GEOPHYSICAL RESEARCH LETTERS, VOL. 34, L11706, doi:10.1029/2007GL030000, 2007

Click
Here
for
Full
Article

Heat stress intensification in the Mediterranean climate change hotspot
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[1] We find that elevated greenhouse gas concentrations
dramatically increase heat stress risk in the Mediterranean
region, with the occurrence of hot extremes increasing by
200 to 500% throughout the region. This heat stress
intensification is due to preferential warming of the hot
tail of the daily temperature distribution, with 95th
percentile maximum and minimum temperature magnitude
increasing more than 75th percentile magnitude. This
preferential warming of the hot tail is dictated in large
part by a surface moisture feedback, with areas of greatest
warm-season drying showing the greatest increases in hot
temperature extremes. Fine-scale topographic and humidity
effects help to further dictate the spatial variability of the
heat stress response, with increases in dangerous Heat Index
magnified in coastal areas. Further, emissions deceleration
substantially mitigates heat stress intensification throughout
the Mediterranean region, implying that emissions
reductions could reduce the risk of increased heat stress in
the coming decades. Citation: Diffenbaugh, N. S., J. S. Pal,
F. Giorgi, and X. Gao (2007), Heat stress intensification in the
Mediterranean climate change hotspot, Geophys. Res. Lett., 34,
L11706, doi:10.1029/2007GL030000.

1. Introduction

[2] Global greenhouse gas (GHG) concentrations have
steadily increased since the beginning of the industrial era
[Intergovernmental Panel on Climate Change (IPCC),
2001]. Instrumental records reveal prolonged warming not
only at Earth’s surface [/PCC, 2001], but also in the
troposphere [e.g., Mears and Wentz, 2005] and oceans
[Barnett et al., 2005]. Continued emissions of GHGs are
likely to result in further global warming of approximately 2
to 6°C by the end of this century [[PCC, 2001], with
changes in climate extremes likely to have substantially
greater impact than changes in climate means [e.g., White et
al., 2006].

[3] Extreme heat exerts particular tolls on human sys-
tems, impacting human health [e.g., Poumadere et al.,
2005], energy supply and demand [e.g., Smoyer-Tomic et
al., 2003], and hydrological [7ereshchenko et al., 2002] and
agricultural resources [Ferris et al., 1998]. In Europe, the
summer of 2003 was the hottest of the past 500 years
[Luterbacher et al., 2004; Schar et al., 2004], with mean
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temperatures exceeding the late-20th century baseline by up
to 5 standard deviations [Schar et al., 2004]. Excess deaths
totaled 15,000 in France alone [Poumadere et al., 2005],
primarily associated with an extended period of extremely
high maximum and minimum daily temperatures
[Poumadere et al., 2005].

[4] Here we explore the potential for GHG-induced
changes in heat stress in the Mediterranean region. The
Mediterranean region has been identified as one of the
climate system’s most responsive hotspots in the face of
increased GHG forcing, particularly because of pronounced
mean warming, large decreases in precipitation, and
increases in inter-annual warm-season variability [Giorgi,
2006]. The sensitivity of the region, coupled with existing
vulnerabilities to severe heat, provide motivation for under-
standing the mechanisms by which heat stress could re-
spond to elevated GHG concentrations. However, although
increasing GHG concentrations are likely to make hot
summers more common in the coming decades [Schar et
al., 2004], a number of important uncertainties remain. For
instance, whether changes in daily-scale temperature
extremes will be dictated by uniform or non-uniform
warming of the daily temperature distribution remains a
key question [Sanchez et al., 2004]. Additionally, the
physiography of the Mediterranean region is extremely
complex, and it is not known how fine-scale climate
processes associated with topography, coastal interfaces,
and land cover heterogeneity will regulate the magnitude
and spatial variability of the heat stress response. Further, a
broad range of potential global emissions pathways are still
possible [/PCC, 2000], and differences in the response of
heat stress to high and low emissions scenarios have not yet
been quantified.

2. Methods

[s] We analyze the simulations described by Gao et al.
[2006], which use the Abdus Salam ICTP regional climate
model RegCM3 [Pal et al., 2007]. In these simulations,
RegCM3 is run on a 20 km resolution grid covering the
Mediterranean region. Lateral boundary conditions are
provided by 50 km resolution simulations driven by the
HadAM3H atmospheric general circulation model (GCM)
[Giorgi et al., 2004a, 2004b]. In this ‘“double-nested”
mode, a higher resolution limited area grid is nested within
a lower resolution limited area grid, much as a single limited
area grid is nested within a global GCM or reanalysis grid.
Output from the outer nested grid (50 km horizontal
resolution with 14 sigma levels in the vertical) is interpo-
lated to higher resolution and used as lateral boundary
conditions for the inner nested grid (20 km horizontal
resolution with 18 sigma levels in the vertical). In order
to maintain consistency between the nested simulations, the
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physics options are the same between our outer (50 km) and
inner (20 km) grids [Gao et al., 2006].

[6] Our experimental strategy follows that of the PRU-
DENCE project [Christensen et al., 2002]. We analyze three
simulations: MED20RF, MED20B2 and MED20A2.
MED20RF covers the period 1961-1989. MED20B2 and
MED20A2 cover the period 2071-2099 under the IPCC
SRES B2 and A2 emissions scenarios [/PCC, 2000],
respectively. These two scenarios represent two distinct
global GHG emissions pathways, with atmospheric carbon
dioxide concentrations exceeding 600 ppmv (B2) and 800
ppmv (A2) by the end of the 21st century. The A2 scenario
is thus a high-end emissions scenario in which global
population growth is high and “global environmental con-
cerns are relatively weak™ [/PCC, 2000], while the B2
scenario lies close to the low end of the IPCC range, with
slower population growth and “increased concern for envi-
ronmental and social sustainability” relative to the A2
scenario [/PCC, 2000]. We define the deceleration effect
as the reduction in heat stress intensification in the B2
scenario relative to the A2 scenario (MED20B2 minus
MED20A?2).

[7] Sea surface temperatures (SSTs) for the RF simula-
tions are provided by the HadISST observed dataset [Rayner
et al., 2003]. SSTs for the B2 and A2 simulations are
calculated by the HadCM3 coupled atmosphere-ocean
GCM, the ocean component of which is configured at
1.25° x 1.25° resolution [Johns et al., 2003]. B2 and A2
SSTs are prescribed in HadAM3H and RegCM3 after add-
ing the HadCM3-calculated ““perturbation” to the HadISST
dataset as described by Giorgi et al. [2004b]. The A2 and
B2 Mediterranean SSTs thus reflect the ability of the
HadCM3 coupled model to accurately capture the Mediter-
ranean ocean dynamics at 1.25° resolution.

[8] We use three measures of heat stress: daily maximum
temperature, daily minimum temperature, and Heat Index.
These metrics are most pronounced in the summer, which is
the most responsive season in the Mediterranean hotspot
[Giorgi, 2006]. We quantify changes in the 95th and 75th
percentile daily maximum and minimum 2-meter air tem-
peratures. Additionally, in order to capture the stress in-
duced by the combined effects of high temperature and high
humidity, we calculate apparent heat using the Heat Index
[Rothfusz, 1990; Steadman, 1984], where:

HI = —42.379 + (2.04901523 x T) + (10.14333127 x RH)
—(0.22475541 x T x RH) — (6.83783 x 10 x T?)

5.481717 x 10~% x RH?)

1.22874 x 107 x T? x RH)

8.5282 x 107* x T x RH?)

1.99 x 107% x T> x RH?)

+
+

—~~

for

T = 2-meter air temperature(°F)

RH = 2-meter relative humidity(percentage).

DIFFENBAUGH ET AL.: HEAT STRESS INTENSIFICATION

L11706

The relationships are valid while temperature is above
26.667°C and relative humidity is above 40%. We screen
for daily maximum Heat Index values that equal or exceed
105 (equivalent to 40.56°C), indicating ‘“danger” or
“extreme danger” for at-risk groups (http://www.nws.noaa.
gov/om/heat/index.shtml).

3. Results
3.1. Performance of the Nested Modeling System

[9] In order to evaluate the ability of RegCM3 to simulate
the extremes of daily maximum and minimum temperature,
we have compared observed values at 10 locations through-
out the model domain [Klein-Tank et al., 2002] with the
RegCM3-simulated values at the corresponding land grid
points (Table 1). We evaluate the magnitude of the 75th and
95th percentile maximum and minimum daily 2-meter
temperatures. The 75th percentile magnitude reflects the
bottom of the warmest 3 months of the year, while the 95th
percentile magnitude reflects the bottom of the warmest
2.5 weeks of the year. Because real-world boundary con-
ditions (such as elevation and land cover) can vary within a
single model grid-point and thus create physically-consistent
discrepancies between the observed and simulated data, we
consider grid-point comparisons to be a stringent evaluation
of the RegCM3 performance.

[10] We find that RegCM3 is able to capture the 75th
percentile magnitude within 2.8°C of observations at 7 of
10 locations for maximum daily temperature and at 8 of
10 locations for minimum daily temperature (Table 1). We
also find that RegCM3 is able to capture the 95th percentile
magnitude within 2.8°C of observations at 4 of 10 locations
for maximum daily temperature and at 10 of 10 locations for
minimum daily temperature. Overall agreement is strongest
at Isparta, Paris, Prague and Zurich, with the RegCM3 value
falling within 1°C of the observed value for 8 of the 16 fields
and within 2.1°C for 16 of the 16 fields. Agreement is
weakest for 95th percentile maximum temperature at loca-
tions with observed values of 29.9°C or greater (with the
exception of Isparta).

3.2. Simulated Future Changes

[11] The magnitude of the 95th percentile daily maximum
temperature increases by up to 8.5°C in the A2 scenario
compared to the reference simulation (MED20A2 minus
MED20RF) (Figure 1). The magnitude of the 75th percen-
tile event increases by up to 7.5°C, with most areas showing
greater warming of the 95th percentile magnitude than of
the 75th percentile magnitude. Both maximum temperature
metrics display a substantial deceleration effect (MED20B2
minus MED20A2), with intensification of 95th percentile
maximum temperature magnitude reduced by up to 2.75°C
in the B2 simulations compared with the A2 simulations,
and intensification of 75th percentile maximum temperature
magnitude reduced by up to 3°C (Figure 1).

[12] The magnitude of the 95th percentile daily minimum
temperature increases by up to 7°C in the A2 scenario
(Figure 1). Likewise, the magnitude of the 75th percentile
magnitude increases by up to 6°C. As with the maximum
temperature quantiles, increases in the 95th percentile
magnitude are greater than increases in the 75th percentile
magnitude. Further, there is also a substantial deceleration
effect in the daily minimum temperature quantiles, with
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Table 1. Comparisons of RegCM3-Simulated Extreme Tempera-
tures With Observations at 10 Locations. Values in Parentheses
Refer to the Change in the Number of Exceedences of the
Respective Percentile Values in the MED20RF Simulation®

T Max T Min
95% 75% 95% 75%
Paris
Obs 26.9 20.9 16.7 12.8
RF 27.4 19.7 16.1 11.2
B2 33.7 (39) 23.7 (39) 18.9 (32) 13.6 (41)
A2 35.0 (49) 25.0 (50) 20.4 (49) 14.8 (59)
Prague
Obs 27.7 21.1 16.7 12.3
RF 28.4 19.6 15.9 10.5
B2 32.2 (19) 22.3 (28) 18.4 (27) 12.8 (32)
A2 34.1 (33) 24.2 (44) 19.7 (40) 14.0 (51)
Zurich
Obs 26.9 20.2 14.9 10.0
RF 25.6 18.1 15.0 10.6
B2 30.1 (29) 21.4 (36) 18.0 (35) 12.6 (39)
A2 31.9 (40) 22.8 (50) 19.2 (50) 13.8 (57)
Bucharest
Obs 31.3 25.8 23.6 18.7
RF 37.4 27.4 21.0 14.4
B2 41.1 (22) 30.7 (21) 24.3 (29) 17.2 (28)
A2 42.8 (35) 32.5 (35) 26.0 (45) 18.6 (41)
Rome
Obs 32.0 26.9 18.8 14.8
RF 37.2 28.5 21.2 15.6
B2 41.3 (30) 32.2 (26) 24.8 (38) 18.6 (40)
A2 42.8 (43) 34.0 (38) 26.2 (56) 20.1 (55)
Valencia
Obs 29.9 26.7 21.7 18.0
RF 35.5 29.5 20.8 16.9
B2 39.4 (37) 324 (31) 24.5 (54) 19.8 (38)
A2 40.2 (48) 33.6 (44) 25.6 (73) 21.2 (53)
Athens
Obs 329 28.3 23.8 19.8
RF 39.3 31.8 23.0 17.4
B2 42.8 (27) 34.8 (24) 26.7 (44) 20.5 (35)
A2 44.9 (48) 36.8 (39) 28.3 (63) 22.3 (48)
Isparta
Obs 31.8 26.5 15.9 11.3
RF 33.6 26.6 15.5 10.2
B2 38.1 (39) 30.1 (30) 19.4 (46) 13.4 (40)
A2 39.9 (62) 32.5 (44) 21.1 (66) 15.0 (53)
Tel Aviv
Obs 30.1 28.4 233 20.9
RF 38.0 32.7 20.5 17.7
B2 41.5 (35) 35.8 (52) 23.8 (77) 20.7 (59)
A2 42.7 (55) 36.9 (62) 24.7 (94) 21.7 (69)
Algiers
Obs 32.8 28.1 21.0 16.2
RF 40.7 32.2 23.8 18.5
B2 45.1 (23) 35.7 (34) 28.0 (40) 21.6 (39)
A2 46.4 (36) 37.1 (49) 29.3 (59) 23.0 (55)

“Calculated as in [Diffenbaugh et al., 2005].

reductions in 95th percentile magnitude of up to 2.5°C and
reductions in 75th percentile magnitude of up to 2°C.

[13] The direct response of heat stress to elevated GHG
concentrations is enhanced by a positive surface moisture
feedback. Root zone soil moisture decreases (MED20A2
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minus MED20RF) over most of the domain, with peak
decreases of up to 100 mm. Surface evapotranspiration also
decreases over most land points, with peak negative
changes of up to —2 mm/day over the Iberian Peninsula
(Figure 2). Accordingly, surface sensible heat flux increases
by up to 55 W/m? with the pattern of change closely
following that of evapotranspiration (not shown). As with
the temperature quantiles, the positive feedback associated
with surface drying exhibits a deceleration effect, with
decreases in evapotranspiration reduced by up to 1 mm/d
in the B2 scenario (not shown).

[14] The combination of high near-surface air temperature
and high near-surface humidity can produce apparent temper-
atures that pose risks for vulnerable groups. In the reference
simulation, the number of days exhibiting dangerous or
extremely dangerous Heat Index is generally greater in the
southern and eastern Mediterranean than in the northern
Mediterranean (Figure 3). Changes are positive throughout
the domain in the A2 scenario, with peak changes of up to
65 d/yr (Figure 3). (B2 changes show a very similar pattern.)
Coastal areas generally show greater increases than adjacent
inland areas. In most areas, increases represent a substantial
fractional change, including in the eastern and southern
Mediterranean where baseline values are relatively high.

4. Discussion and Conclusions

[15] Intensification of heat stress in the Mediterranean
hotspot is enhanced by preferential warming of the hot tail
of the daily temperature distribution, with 95th percentile
maximum and minimum temperatures showing greater
increases than the respective 75th percentile temperatures
(Figure 1). The response of the hottest temperatures is
amplified by a surface moisture feedback, with the areas
of largest increase in 95th percentile maximum and mini-
mum daily temperatures (Figure 1) associated with peak
decreases in surface evapotranspiration (Figure 2) and peak
increases in sensible heat flux (not shown). These changes
in evapotranspiration and sensible heat flux are in turn
associated with decreases in root zone soil moisture and
2-meter relative humidity (Figure 2). This amplification of
heat stress through surface drying is most pronounced in the
areas that show the most pronounced preferential warming
of the hot tail of the daily temperature distribution, includ-
ing France, the northern Iberian Peninsula, and maritime
areas of the northern and southwestern Mediterranean
(Figures 1 and 2). Land-atmosphere coupling has been
shown to be critical for the greenhouse response in Europe
[Seneviratne et al., 2006], and a similar GHG-induced
surface moisture feedback has been identified in mid-
latitudes of North America [Diffenbaugh et al., 2005].

[16] The pattern of spatial heterogeneity in the Heat Index
response is also regulated by fine-scale climate processes.
For instance, the pattern of Heat Index response closely
follows the pattern of topography in the region, with larger
changes at lower elevations and smaller changes at higher
elevations. This topographic control occurs largely because
of the difference in baseline values at high and low
elevations: even after GHG-induced warming, high eleva-
tion areas are still too cool to exceed the “dangerous” Heat
Index threshold very often, whereas low elevation areas,
which have higher baseline values (Figure 3), exceed the
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Figure 1. Change (MED20A2 minus MED20RF) in the magnitude of the (a) 95th percentile daily maximum 2-meter air
temperature, (b) 75th percentile daily maximum 2-meter air temperature, (c) 95th percentile daily minimum 2-meter air
temperature, and (d) 75th percentile daily minimum 2-meter air temperature (°C). Deceleration effect (MED20B2 minus
MED20A?2) for the magnitude of the (e) 95th percentile daily maximum 2-meter air temperature, (f) 75th percentile daily
maximum 2-meter air temperature, (g) 95th percentile daily minimum 2-meter air temperature, and (h) 75th percentile daily

minimum 2-meter air temperature (°C).

threshold much more frequently. Physiographic complexity
thus partly contributes to the coastal amplification of the
Heat Index response in the Mediterranean region, as many
low elevation coastal areas are immediately adjacent to high
elevation inland areas (Figure S1'). Further, the largest
increases in dangerous and extremely dangerous conditions
occur in areas where at present warm-season relative
humidity is high at the coast and descends inland over
relatively steep spatial gradients (Figure 2). In these areas,
such gradients also contribute to coastal amplification of
high Heat Index days, with relatively uniform increases in
maximum temperatures having a larger effect on Heat Index
in areas of high humidity (which occur near the coast) than
in areas of low humidity (which occur away from the coast)
(Figure 2). This humidity effect is particularly pronounced
in the southern and eastern Mediterranean.

[17] Many areas of large extreme temperature response
are associated with relatively large changes in the warm tail
of the daily SST distribution (Figure 1). Although our
experimental design captures the response of Mediterranean
SSTs to large-scale climate changes induced by elevated
GHG concentrations, the terrestrial heat stress response
could be modified by atmosphere-ocean interactions occur-
ring at finer spatial scales than those captured by the GCM.
For instance, regional atmosphere-ocean coupling substan-
tially reduces the Baltic Sea A2 SST response [Kjellstrom et
al., 2005]. Similar reductions in Mediterranean SST re-
sponse could reduce the terrestrial heat stress response
calculated here, particularly in coastal areas that are strongly
influenced by adjacent ocean temperatures. Quantification
of the role of fine-scale atmosphere-ocean feedbacks in
shaping the heat stress response in the Mediterranean region
would require application of a high-resolution coupled
ocean-atmosphere modeling system.

! Auxiliary material data sets are available at fip:/ftp.agu.org/apend/gl/
2007g1030000. Other auxiliary material files are in the HTML.

[18] Of particular concern are potential changes in sea
breezes in coastal areas of the Mediterranean. Sea breezes
can moderate Mediterranean coastal climate through both
onshore and offshore exchange of air masses [e.g., Cros et
al., 2004], with marine air masses penetrating inland on
10% km scales [Cros et al., 2004]. Because the specific heat
of continental material is less than the specific heat of ocean
water, increases in GHG concentration could be expected to
enhance land-sea thermal contrast and the intensity of
coastal sea breezes. However, because the processes con-
trolling subtle sea breeze dynamics are not captured at the
resolutions employed here [e.g., Case et al., 2002; Colle et
al., 2003], our calculated heat stress response ignores much
of the potential influence of sea breeze changes. Quantifi-
cation of such sea breeze effects would require application
of higher resolution, non-hydrostatic modeling systems (as
in the works by Case et al. [2002], Colle et al. [2003], and
Cros et al. [2004]) over long model integrations (as in this
study).

[19] The simulated heat stress response must be consid-
ered within the context of the identified model biases. These
biases are relatively small for both 75th and 95th percentile
daily minimum temperature magnitude (Table 1), indicating
that RegCM3 is able to capture the processes important for
high minimum temperatures in the Mediterranean region.
This is likewise the case for high maximum temperatures in
relatively cool locations. However, in locations with hotter
maximum temperature extremes, RegCM3 does have a
substantial warm bias at this resolution. This warm bias
could indicate that the simulated future values are also too
warm, or that feedbacks enhancing the simulated warming
(such as the surface moisture feedback identified here) are
muted by the fact that the model is beginning at an
unrealistically warm baseline. Interestingly, the warm bias
in extreme maximum temperature is substantially reduced in
the lower resolution (50 km) simulation (Table S1). The fact
that the response in the future scenarios is very close between
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Figure 2. (a) JJA 2-meter relative humidity in the reference simulation (MED20RF) (percent). (b) Change (MED20A2
minus MED20RF) in JJA 2-meter relative humidity (percent). (c) Change (MED20A2 minus MED20RF) in JJA root zone
soil moisture (millimeters). (d) Change (MED20A2 minus MED20RF) in JJA surface evapotranspiration (millimeters per

day).

the two nested simulations (Table 1 and Table S1) suggests
that perhaps the simulated changes are not heavily influ-
enced by the model bias. (We note that the spatial coverage
of daily humidity observations [Klein-Tank et al., 2002] is
insufficient to rigorously validate the Heat Index for the
areas that show substantial response to elevated GHG
concentrations. The fact that the model performance has
not been validated for this metric should be considered
when evaluating those results.)

[20] Should this simulated heat stress intensification
actually occur, it could have substantial impact on human
systems. At present, heat stress can exert substantial nega-
tive effects on human health [Poumadere et al., 2005],
energy supply and demand [Smoyer-Tomic et al., 2003],
hydrological resources [Tereshchenko et al., 2002] and
agricultural production [Ferris et al., 1998; White et al.,
2006]. During the 2003 European heat-wave, peak excess
deaths were closely associated with daily maximum and
minimum temperatures that fell above the long-term 95th
percentile values [Grize et al., 2005; Poumadere et al.,
2005; Schar et al., 2004] (Table 1). In our experiments,
exceedences of the simulated 95th percentile reference
temperatures at least triple in the A2 scenario (Table 1).
Similarly, for most locations for which model output has
been compared with observations, the A2-induced increases
in 95th percentile temperature magnitude exceed the differ-
ence between the observed 95th and 75th percentile magni-
tudes. These substantial projected increases in the 95th
percentile temperature magnitudes indicate that damaging
heat stress could intensify in the coming decades should
GHG concentrations continue to increase. However, we also
find that emissions deceleration substantially reduces the
response of heat stress to elevated GHG concentrations,

heat index exceedence

0 20 40 60

A2 - RF

0 10

20 30 40

Figure 3. (a) The number of days in the reference
simulation with dangerous or extremely dangerous Heat
Index (MED20RF) (days per year). (b) The change in the
number of days with dangerous or extremely dangerous
Heat Index in the A2 emissions scenario (MED20A2 minus
MED20RF) (days per year).
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with emissions reductions in the B2 scenario reducing heat
stress intensification by up to 50% for 95th percentile
maximum and minimum temperature magnitude (Figure 1).
Although this reduced response in the B2 scenario suggests
that emissions deceleration could substantially mitigate the
costs of climate change in the coming decades, increases in
heat stress are still substantial in the B2 scenario, implying
that further emission deceleration would be necessary to
avoid costly heat stress intensification.
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