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v Observed changes in mean climate condi3ons

“The EMME region is warming faster than the global average, and 
faster than many other inhabited parts of the world”

Zittis G., et al. (2021) Climate change and weather extremes in the Eastern 
Mediterranean and Middle East. Reviews of Geophysics (under review)
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v Observed changes in mean climate conditions

◼ Wet periods ◼ Dry periods 

Hochman A., Marra F., Messori G., Raveh-Rubin S., Yosef I., Zittis G., Pinto J.G. (2021) Extreme Weather and Related 
Societal Impacts over the Eastern Mediterranean: A Systematic Review. Earth System Dynamics (under review)
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v Impacts of extreme events
• Energy demand

• Energy production

• Water demand

• Agriculture

• Tourism

• Transportation

• Human health

• Labour productivity

• Critical infrastructure

Heat extremes

Droughts

Extreme rain
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v Observed changes in extremes

IPCC AR6: Summary for policymakers (2021)
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IPCC AR6: Summary for policymakers (2021)



CARE-C

v Projec2ons in mean climate condi2ons

Zittis G., et al. (2021) Climate change and weather extremes in the Eastern 
Mediterranean and Middle East. Reviews of Geophysics (under review)

Temperature Precipita,on
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v Extreme events: Heatwaves

Heatwave projections
The average daily Heat Wave Magnitude Index46 (HWMId—see
“Methods” for de!nition) for the MENA region is presented in Fig.
3a. Each data point represents an individual year and model, while
the annual ensemble mean values (smoothed) are shown by the

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

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

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

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

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

Fig. 3 (Projections of daily Heat Wave Magnitude Index). Annual
values of the daily Heat Wave Magnitude (HWMId) for individual
models (dots) and ensemble mean (curve) (a) and percentage of
MENA land area annually exposed to several heatwave categories
(b) for the period 1951–2100. Projections correspond to pathway
RCP8.5.
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Zi#s, G., Hadjinicolaou, P., et al. 
(2021). Business-as-usual will lead 
to super and ultra-extreme 
heatwaves in the Middle East and 
North Africa. Npj Climate and 
Atmospheric Science, 4(1), 20. 
hHps://doi.org/10.1038/s41612-
021-00178-7

Projected changes of maximum temperature. Probability density curves for simulated historical and 
projected future warm- season average (a) and absolute maximum (b) daily maximum temperature. 
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Annual values of the daily Heat Wave Magnitude Index (HWMId) for individual models (dots) and ensemble 
mean (curve) (left) and percentage of MENA land area annually exposed to several heatwave categories 
(right) for the period 1951–2100. Projections correspond to pathway RCP8.5. 
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v Extreme events: Heatwaves

considered here, since city scales are not adequately resolved in
climate models, while the in!uence of the UHI effect can vary
signi"cantly depending on the urban canopy (e.g., albedo,
orientation, thermal properties, etc.) and local !ow conditions,
which should be taken into account in mitigation and adaptation
strategies.

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

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

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

Fig. 5 Heatwave duration and amplitude. Average heatwave duration (a–c), average amplitude (d–f) and absolute maximum amplitude (g–i)
for the control reference period (CTL: 1981–2010), the near future (21C1: 2021–2050), and the end of the 21st century (21C2: 2071–2100) based
on pathway RCP8.5.

G. Zittis et al.

5

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2021) ���20�

considered here, since city scales are not adequately resolved in
climate models, while the in!uence of the UHI effect can vary
signi"cantly depending on the urban canopy (e.g., albedo,
orientation, thermal properties, etc.) and local !ow conditions,
which should be taken into account in mitigation and adaptation
strategies.

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

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

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

Fig. 5 Heatwave duration and amplitude. Average heatwave duration (a–c), average amplitude (d–f) and absolute maximum amplitude (g–i)
for the control reference period (CTL: 1981–2010), the near future (21C1: 2021–2050), and the end of the 21st century (21C2: 2071–2100) based
on pathway RCP8.5.

G. Zittis et al.

5

Published in partnership with CECCR at King Abdulaziz University npj Climate and Atmospheric Science (2021) ���20�

Heatwave 
Amplitude 

Heatwave 
Dura.on

CTL: 1981–2010 21C1: 2021–2050 21C2: 2071–2100

Zi(s, G., et al. (2021) Npj Climate and Atmospheric Science
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Total MENA populaEon according to the SSP5 narraEve and populaEon that is 
projected to be exposed to events with heatwave events of various magnitudes. 
Solid curves represent the total and dashed curves the urban populaEon.

METHODS
Climate data and projections
We analyzed a multi-model ensemble of ten MENA-CORDEX simulations
(Supplementary Table S1). Our ensemble is the result of combining six
global earth system models and four regional climate models. All
dynamical downscaling simulations follow the general CORDEX guide-
lines51. Future climate projections (2006–2100) are presented for the
“business-as-usual” Representative Concentration Pathway RCP8.552. Ana-
lysis of the intermediate RCP4.5 was also performed and is presented in
the Supplementary Information. The horizontal resolution of the !rst phase
of CORDEX for this region was set at 0.44° (~50 km), and the full extent of

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

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

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

Fig. 7 Population exposure to heatwaves. Total MENA population
according to the SSP5 narrative and population that is projected to
be exposed to events with heatwave events of various magnitudes.
Solid curves represent the total and dashed curves the urban
population.
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Molina, M. O., Sánchez, E., & Gu5érrez, C. (2020). Future heat waves over the Mediterranean 
from an Euro-CORDEX regional climate model ensemble. Scien&fic Reports, 10(1), 8801
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v Extreme events: Heatwaves

Time series of the annual maximum TWmax. Blue, green and red lines represent the historical
(1976–2005), RCP4.5 (2071–2100) and RCP8.5 (2071–2100) scenarios, respectively. 

Pal, J. S., & Eltahir, E. A. B. (2016). 
Future temperature in 
southwest Asia projected to 
exceed a threshold for human 
adaptability. Nature Climate 
Change, 6(2), 197–200.
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v Extreme events: Heatwaves

Projected decadal mortality risk ratio compared to the historical mortality risk. 
The figure represents the ensemble mean of 17 RCMs and shows the 
exacerbation rate of mortality risk compared to the historical period (1951-2005).

RCP4.5 RCP8.5

Ahmadalipour, A., Moradkhani, 
H. (2018). EscalaRng heat-
stress mortality risk due to 
global warming in the 
Middle East and North 
Africa (MENA). Environment 
Interna9onal, 117, 215–225.
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Darmaraki, S., Somot, S., et al. 
(2019). Future evolution of 
Marine Heatwaves in the 
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Future projec+ons of high-impact 
extreme events: Droughts



CARE-C

v Extreme events: Droughts

Projected changes in number of dry days between 1971–2000 and 2070–2099 based 
on the median ensemble of seven WAS-CORDEX RCM runs. Values are masked in gray
where the changes are not robust .

RCP4.5 RCP8.5

Tabari, H., & Willems, P. (2018). 
More prolonged droughts by 
the end of the century in the 
Middle East. Environmental 
Research Letters, 13(10), 
104005. 
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The percentage change in the aridity index by 2071–2099 relative to 1951–
1980. Hashed areas indicate uncertain results, with models disagreeing on 
the direction of change.

RCP2.6 RCP8.5

Waha, K., et al. (2017). Climate change impacts in 
the Middle East and Northern Africa (MENA) 
region and their implications for vulnerable 
population groups. Regional Environmental 
Change, 17(6), 1623–1638.
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v Extreme events: Droughts

Mediterranean areas projected to 
experience increases in time under severe 
and extreme drought (SPI < -1.5).

Tramblay, Y., Koutroulis, A., Samaniego, L., Vicente-
Serrano, S. M., Volaire, F., Boone, A., et al. (2020). 
Challenges for drought assessment in the 
Mediterranean region under future climate 
scenarios. Earth-Science Reviews, 210, 103348. 
hHps://doi.org/10.1016/j.earscirev.2020.103348
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Percentage of areas projected to experience an increase (red) or decrease (blue) 
in both drought frequency and severity from 1981–2010 to 2071–2100. Gray 
refers to either mixed or not robust changes.

×��W !"#$%&'()*+,-./012345
Bucchignani, E., Cassano, 
J., Cavazos, T., Christensen, 
J. H., et al. (2020). Future 
global meteorological 
drought hot spots: A study 
based on CORDEX data. 
Journal of Climate, 33(9), 
3635–3661. 
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Future projections of high-impact 
extreme events: Extreme precipitation
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Rate of change with global temperature for simple precipitation intensity index
(SDII; units, mm/K) – left and precipitation during intense rain days (R95pTOT, daily 
rain total in days with precipitation above the 95th percentile; units, mm/K) – right. 

Lionello P., Scarascia, L. 
(2020). The rela6on of 
climate extremes with 
global warming in the 
Mediterranean region 
and its north versus south 
contrast. Regional 
Environmental Change, 
20(1), 31. 
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Number of model simulations with significant (p-value < 0.05) positive (blue) and 
negative (red) non-parametric trends of daily precipitation extremes (Rx1day, left 
panel) annual precipitation (PRCPTOT, right panel) for the 21st century.

ZiHs, G., Bruggeman, A., & 
Lelieveld, J. (2021). 
Revisi6ng future extreme 
precipita6on trends in the 
Mediterranean. Weather 
and Climate Extremes, 34, 
100380. 
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models (Simulation IDs 1–11) and the larger fraction of cells with sig-
nificant negative trends for these regions for the cluster of projections 
driven by IPSL-CM5A-MR (Simulation IDs 12–15, Table 1). Moreover, 
the inter-model range is highest for the two low rainfall classes (Class 1 
and 2) but very similar for the three wettest classes. This indicates more 
uncertainty for the drier areas. 

Despite the relatively strong variance and considering the large size 

of our ensemble, useful conclusions can still be drawn. The mean per-
centage of grid cells with significant trends (regardless of the sign) is 
nearly 30%. Moreover, there is a distinct north-south gradient in the 
direction of future daily precipitation extremes (Fig. 2a). Statistically 
significant negative trends are expected for the drier, southern Medi-
terranean territories, including south Spain. On the other hand, large 
parts of the northern regions show significant positive trends. Strong 

Table 1 
Percentage of grid cells with statistically significant negative (left) and positive (right) trends of annual maximum daily precipitation (Rx1day) projected for the 21st 
century. Results are presented for all grid cells and for 5 precipitation classes (Class 1: 0–200 mm/year, Class 2: 200–500 mm/year, Class 3: 500–1000 mm/year, Class 
4: 1000–2000 mm/year, and Class 5: !2000 mm/year). Horizontal lines separate regional simulations driven by different global climate models (see Table S1 
Supplement).  

% of grid cells with significant negative trends % of grid cells with significant positive trends 

Sim. ID All grid cells Class 1 Class 2 Class 3 Class 4 Class 5 Sim. ID All grid cells Class 1 Class 2 Class 3 Class 4 Class 5 

1 2.7 4.8 4.1 1 0.3 0.1 1 18.5 0.4 13 30.2 37.3 37.1 
2 1 2.3 0.5 0.2 0.3 0 2 15.8 2.2 16.6 23.1 27.6 36.5 
3 3.6 6 6.5 1.3 0.6 0.7 3 19.3 0 12.8 33.9 34.4 45.6 
4 0.9 0.2 1.2 1.3 1.7 0.3 4 15.5 5.1 12.8 25.8 17.3 28 
5 0.9 1.1 1.6 0.7 0.3 0 5 20 1.7 20.4 32.7 30.4 38.7 
6 1.9 1.9 4.6 1.5 0.1 0 6 15.3 2.4 16.6 20.7 29.7 36.6 
7 3.6 9.1 1.5 0.7 0.2 0 7 15.9 0.1 13.1 24.1 33.7 44 
8 5.9 14.2 3.6 1.1 0.3 0.4 8 12.8 0.1 9.6 19.2 27.8 43.3 
9 1 0.9 2.2 0.7 0.5 0 9 8.3 6.1 3.5 9.1 14.3 25.9 
10 9.5 24.3 3.7 1.3 1.1 0.9 10 14.8 0 11.2 27.6 23.7 13.3 
11 5.8 14.7 2.8 0.7 0.4 1.2 11 13.7 0.2 12.6 25.2 20.5 8.6 
12 42.6 93.7 38.8 8.8 9.6 4.2 12 10.7 0 3.5 18.7 24.1 17.6 
13 28.2 60.7 31.4 5.9 3.3 1.7 13 28.3 0 19.5 48.2 53.9 61.3 
14 31.3 68.1 27.3 8.3 5.9 4.3 14 11.6 0 1.9 18.9 31.4 18.9 
15 45.6 95.7 44.8 12.3 11 6.4 15 9.5 0 0.2 18.1 21.6 12.6 
16 27.2 65.9 19.9 4 1 0 16 16.3 0 11.6 26 33.6 49.3 
17 31.4 73 27.8 5.6 1.2 0.3 17 13.6 0 15.9 20.5 24.6 35.3 
18 25.5 58.3 22.5 5.1 1.9 1.7 18 19.7 0 15.1 36.2 32.4 20.9 
19 8.2 14.7 10.2 4 1.2 0 19 28.3 3.1 24.6 47.6 45.5 32.3 
20 11.9 27.3 10.7 2.3 1.1 0 20 24.2 0.2 19.8 44 39.7 17.2 
21 4.1 3.8 11.5 2.7 0.5 0 21 22.6 5.7 20.4 35.1 33.1 42.4 
22 22.9 56.8 17.8 2 0.3 0.4 22 11.3 0.1 3.5 18.9 26.7 26.3 
23 21 48.9 22.1 2.1 0.9 1.1 23 10.4 0 9.9 15.7 21.3 26.5 
24 24.2 57.2 19 3.4 3.1 1.1 24 13.3 0 6.9 23 28 21.7 
25 17.7 42.8 13 2.4 0.9 1.6 25 13.4 0.3 9.6 21.3 30.3 13.3 
26 8.5 15.8 13.1 2.8 0.6 1.1 26 11.2 0.1 7.6 16 27.5 32.6 
27 9.2 17.1 12.4 2.6 2.8 5.6 27 9.8 0 3.8 17.8 20.3 11.8 
28 28.6 64.9 23.3 6.9 2.4 3.4 28 5.3 0 1.5 7.9 13.4 25.7 
29 24.1 51 28.1 5.3 2.8 2.7 29 12.7 0 8 23.3 24 2.9 
30 4.6 4.3 12.1 3.1 1.8 0.4 30 10 0.6 6.7 17.9 16.8 13 
31 11.7 21.7 15.8 4.1 2.3 2.7 31 13.3 0.1 10.5 26.4 17.8 0.4 
32 5.7 4.5 14.1 5 1.5 0.1 32 7.4 0.9 5.3 9.8 16.5 30.8 
33 14.1 25.3 19.7 4.6 4.8 6 33 10.6 0.4 7.7 20.4 15.1 6.4 

Ens. Mean 14.7 31.8 14.8 3.4 2 1.5 Ens. Mean 14.6 0.9 10.8 24.3 27.1 26.6 
Ens. Median 9.5 21.7 13 2.7 1.1 0.7 Ens. Median 13.4 0.1 10.5 23 27.5 26.3 
Ens. Min. 0.9 0.2 0.5 0.2 0.1 0 Ens. Min. 5.3 0 0.2 7.9 13.4 0.4 
Ens. Max. 45.6 95.7 44.8 12.3 11 6.4 Ens. Max. 28.3 6.1 24.6 48.2 53.9 61.3  

Fig. 2. Number of model simulations with significant (p-value " 0.05) positive (blue) and negative (red) non-parametric trends of daily precipitation extremes 
(Rx1day, left panel) annual precipitation (PRCPTOT, right panel) for the 21st century. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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Projected changes of end-of-century maximum daily precipitation
(Rx1day, left panel) and total annual precipitation (PRCPTOT, right panel).
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in extensive areas along the Mediterranean coast, including the Maghreb 
region, the Iberian Peninsula, western Greece, the Levantine, southern 
Anatolia, and other areas. 

3.2. Changes in 50-year precipitation extremes and totals 

Simulated (1951–2000) ensemble mean values of the 50-year 
maximum daily precipitation (Rx1day) are presented in Fig. 4a. Ac-
cording to the EURO-CORDEX simulations, the maximum 50-year ex-
tremes (up to 300 mm/day or more) are simulated in mountainous 
regions (for example, the Alps and the Pyrenees) and elevated areas near 
the coasts (for example, Galicia at the Atlantic coast of Spain and the 
Dalmatian coast at the Adriatic Sea). In such regions, the combination of 
humid air masses and topography can favour the conditions for extreme 
precipitation development. The simulated Rx1day values for 32 Medi-
terranean cities are presented in Table 2. 

The projected changes of the 50-year extremes for periods 21C1 and 
21C2 (with respect to the CTL period) are presented in Fig. 4(c–f). For 
the first half of the 21st century (21C1), positive changes (up to 25%) 

prevail throughout the Mediterranean (Fig. 4c), nevertheless, these 
changes are statistically significant for the 33-member ensemble only for 
about one-fifth of the grid cells. This is the case even in southern Med-
iterranean regions, where projections indicate decreases in total pre-
cipitation or negative Rx1day trends for the 21st century (Figs. 2b and 
4d). The projected changes in the 50-year daily precipitation extremes 
are expected to be larger in the second half of the 21st century (Fig. 4e), 
irrespective of the expected profound drying of the region, as shown by 
the climatic means of total precipitation (Fig. 4d). In more than half of 
the land grid cells in the Mediterranean (56%), these changes (mainly 
increases) are statistically significant (99% confidence level). Under this 
‘business-as-usual’ scenario, for many grid cells throughout the Medi-
terranean, the increase of 50-year extremes will likely reach 100% with 
respect to the CTL period. 

This could potentially be associated with unprecedented flooding 
events. unprecedented flooding events. Such conditions will be associ-
ated with significant ecological and societal impacts even in the arid 
southern parts of the Mediterranean (including parts of the Sahara 
Desert, Egypt, coasts of Libya, and Tunisia). For example, under this 

Fig. 4. Simulated climatology of maximum daily precipitation (Rx1day, left panels) and total annual precipitation (PRCPTOT, right panels) for the 1951–2000 
reference period (mean of 33 EURO-CORDEX simulations) (a, b), and projected changes for two future periods (e–f). Hatching (panels c–f) denotes statistically 
significant changes at the 99% confidence level. 

G. Zittis et al.                                                                                                                                                                                                                                    

v Extreme events: Extreme Precipitation

ZiHs, G., Bruggeman, A., & 
Lelieveld, J. (2021). 
Revisi6ng future extreme 
precipita6on trends in the 
Mediterranean. Weather 
and Climate Extremes, 34, 
100380. 



CARE-C

Projected end-of-century changes for the number of consecu.ve wet days 
(CWD) and extremely wet days (P95)  based on CMIP5 global models. 
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