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Abstract
Nearly all regions in the world are projected to become dryer in a warming climate. Here, we investigate the Mediterranean
region, often referred to as a climate change “hot spot”. From regional climate simulations, it is shown that although enhanced
warming and drying over land is projected, the spatial pattern displays high variability. Indeed, drying is largely caused by
enhanced warming over land. However, in Northern Europe, soil moisture alleviates warming induced drying by up to 50% due
to humidity uptake from land. In already arid regions, the Mediterranean Sea is generally the only humidity source, and drying is
only due to land warming. However, over Sahara and the Iberian Peninsula, enhanced warming over land is insufficient to
explain the extreme drying. These regions are also isolated from humidity advection by heat lows, which are cyclonic circulation
anomalies associated with surface heating over land. The cyclonic circulation scales with the temperature gradient between land
and ocean which increases with climate change, reinforcing the cyclonic circulation over Sahara and the Iberian Peninsula, both
diverting the zonal advection of humidity to the south of the Iberian Peninsula. The dynamics are therefore key in the warming
and drying of the Mediterranean region, with extreme aridification over the Sahara and Iberian Peninsula. In these regions, the
risk for human health due to the thermal load which accounts for air temperature and humidity is therefore projected to increase
significantly with climate change at a level of extreme danger.
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Introduction

The Mediterranean region, i.e., the region of lands around the
Mediterranean Sea that have a Mediterranean climate

(Köppen 1936), has been identified as one of the most
sensitive and vulnerable regions in the world to climate
change (e.g. Giorgi 2006), with a projected increase in
interannual rainfall variability in addition to a strong warming
and drying for 2080–99 compared with 1980–99.

Analyses of observation-based data show that the
Mediterranean region has tended to be warmer and drier
during the last half century.Mariotti et al. (2015) estimate over
the 1960–2005 period the annual mean precipitation trend to
be about − 22 mm per decade for the last century, and the
annual mean surface air temperature trend to be 0.19–
0.25 °C per decade. When considering only the summer sur-
face air temperature, the warming trend over the
Mediterranean region for the last decades of the twentieth
century ranges between 0.08 and 0.3 °C per decade (Xoplaki
et al. 2003; Solomon et al. 2007; Mariotti et al. 2015). An
increasing frequency of record breaking heat waves has been
observed in the recent decades (Christidis et al. 2014; Russo
et al. 2015).
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With the ongoing anthropogenic climate change, a further
increase in the number of heat waves in the upcoming decades
is very likely (IPCC 2013). Within the climate change scenar-
ios, the already observed warming and drying are further am-
plified in the Mediterranean (e.g. Giorgi 2006; Mariotti et al.
2008). The temperature in the Mediterranean is expected to
warm 20% more than the global average (Lionello and
Scarascia 2018). A strong warming is projected, ranging be-
tween + 1.4 and 5.8 °C for 2080–2099 when compared with
1980–1999 from the models and scenarios of the 3rd Coupled
Model Intercomparison Project (CMIP3; Giorgi 2006). Such
warming is still consistent in the future Mediterranean climate
projections of the 5th CoupledModel Intercomparison Project
(CMIP5; Drobinski et al. 2018a) with an associated increase
of the number, duration and spatial extension of dry spells
(Raymond et al. 2019). Several studies already refer to
“mega-heatwave” (Stegehuis et al. 2015; Bador et al. 2017).

More frequent, longer, and more intense heatwaves and
droughts in the future raises serious concerns about the impact
of such extreme events on the economic activities, biodiversity
and on public health (e.g. Fouillet et al. 2006). Indeed, the
Mediterranean region is not only a climate hot spot, it is also
one biodiversity hot spots that has lost at least 70% of its orig-
inal habitat (Myers et al. 2000; Cuttelod et al. 2008). High
temperature associated with a strong variability of humidity is
a health risk factor for population, which exposuremay increase
dramatically not only because events conducive to heatwaves
and droughts, but also because of the population growth.

There is therefore a need to refine the existing temperature
and humidity projections at a spatial scale relevant for impact
studies on human health. Identifying regional key spots of
heatwaves and droughts in order to map vulnerable areas has
been carried out with simple metrics, like the duration and/or
extent of warm and dry spells, that are useful for analyzing
temporary anomalies (e.g. Stéfanon et al. 2012a; Raymond
et al. 2016, 2018a,b). However, the processes controlling
background drying, rather than temporary anomalies, and
their interlinkages are missing and prohibiting their translation
into impact on human health. This study therefore addresses
the following questions:

& Do temperature and humidity changes vary spatially?
& Do land surface processes control humidity uptake from

land into the atmosphere?
& Do dynamical processes affect temperature and humidity

changes?
& Do temperature and humidity changes affect risk for hu-

man health?

This study investigates these questions using simulations
performed within the context of the HyMeX (Drobinski et al.,
2014) and EURO- and MED-CORDEX (Jacob et al. 2014;
Ruti et al. 2016) programs for present day and future climate.

“Simulation set-up and models” section briefly lists the
models used and the numerical set-up. “Temperature and hu-
midity change analysis”section analyses how and at which
spatial scales humidity and temperature change with regional
climate warming. It investigates the role of land uptake in
humidity change and discusses a possible dynamical cause
of temperature and humidity changes, in relation with occur-
rence of regional heat lows. “Risk for human health” section
quantifies the impact of humidity and temperature change on
human health and relates the impact to the regional atmo-
spheric circulation. “Conclusion” section concludes this study
and discusses some open research questions needing further
investigation.

Simulation set-up and models

Regional climate simulations from five regional climate
models of the joint HyMeX/MED-CORDEX programs
(Drobinski et al. 2014; Ruti et al. 2016) and the EURO-
CORDEX program (Jacob et al. 2014) are analysed. The five
regional climate models (CCLM4-8-19 operated by CMCC,
CCLM4-8-18 by GUF, HIRHAM5 by DMI, RACMO22E by
KNMI andWRF331F by IPSL and INERIS) have a horizontal
resolution of about 50 × 50 ~ km2 and are driven by six differ-
ent global climate models (GCMs) for high-end scenario
RCP8.5, where RCP stands for representative concentration
pathways (IPCC 2013). All models use the 6-h meteorological
variables from the CMIP5 historical and projection runs as
forcing data at the boundaries (CMCC-CCLM4-8-19 driven
by CMCC-CM, GUF-CCLM4-8-18 by MPI-ESM-LR, DMI-
HIRHAM5 and KNMI-RACMO22E by ICHEC-EC-EARTH
and IPSL-INERIS-WRF331F by IPSL-CM5A-MR). The
mean global warming projections for RCP8.5 by the CMIP5
models is 2.0 °C for 2046–2065, with a likely range of 1.4 to
2.6 °C. It increases up to 3.7 °C with a likely range of 2.6 to
4.8 °C at the 2081–2100 horizon.

Temperature and humidity change analysis

Lionello and Scarascia (2018) show that the Mediterranean
region warms 20% more than the global average. Figure 1
displays the spatial pattern of the temperature change between
2070 and 2100 and 1979–2005 for the four seasons. Over the
sea, there is a zonal gradient with a temperature change rang-
ing between + 1.5 °C in winter (Fig. 1a) to + 2.5 °C in summer
(Fig. 1c) along the Atlantic facade and up to + 3.5 °C over the
Eastern sub-basin of the Mediterranean Sea. Land surround-
ing the Mediterranean Sea can be twice warmer than the
neighbouring Atlantic Ocean and Mediterranean Sea. Over
the land, there is a North-South divide regarding temperature
change in spring (Fig. 1c) and summer (Fig. 1d). In the
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Southern Mediterranean, the temperature change is fairly ho-
mogeneous from Morroco to Egypt and ranges between +
2 °C in winter and about + 6 °C in summer. Penetration of
slightly colder air from the Mediterranean Sea over Libya by
coastal circulation is visible and can reach − 0.5 to − 1° with
respect to the neighbouring countries. Over Europe, there is a
significant zonal gradient in winter which goes from + 1.5 °C
over Western Europe to + 6 °C over Russia. The zonal gradi-
ent is lower in spring and autumn ranging between +2 °C to
the West and + 4 °C to the East. In summer, a meridional
gradient dominates over the zonal gradient. The temperature
change reaches + 5 °C over the Northern Mediterranean to +
3 °C in Northern Europe. The zonal gradient of temperature
change in Northern Europe, occurring in winter and autumn
particularly, is largely due to the dominating westerlies which
advects cold and moist air from the Atlantic Ocean, as is
shown in Fig. 1(panels a and d) with the ensemble mean wind
field overlaid on top of the temperature change pattern.
Enhanced warming of land surfaces relative to oceans thus

occurs simply because continental air masses are drier than
maritime ones, which in turn is a consequence of the limited
availability of surface water.

Temperature and humidity changes are linked. Humidity
evolves with respect to Clausius-Clapeyron (CC) law which
has been used as a predictor of the changes in humidity with
global warming. The increase in the saturation water vapor pres-
sure associated with warming is described by the CC relation:

∂es
∂T

¼ Lves
RvT 2 ð1Þ

where es is the saturation water vapor pressure, T is the absolute
atmospheric temperature in Kelvin, Lv is the latent heat of
vaporisation and Rv is the gas constant. The CC scaling has also
been linked to changes in precipitation extremes under ob-
served (Drobinski et al. 2016, 2018a) and future warmer cli-
mates (e.g. Trenberth et al. 2003; O’Gorman and Muller 2010;
Muller et al. 2011; Drobinski et al. 2018a). Figure 2 displays the

Fig. 1 Temperature change between 2070 and 2100 and 1979–2005 for winter (a), spring (b), summer (c) and fall (d). The black and white arrows
display the seasonal averaged wind fields in present and future climates, respectively
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ensemble mean of the simulated humidity change relative to the
prediction following the CC-scaling for the four seasons. The
humidity change prediction assuming a CC-scaling is obtained
by shifting the current climate humidity by applying the CC
scaling to the simulated temperature change. In other words, let
us denote e(T) the water vapor pressure at temperature T and
es(T) the corresponding water vapor pressure at saturation.
Figure 2 displays the ratio

Δe
Δes

¼ e T Fð Þ−e TPð Þð Þ
∂es
∂T

TPð Þ T F−TPð Þ
ð2Þ

where TP and TF are the temperatures at present and future
climates, respectively and the Δ operator indicates the change
between the present and future climates. In the following sec-
tions, this ratio will be referred as the relative change of humid-
ity. When its value is close to 1, the humidity change thus

follows the CC law (i.e. the relative humidity remains constant
in a warmer climate). Figure 2 shows that whatever the season,
the humidity change follows a CC-scaling over the seas
(Atlantic Ocean, Channel, North and Baltic Seas,
Mediterranean and Black Seas), in agreement with observations
(Dai 2006). Humidity change is closer to CC-scaling along the
coasts than further inland because of moisture advection from
the seas and the still limited warming over land due to the
damping effect of the nearby presence of the seas. Indeed, effi-
cient moisture transport can be ensured by coastal wind systems
such as breeze (Bastin et al. 2007; Drobinski et al. 2018b).
Further inland, significant sub-CC scaling is a dominating fea-
ture especially from spring to fall with, however, large spatial
variability (Fig. 2). In winter, there is a strong divide between
Northern and Southern Mediterranean regions. The Northern
side of the Mediterranean shows a relative humidity change
close to 1, so the humidity change follows the CC-law. The

Fig. 2 Humidity change between 2070 and 2100 and 1979–2005, relative
to Clausius-Clapeyron law for winter (a), spring (b), summer (c) and fall
(d) over the domain common to the HyMeX/MED-CORDEX and
EURO-CORDEX simulations. The dashed lines in panel a respresent
cross-sections that will be used to differentiate processes occurring in

Northern Europe (NEUR), Northern Mediterranean (NMED) (or equiva-
lently Southern Europe) and Southern Mediterranean (SMED) (or equiv-
alently North Africa). The × markers on the NMED and SMED cross-
sections indicate locations where conditional humidity change is shown
in Fig. 3
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aridity of the inland regions of North Africa prevents any addi-
tional moisture source so that the relative humidity change is
much smaller than the CC prediction. The Atlas region and the
Middle East display very low values of humidity change. It
never exceeds 30% and can be lower than 10% in spring. In
the Northern shore of the Mediterranean Sea, the Iberian
Peninsula seems peculiar. Indeed, except for winter, it always
display very low humidity change, suggesting limited moisture
source to compensate for temperature rise.

Humidity uptake from land

Sherwood and Fu (2014) suggested that the key factor causing
drying is that land surfaces warm more than ocean surfaces. A
factor ensuring drying is that water vapor content over land
does not increase fast enough relative to the rapid warming
there. When this air moves onto land, its water vapor content
reflects the amount that it held originally (Rowell and Jones
2006). Figure 3 displays the zonal variation of the humidity
change Δe/Δes along the cross-sections (see Fig. 1) and the
change expected if the origin of the water vapor content was
from the upstream ocean only Δeupsea/Δes. In other words, it
corresponds to the ratio ΔTupsea/ΔTland because

Δeupsea
Δes

≈
Δeups;sea
Δes

≈

∂es
∂T TPð Þ � ΔTup

sea

∂es
∂T TPð Þ � ΔT

¼ ΔTup
sea

ΔT

The quantityΔTupsea is the temperature change over the sea
upstream of a given land location along the cross-sections
(NEUR, NMED and SMED in Fig. 2a). It uses the wind pat-
tern to identify the upstream location over the sea at which the
temperature change is computed. Indeed, the wind pattern
displayed with black and white arrows for present and future
climates, respectively, evolves very weakly with climate
change. The quantityΔTupsea is directly linked to the humidity
change over the sea. In Fig. 3, the yellow stripes display the
regions over the sea. Above this regions, the humidity change
Δe/Δes is close to one as it follows CC-scaling.

As expected, over Northern Europe (NEUR), drying is sig-
nificant. Because the land warms faster than the oceans, the
humidity of the arriving air does not increase enough to main-
tain a constant relative humidity. However, the noticeable fea-
ture is that dryness would be larger if the air masses moving
eastwards from the Atlantic Ocean would only carry marine
water. Indeed, Fig. 3 shows that, for all seasons but summer,
Δe/Δes is always significantly larger than the humidity
change Δeupsea/Δes which assumes the upstream ocean as
the only humidity source. Therefore, in Northern Europe, a
significant humidity uptake from the land compensates in part
the dryness produced by enhanced warming over land. This

effect is maximum during winter, weaker but still significant
during spring and autumn and non significant in summer sug-
gesting soil moisture limited conditions (the two curves are
not significantly different), as already suggested in Bastin
et al. (2019). Quantitatively, warming alleviates drying by
15% (autumn and spring) to 50% (winter) due to humidity
uptake from land.

Along SMED (Southern shore of the Mediterranean Sea),
Fig. 3 does not reveal any significant difference between Δe/
Δes and Δeupsea/Δes. It is not a surprise as these regions are
extremely arid so the only moisture source actually comes
from the surrounding seas. An exception is the Sahara in au-
tumn and winter, where the humidity change Δe/Δes in this
time is weaker than the humidity change Δeupsea/Δes. The
specific case of the Sahara region is very similar to that of
the Iberian Peninsula. Indeed, along the Northern shore of
the Mediterranean Sea (NMED), the Iberian Peninsula dis-
plays a humidity change Δe/Δes weaker than Δeupsea/Δes,
consistent with the very little change in humidity there (blue
region in Fig. 2). Over these regions which are extremely arid,
the land thus becomes a humidity sink for the atmosphere.

Figure 4 shows the relative change of ratio of precipitation
to potential evapotranspiration (P/PET), computed from
Priestley-Taylor method (Priestley and Taylor 1972), and the
relative change of the ratio of precipitation to real evapotrans-
piration (P/ET). On average, on all continents, P/PET fall,
consistent with model simulations (O’Gorman and Muller
2010) and observations (Simmons et al. 2010). The gap be-
tween actual and saturation water vapor concentration which
is the key factor controlling PET, grows much faster in per-
centage than do other hydrological quantities, inducing en-
hanced aridity. Along NEUR, the change of P/PET and the
change of P/ET are not significantly different, suggesting that
the soil is humid enough in that region so the real evapotrans-
piration and the potential evapotranspiration do not differ
much. The change of P/PET and the change of P/ET are
slightly negative as one would expect (e.g. Sherwood and
Fu 2014), but still not far from 0. Indeed, despite a precipita-
tion increase in this region, evapotranspiration increases
slightly faster because of enhanced warming over land, but
also because of enough moisture availability.

Along SMED, Fig. 4c shows this time a significant differ-
ence between P/PET and P/ET changes. In this region, not
only precipitation and evapotranspiration take very low values
on average, but also changes of precipitation and evapotrans-
piration are close to zero. This leads to a noisy estimation of
the relative change of P/PET and the change of P/ET (to make
the figure legible, the uncertainty range is shown for an inter-
val of σ/10 for the South Mediterranean cross section).
However, there is a clear dryness increase since P/PET de-
creases significantly (between − 200 and − 300% in Fig. 4c).
Increase in PET is therefore attributable to overall land
warming rather than relative humidity change as also
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suggested by Scheff and Frierson (2015), and the P/PET ratio
on land is reduced largely by the enhanced land warming
relative to oceans in the Southern Mediterranean region. The
relative change of P/ET varies around zero because all terms
are close to zero and do not vary in time significantly.

One can therefore ask how the land uptake of atmospheric
humidity over the Iberian Peninsula and the Sahara seen in
Fig. 3 can be explained. The most likely explanation in this
context is to consider processes not directly related to local
energy and water “recycling”. These regions have specific
physiographic features that can induce atmospheric circula-
tion possibly explaining such behaviour.

Impact of thermal heat lows

Large arid or semi-arid plateaus and steppes surrounded by
mountains are key features of the Mediterranean region, where

thermal heat lows form frequently, especially over the Sahara
region and the Iberian and Arabian Peninsulas. Thermal heat
lows could explain part of the peculiar absence of local humidity
change as they form mostly during the warm seasons because of
the intense surface heating over land and little surface evapora-
tion. The basic physical process responsible for generating a
thermal low is the vertical expansion of the lowermost layers of
the atmosphere due to convective heating, which produces diver-
gence above these layers. The divergence aloft results in a low-
ering of the surface pressure. In the Mediterranean, the Saharan
heat low has been extensively studied as it controls part of the
West Africanmonsoon variability (e.g. Lavaysse et al. 2009) and
is associated with extreme surface aridity which does not allow
the formation of rain (Griffiths and Soliman 1972). Thermal lows
over the Arabian Peninsula have been investigated by Smith
(1986), and the Iberian heat low by Hoinka and De Castro
(2003) and Portela and Castro (1996).

Fig. 3 Humidity change Δe/Δes (black line) relative to CC law and
humidity change Δeupsea/Δes expected if the origin of the water over
continent was from the upstream ocean only (blue line) along the
North-European (NEUR) (a), the North-Mediterranean (NMED) (b)
and the Southern-Mediterranean (SMED) (c) cross sections (Fig. 1a).
The thick black and blue lines corresponds to the ensemble average, while
the shaded gray and blueish areas delimited by the black and blue dotted
lines represent the 1-σ interval. The yellow stripes display the regions

over sea (Atlantic Ocean for Northern-Europe cross-section, and the
Mediterranean sub-basins including the Adriatic Sea for the North
Mediterranean cross-section). The red squares and diamonds represent
the humidity change conditioned to the absence of heat low events and
to the occurrence of heat low events, respectively at the locations indicat-
ed by a “×” along the NMED (Iberian Peninsula) and SMED (Sahara
desert) cross-sections (Fig. 1a)
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In order to characterise the regional thermal lows, we pro-
pose a criterion based on the heat-induced dilatation of the low
levels used to identify the presence of the West African heat
low (Lavaysse et al. 2009). To do so, we estimate the low-
level atmospheric thickness (LLAT) between two pressure
levels of the simulations. The upper-level boundary is chosen
as 700 hPa. The lower boundary is selected as 925 hPa. The
LLAT is related to the mean temperature of the layer by
(Lavaysse et al. 2009):

ΔZ ¼ R
g

∫
p1

p2

Td ln pð Þð Þ ð3Þ

whereΔZ is the LLAT, R the gas constant for air, g gravitational
acceleration, T temperature, p pressure, p1 = 925 hPa and p2 =
700 hPa. In the present study, a small modification was brought
in order to remove the impact of the latitudinal variation of tem-

perature. Thus, T in Eq. (3) is replaced byeT ¼ T− Th ix, where
〈.〉x indicates zonal averaging. As in Lavaysse et al. (2009), the
heat low is defined as the area where the LLAT which
characterises the depth of the heat low exceeds a given

(arbitrarily set) threshold, here set to the 90th quantile of LLAT
distribution computed over the whole Mediterranean domain.

Figure 5 displays the heat low occurrence over the whole
Mediterranean basin when exceeding 25% (most frequent
events) at the end of twenty-first century. The pattern is very
similar in the present climate, but with up to 10% lower oc-
currence with respect to the future climate. The West African
and Arabic Peninsula heat lows are by far the most frequent
and intense. For the Iberian Peninsula, the results found for the
present climate are consistent with those of Hoinka and De
Castro (2003) and Portela and Castro (1996) for both the an-
nual variability of occurrence of thermal lows (with a maxi-
mum in summer around 40%, and higher occurrence in spring
(~ 20%) than autumn (~ 10%)), and the location of the lows
centre, which is less variable in July than other months.

Typically, a low-level cyclonic circulation organises around
the heat lows, in which shallow convection forms in the low, but
precipitation does not occur (e.g. Hoinka and De Castro 2003;
Engelstaedter et al. 2015). The surface heat low isolates the re-
gion from moisture advection, which is thus confined at the
periphery of the heat low. There, strong pressure gradients cause

Fig. 4 Same as Fig. 3 for the relative change of the ratio of precipitation
to potential evapotranspiration P/PET (blue line) computed from
Priestley-Taylor method and relative change of the ratio of precipitation

to real evapotranspiration (P/ET) (black line). Note that for the SMED
cross-section (c), the dotted lines represent the σ/10 interval instead of σ
to keep the figure legible
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low-level winds to blow from the coastal zones in an arc around
the heat low core in a low-level cyclonic circulation. The cyclon-
ic circulation above the Iberian Peninsula deviates the westerly
flow andAtlantic water flux south of the peninsula. Similarly, the
Saharan cyclonic circulation deviates the easterly flow of marine
air from the Mediterranean Sea to the north of the African coast,
further contributing to the water flux concentration south of the
Iberian Peninsula. The cyclonic circulation is visible on the com-
posite of Fig. 1, it is however much clearer when conditionaly
sampled with respect to heat low occurrence (not shown).
Therefore, the dynamical atmospheric conditions, which
strengthen in a warmer climate, act as an obstacle to moisture
transport in some regions of the Mediterranean and can prevent
humidity increase with climate change.

In all simulations, the pattern remains unchanged in a fu-
ture climate with respect to present, but the occurrence of the
Iberian heat low increases (by about 5 to 7% in spring and

summer in scenario RCP8.5). Indeed, the LLAT scales with
temperature and therefore, it increases with climate change
leading to an increased probability of occurrence of heat low
situations. The higher occurrence of the Iberian heat low is
associated with an enhanced horizontal gradient of tempera-
ture, as the temperatures warm over land. The warming is
significantly stronger than that over the surrounding seas
(Fig. 1). Such gradient is favourable to enhanced cyclonic
circulation. The enhanced circulation diverts the zonal advec-
tion of humidity to the south of the Iberian Peninsula, reducing
the advection of marine humid air towards the core of the heat
low.

A way to quantify howmuch heat lows explain the extreme
dryness in the heat low areas, is to quantify the humidity
change conditioned to the occurrence of a heat low. Figure 3
showsΔe/Δes conditioned to the absence or the occurrence of
heat low events at locations within the Saharan and Iberian

Fig. 5 Ensemble average of heat low occurrence in the future climate
(2070–2100) for winter (a), spring (b), summer (c) and fall (d). The
white zones correspond to the absence of data, to data over the sea or to
heat low occurrence below 25% (only the significant events are

analysed). The thick black lines display the change of heat low
occurrence between present and future climates. The isocontours range
between + 2.5% and + 20% with an increment of 2.5%
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heat lows (see × markers in Fig. 2a). The red squares which
indicate the humidity change Δe/Δes in the absence of heat
low events, are all the time within the uncertainty range
around the values of humidity change Δeupsea/Δes assuming
the upstream ocean as the only humidity source. Conversely,
the diamonds represent the humidity change Δe/Δes in the
presence of heat low events. The values are always lower
and closer to the unconditional values Δe/Δes (black curve).
The two conditional values (in the presence and in the absence
of heat lows) are significantly different in autumn in Spain and
in winter and autumn over the Sahara. The only case which
conditional sampling approach hardly explains the very low
values of humidity change is that in spring in Spain. The two
conditional values lie in between Δeupsea/Δes and Δe/Δes
values but they are not significantly different. However, it
seems reasonable to say that heat lows in the Mediterranean
are a source of aridification amplification.

Risk for human health

Change of temperature and humidity has an impact on human
health, which can be quantified using the humidex (Hu) index.
It can be interpreted as the thermal load due to air temperatures
and water vapour pressures. Indeed, the human body normally
cools itself by perspiration, or sweating. Heat is removed from
the body by evaporation of that sweat. However, high relative
humidity reduces the evaporation rate. This results in a lower
rate of heat removal from the body which can have lethal
consequences. The humidex is a dimensionless quantity, often
recognised by the public as equivalent to the degree Celsius,
given by

Hu ¼ T þ 5

9
6:11e

5417:7530 1
273:16−

1
273:16Td

� �
−10

" #
ð4Þ

Fig. 6 Humidex category in the future climate (2070–2100) for winter
(a), spring (b), summer (c) and fall (d). Category 1 corresponds to little to
no discomfort, category 2 to some discomfort, category 3 to great
discomfort and category 4 to dangerous. The white zones correspond to

the absence of data, to data over the sea or to category 0 (no health risk)
(only the significant events are analysed). The thick black lines display
the change of + 2 category change between present and future climates
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where T is the air temperature and Td the dew point tempera-
ture, both g expressed in °C. The humidex range is associated
with a scale of comfort that we classify in 4 categories:

& 20 to 29: little to no discomfort (category 1)
& 30 to 39: some discomfort (category 2)
& 40 to 45: great discomfort; avoid exertion (category 3)
& above 45: dangerous; heat stroke quite possible (category

4)

Figure 6 displays the humidex categories over the whole
Mediterranean basin at the end of the twenty-first century
computed from the climate simulations. The pattern is very
similar in the present climate but in some locations contoured
in black solid line, the humidex category increases by + 2 with
respect to its category in the present climate. Unsurprisingly,
the regions of higher risk are Northern Mediterranean and
Southern Mediterranean. In spring and summer, the area of
the regions of risk categories 1 to 4 increases by + 54% and
50%, respectively. In winter and autumn, regions not exposed
in the present climate should be exposed in a warmer climate.
The trend in autumn is striking even though the severity of the
risk appearing is limited to small discomfort. Figure 6 also
shows that not only the regions of heat lows are those
displaying the highest risk for human health, they also show
the largest sensitivity to climate change. The case of the
Iberian Peninsula stresses the role of the heat low in the
change of humidex category which goes from category 1 or
2 to 3 or 4 so a situation which is dangerous for human health.

Conclusion

Feng and Fu (2013) showed that the area of global dryland is
projected to expand by about 10% globally by 2100. Nearly
all regions, except India and northern tropical Africa, are
projected to become dryer, with drying further intensifying
during the twenty-second century (Sherwood and Fu 2014).
In this paper, a closer look is given to the Mediterranean re-
gion, often referred to as a regional climate change “hot spot”.
Our study shows that although enhanced warming and drying
over land is projected in the Mediterranean region, the spatial
pattern displays high variability with regions of extreme
warming and drying. Drying is in large part caused by en-
hancedwarming over land. However, in Northern Europe, soil
moisture is sufficient to counterbalance through evapotranspi-
ration the warming effect by 15% (autumn and spring) to 50%
(winter) due to humidity uptake from land. In the already arid
regions of Southern Mediterranean, the situation is however
contrasted. In the Eastern part, the Mediterranean Sea is the
only humidity source and the drying effect is only due to
warming over land. Over the Sahara region, and similarly over
the Iberian Peninsula, the enhanced warming over land is still

not enough to explain the extreme drying. Local water
“recycling” through surface energy exchanges does not pro-
vide the full picture. The dynamics are also found to be key.
More precisely, heat lows form over the Sahara and over the
Iberian and Arabian Peninsulas as cyclonic circulation anom-
alies. The cyclonic circulation scales with the temperature
gradient between land and sea. The gradient is expected to
increase with climate change, reinforcing the cyclonic circu-
lation over the Sahara and the Iberian Peninsula, both divert-
ing the zonal advection of humidity to the south of the Iberian
Peninsula over the Gibraltar Straight separating the European
from the African continents. Therefore, the heat lows isolate
the region where they form from humidity advection from the
surrounding seas.

Warming and drying in the Mediterranean region can have
detrimental consequences on human health due to the thermal
load which accounts for air temperature and humidity. The
risk exposure is expected to expand spatially with area in-
creasing by about 50% and in severity with area of extreme
danger increasing by 500%. The largest change of risk cate-
gory is found to be co-located with the heatlow regions where
extreme warming and drying are projected. However, not
accounted for in this study is the possible mitigating effect
on warmng and drying of vegetation through the interactive
phenology (Stéfanon et al. 2012b, 2014) or CO2 fertilisation
effect (Lemordant et al., 2016). The relative contribution of
these various processes is still to be assessed but remains out
of the scope of the present study.
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