1.9 24 —0.1 81.6
HadGEM2-ES RCP4.5 3.0 34 —0.1 97.8
MPI-ESM-MR RCP8.5 4.0 5.1 —0.1 140.4
HadGEM2-ES RCP8.5 6.8 7.0 —-0.1 148.8
West Africa

MPI-ESM-MR RCP4.5 1.8 2.5 0.0 75.1
HadGEM2-ES RCP4.5 3.0 3.2 0.0 83.0
MPI-ESM-MR RCP8.5 4.0 5.0 0.0 120.4
HadGEM2-ES RCP8.5 6.7 6.7 0.0 125.5

Figure 4 shows the change in TR based on the fixed 20 °C threshold. Both models
and both scenarios agree on an increasing trend throughout the region. Eastern Turkey
and North- Eastern MENA show less increase in TR for the end of the 21st century for
both models and scenarios compared to other parts of the domain. The strongest increase
is in the tropical regions exceeding 150 days which is in compliance with the findings of
Sillmann et al. [2]. Again, the results of HadGEM2-ES model are stronger compared to
MPI-ESM-MR for both scenarios. For the worst-case emission scenario, North- Western
MENA, including Canary Islands of Spain, Atlantic coasts of Morocco, Western Sahara and
Mauritania as well as the Arabian Sea coast of India exhibit an increase that is more than
100 days. Central part of the MENA region shows an increase at least 60 days with both
models under RCP8.5 which means nighttime temperatures in most of summer will be
above 20 °C threshold. Tropical nights will be expected to increase mostly over East Africa
sub-region that is up to 150 days at the end of the century (Supplementary Figure S3). West
Africa is also expected to have tropical nights of more than 120 days for the scenario RCP8.5.
Mediterranean and Sahara region will have 83 and 98 days with nighttime temperatures
greater than 20 °C respectively (Table 2). Combined with the strong increase in TXx, MENA
would face severe heat stress and extreme temperatures under the worst-case emission
scenario RCP8.5.
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Figure 3. The temporally averaged changes in FD for the period of 2071-2100 displayed as differences (in days) with
respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model
HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).
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Figure 4. The temporally averaged changes in TR for the period of 2071-2100 displayed as differences (in days) with
respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model
HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).

3.1.2. Duration Indices

In accordance with the temperature changes at the end of the 21st century with
respect to the reference period of 1971-2000, Figure 5 shows a decrease in CSDI whereas
Figure 6 shows an increase in WSDI. The strongest decrease in CSDI is in central part of
the region between the equator and the latitude 20° N with the reductions of 6 days and
more. HadGEM2-ES model shows similar outputs under both scenarios while there is
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a more pronounced difference between the MPI-ESM-MR results of RCP4.5 and RCP8.5.
The strongest increases in WSDI are in the tropical regions which is related to the small
change in mean temperature compared to the low short-term temperature variability since
WSDI and CSDI are found to be sensitive to the climatological temperature variability of
the respective region [2,83]. HadGEM2-ES model under RCP8.5 projects the most drastic
results of WSDI exceeding 200 days for the whole region. MPI-ESM-MR model outputs
under RCP8.5 and HadGEM2-ES model outputs under RCP4.5 are comparable for regions
such as northern part of the region, the Mediterranean, horn of Africa. Sahara, East Africa
and West Africa sub-regions are expected to have more than 300 days with a greater
maximum temperature than 90th percentile of reference period according to the result of
HadGEM2-ES model under RCP8.5 (Table 3). MPI-ESM-MR model under RCP8.5 also
project more than 260 days increase in WSDI over East Africa and West Africa sub-regions.

Table 3. The temporally averaged changes in cold spell and warm spell duration and cold nights and warm nights index

weighted over sub-regions of MENA for the period of 2071-2100 displayed as differences with respect to the reference

period 1971-2000.

Mediterranean Cold Spell Duration (days) = Warm Spell Duration (days)  Cold Nights (%)  Warm Nights (%)
MPI-ESM-MR RCP4.5 —4.5 43.7 2.5 33.5
HadGEM2-ES RCP4.5 —5.2 1241 1.0 58.5
MPI-ESM-MR RCP8.5 —4.9 126.5 0.7 61.2
HadGEM2-ES RCP8.5 —54 260.4 0.2 84.1
Sahara

MPI-ESM-MR RCP4.5 -7.0 92.7 2.1 39.7
HadGEM2-ES RCP4.5 —7.6 164.7 0.4 60.9
MPI-ESM-MR RCP8.5 -7.8 200.5 0.4 70.0
HadGEM2-ES RCP8.5 —7.6 301.1 0.1 90.0
East Africa

MPI-ESM-MR RCP4.5 —6.0 156.5 0.6 66.6
HadGEM2-ES RCP4.5 —6.8 247.6 0.1 82.9
MPI-ESM-MR RCP8.5 —6.3 264.1 0.1 922
HadGEM2-ES RCP8.5 —6.8 341.4 0.0 98.8
West Africa

MPI-ESM-MR RCP4.5 —47 1742 04 67.7
HadGEM2-ES RCP4.5 —6.9 241.5 0.1 83.0
MPI-ESM-MR RCP8.5 —4.8 267.1 0.0 93.1
HadGEM2-ES RCP8.5 —6.9 329.1 0.0 98.8
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Figure 5. The temporally averaged changes in CSDI for the period of 2071-2100 displayed as differences (in days) with
respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model
HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).

Warm Spell Duration (WSDI) [days]
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Figure 6. The temporally averaged changes in WSDI for the period of 2071-2100 displayed as differences (in days) with
respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model
HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).

3.1.3. Percentile Indices

Percentile indices, by definition, represent the exceedance rates (in %) relative to
the reference period of this study 1971-2000, during which their mean is approximately
10%, which serves as the baseline for projected future changes. Therefore, as in the
work of Sillmann et al. [2], the future changes of percentile indices are given in absolute
values, not in differences relative to the reference period as in the case of aforementioned

temperature indices.
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Figure 7 shows the projected changes in the annual frequency of TN10p in absolute
terms for the period of 2071-2100 with respect to the 1971-2000 reference period. MPI-
ESM-MR model under RCP4.5 shows that TN10p decreases from about 10% in 1971-2000
to somewhere between 4% to 2.5% for northern part of MENA domain and to somewhere
between 1.5% to 0% for southern part. MPI-ESM-MR model outputs under RCP8.5 and
HadGEM2-ES model outputs under RCP4.5 show similar patterns and these results are in
between MPI-ESM-MR with RCP4.5 and HadGEM2-ES with RCP8.5 in terms of stronger
reduction of TN10p. HadGEM2-ES projection under RCP8.5 scenario shows the most
severe results with almost a uniform percentage in cold nights with the values between
1% to 0% which means there will be virtually no cold nights in MENA as defined for
the reference period of 1971-2000. Values close to 0% for cold nights will be observed
starting from around 2020 over Sahara, East Africa and West Africa and around 2060 over
Mediterranean sub-regions (Supplementary Figures 51-54). Our results support previous
studies [49,84], which found that the European and African regions show a decrease of
cold nights (Tmin < 5 °C) for the far future period and a greater decrease is projected with
RCP8.5 than with RCP4.5.

Cold Nights (TN10p) [%]

(d)

Figure 7. Annual frequency of TN10p temporally averaged over the period of 2071-2100 as absolute values of the exceedance
rate (in %) for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model HadGEM?2-ES with RCP4.5 (c)
and RCP8.5 (d). By definition the exceedance rate averages to approximately 10% over the reference period.

TN90p on the other hand, increase throughout the region with both models and under
both scenarios as shown in Figure 8. MPI-ESM-MR projection with RCP4.5 give the most
optimistic result for our study with an increase of about 20% to 50% for Northern part
of MENA and 50% to 90% for Southern part of MENA from about 10% in 1971-2000.
HadGEM2-ES projection with RCP8.5 scenario, again gives the most severe results with
TN90p increasing from 10% in the reference period of 1971-2000 to about 60% for northern
part of the region, 70-80% for Central and more than 90% for southern regions of MENA.
The smallest changes in both TN10p and TN90p are projected to be in northern parts
of MENA. Mediterranean has the least increase in warm nights compared to other sub-
regions varying from 33% to 84% depending on the model and scenario. Nevertheless, 33%
increase for optimistic scenario indicates that the minimum temperature will be above 90th
percentile of reference period at most of the summer nights (Table 3).

Spatial patterns of change are different from those for the absolute index TNn and
the largest decreases of cold nights together with the largest increases of warm nights
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are projected to be in tropical regions. That is due to the small day-to-day temperature
variability of the tropical regions which means changes in mean temperature are related
with comparatively larger changes of exceedance rates below the 10th and above the 90th
percentile [2].

Warm Nights (TN90p) [%]

30°E_ 45°E__ 60°E

15°W 0° 15°E  30°E 45°E  60°E i?jw g" i5°E 30°E  45°E 60°E

Figure 8. Annual frequency of TN90p temporally averaged over the period of 2071-2100 as absolute values of the exceedance
rate (in %) for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model HadGEM2-ES with RCP4.5 (¢)
and RCP8.5 (d). By definition, the exceedance rate averages to approximately 10% over the reference period.

3.2. Precipitation Indices

Figure 9 shows the temporally averaged PRCPTOT for 2071-2100 period as percentage
differences from the reference period of 1971-2000. The 95-percentile confidence ranges
of change signal for the period of 2071-2100 with respect to period of 1971-2000 are also
given in Figure 10. For both model projections under both scenarios PRCPTOT has a
decreasing trend in MENA for the end of the century except only small parts (Table 4).
The most nonuniform and greatest change in PRCPTOT is seen with the HadGEM2-ES
RCP8.5 projection which shows PRCPTOT to decrease more than 60% compared to the
reference period for the Central, Southern and Eastern parts of MENA region and to
increase significantly, more than 60%, for different regions in the North- Eastern MENA
such as the region around Caspian Sea, Arabian Sea coast of Pakistan and Oman and
also the equatorial coasts. Other three projections show PRCPTOT in Mediterranean to
decrease around 10% and South Africa between 10-20%. The 95 percentile confidence range
values for precipitation change between 0 and 10% almost in all parts of the domain which
indicates robust change in precipitation indices except for the Sahara especially for MPI-
ESM-MR results (Figure 10). The small variations in precipitation values can be resulted in
high percentage values since precipitation amount itself is very low over Sahara. Results
over this region can be considered insignificant. The projections of the percentile-based
precipitation threshold index R95p which describes the accumulated annual precipitation
amount on days when daily precipitation amount exceeds the 95th percentile threshold of
precipitation distribution of the 1971-2000 base period are shown in Figure 11. For R95p, all
four projections exhibit somewhat similar results and R95p is projected to increase in East
and North Africa between 60-100%. MPI-ESM-MR results under both scenarios show a
moderate increase of about 20 to 40% for most parts of MENA while HadGEM2-ES results
under RCP8.5 scenario show 0 to 30% increase for southern MENA. Sub-regions have



Atmosphere 2021, 12, 622 16 of 24

similar increase in R95p no matter which scenario or model while Sahara has the greatest
increase where results have no significance (Table 4).

e A TR )
15°E_ 30°E__ 45°E  60°E e ©F  30°E 45°E 60°E

Figure 9. The temporally averaged changes in the total wet-day precipitation (PRCPTOT) for the period of 2071-2100
displayed as differences (in %) with respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a)
and RCP8.5 (b) and for the model HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).

95% cogfi&ence range of Total Wet-day Precipi&a;ion [%]
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Figure 10. The 95 percentile of temporally averaged changes in the total wet-day precipitation (PRCPTOT) for the period of
2071-2100 displayed as differences (in %) with respect to the reference period 1971-2000 for the model MPI-ESM-MR with
RCP4.5 (a) and RCP8.5 (b) and for the model HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).
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Figure 11. The temporally averaged changes in R95p for the period of 2071-2100 displayed as differences (in %) with
respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model
HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).

Table 4. The temporally averaged changes in precipitation indices weighted over sub-regions of MENA for the period of
2071-2100 displayed as differences with respect to the reference period 1971-2000.

Mediterranean P;?:iél;igfit(-)lr?a(l‘;o) Very Wet Days (%) Drc}lolgi;csu(té‘;;s) Hea\]f)ya;’;e(illf;gtmn
MPI-ESM-MR RCP4.5 —-7.9 35.1 8.0 —14
HadGEM2-ES RCP4.5 7.7 35.5 18.4 —-0.9
MPI-ESM-MR RCP8.5 —15.1 35.7 15.5 -3.0
HadGEM2-ES RCP8.5 -1.3 38.0 28.9 —0.6
Sahara

MPI-ESM-MR RCP4.5 —6.7 69.3 12.8 —0.1
HadGEM2-ES RCP4.5 —-33.7 69.6 38.3 -0.5
MPI-ESM-MR RCP8.5 —-2.1 69.8 16.8 0.0
HadGEM2-ES RCP8.5 —26.5 68.0 42.1 -0.3
East Africa

MPI-ESM-MR RCP4.5 1.3 31.7 1.4 1.7
HadGEM2-ES RCP4.5 —20.8 33.8 10.1 —4.2
MPI-ESM-MR RCP8.5 -25 324 5.6 —5.6
HadGEM2-ES RCP8.5 —38.4 345 18.4 —10.0
West Africa

MPI-ESM-MR RCP4.5 —-104 19.3 5.9 -39
HadGEM2-ES RCP4.5 —13.6 21.1 3.8 —4.2
MPI-ESM-MR RCP8.5 —-12.4 20.5 12.9 —7.1
HadGEM2-ES RCP8.5 —-20.3 20.3 7.0 -7.1

Figure 12 displays the projections of maximum CDD. As can be expected, regional
decreases in PRCPTOT usually synchronize with corresponding increases in CDD, which
is the case in our study. The most significant change of CDD from the reference period is
projected with the HadGEM2-ES under RCP8.5 scenario, where most of North Africa and
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the Mediterranean show consecutive dry days lasting longer than 25 days. Spatial averages
over the sub-regions show an increase of 29 to 42 days in consecutive dry days over Sahara
and Mediterranean respectively for RCP8.5 scenario with HadGEM2-ES CGCM (Table 4).
The regions that are projected to have significant increase in PRCPTOT such as the region
around Caspian Sea, Arabian Sea coast of Pakistan and Oman also the equatorial coasts,
exhibit a decrease in CDD. These regions are projected to become wetter in the future. Due
to the high unpredictability in the lengths of long dry spells spanning years, the large
changes of CDD both increasing or decreasing in the Sahara region are considered to be
not significant [2]. Figure 13 shows R10mm which counts the days when the threshold of
10 mm precipitation is exceeded. HadGEM2-ES results under RCP8.5 for CDD (Figure 12d)
and R10mm (Figure 13d) exhibit an inverse relation between the two indices. Most of
North Africa and the Mediterranean region showing zero or less heavy precipitation days
with respect to the reference period of 1971-2000, and these regions having consecutive dry
days lasting longer than 15 days in all four of the projections means that there will be an
intensification of meteorological drought conditions in these regions in the future. With the
HadGEM2-ES projection under RCP8.5, Turkey shows both an increase in CDD, which is
more than 15 days, and increase in R10mm, which is between 4 to 12 days. The increase in
CDD together with R10mm indicates an intensification of both wet and dry seasons which
may cause problems for agricultural practices.

Consecutive Dry Days [days]

15°E  30°E

(d)

Figure 12. The temporally averaged changes in the consecutive dry days for the period of 2071-2100 displayed as differences
(in days) with respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for
the model HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).
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Figure 13. The temporally averaged changes in R10mm for the period of 2071-2100 displayed as differences (in days) with
respect to the reference period 1971-2000 for the model MPI-ESM-MR with RCP4.5 (a) and RCP8.5 (b) and for the model
HadGEM2-ES with RCP4.5 (c) and RCP8.5 (d).

4. Discussion and Conclusions

In this study, we investigated future changes in extreme climate indices defined by
ETCCDI using regional climate model simulations driven by two global climate models
for CORDEX-MENA region under two different radiative forcing pathways RCP4.5 and
RCP8.5. The 95 percentile confidence intervals are computed for minimum, maximum
temperature and precipitation change since all indices are calculated using those variables.
Spatial patterns of change in the indices are presented for the period of 2071-2100 compared
to the reference period of 1971-2000 and results are analyzed over different sub-regions
of MENA domain. Temporal evolution of change in indices is also investigated. Results
show robust increase in intensity of extreme temperature indices with increased radiative
forcing. Stronger warming in maximum of daily maximum temperatures is projected over
all parts of the region, in particular over Mediterranean which is expected to be one of the
most prominent climate change hot spots [85-89]. Extreme climate indices based on the
minimum temperature (frost days, tropical nights, cold nights and warm nights) also show
warmer conditions for the region. Projected changes in warm nights are remarkably up to
90% for the end of the century indicating that almost all nights will be exceeding the 90th
percentile of the reference period for RCP8.5 emission scenario in agreement with previous
studies [2,65]. Annual count of days with at least 6 consecutive days when maximum
temperature is greater than 90th percentile of the reference period is projected to increase
more than 200 days all over the region meaning that warm spells will be observed more
than half of the year. On the other hand, cold spell duration, number of frost days and the
exceedance rate of cold nights will be expected to either decrease or show no change.

The highest increases in warm spell duration and warm nights are expected in the
tropical region where inter-annual temperature variability is small compared to other regions.
Even though the change in temperature climatology is small, it leads to large changes
in percentile indices compared to extra-tropical regions. Therefore, even small changes in
extreme weather conditions can have an effect on tropical rainforests, ecosystems and relative
abundances of species which are adapted to small variations in temperature [2,90].

Annual total precipitation is expected to decrease over almost all parts of the region
associated with an increase in consecutive dry days. In the case of extreme precipitation,
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moderate increase of 40% is observed for most parts of the region in very wet days when
total precipitation is greater than 95th percentile of the reference period, while there is a
100% increase over Sahara where total precipitation has already very low values. There
is relatively less change in heavy precipitation days when total precipitation is greater
than 10 mm over North Africa while there is a decrease for Southern Europe and tropical
regions. Significant increases in consecutive dry days and decreases in heavy precipitation
days over Mediterranean and North Africa particularly for RCP8.5 scenario indicate that
more severe meteorological drought conditions will occur in these regions for the end of
the century which is in concordance with previous works [70,71].

Our assessment also shows that the regional climate model results driven by HadGEM2-
ES global climate model for MENA region is stronger and harsher compared to the results
driven by MPI-ESM-MR global climate model [50]. HadGEM2-ES foresees a warmer future
for MENA as well as more and prolonged droughts. RCP8.5 emission scenario gives more
severe changes of climate extreme indices in the region compared to RCP4.5, which means
that the underlying cause of the strong heating in the region and the transition to hotter and
drier conditions is actually the intensification of the global warming due to the unabated
anthropogenic emissions and land use changes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/atmos12050622/s1, Figure S1: Temporal evolution of spatial averages of temperature in-
dices over Mediterranean for MPI-ESM-MR RF (green line) and with RCP8.5 (purple line) and for
HadGEM2-ES RF (orange line) and with RCP8.5 (red line) displayed as anomalies from the reference
period 1971-2000. Time series are smoothed with a 5 year running mean filter. Figure S2: Same as
Figure S1, but over Sahara. Figure S3: Same as Figure S1, but over East Africa. Figure S4: Same as
Figure S1, but over West Africa. Figure S5: Temporal evolution of spatial averages of total wet-day
precipitation for Mediterranean, Sahara, East Africa and West Africa sub-regions. Changes are
displayed relative to the reference period 1971-2000 in %. Time series are smoothed with a 10 year
running mean filter.
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