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Temperature and precipitation anomalies from climate proxies and recent data



CMIP5 temperature vs. observa3ons in reference period (1986 – 2005) 



Coupled Model Inter-comparison Project Phase 5 – CMIP5: temperature projections

Model robustness high: dots R ≥ 0.85, and cross-hatching 0.5 ≤ R < 0.85 
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Coupled Model Inter-comparison Project Phase 5 – CMIP5: precipitation projections



CMIP5: projected temperature indices, and observations in reference period  



Observed (grey) and modeled (red) temperature changes rela7ve to reference period 1961-1990



Box  TS. 5

Heat waves are a major weather-related cause of premature mortality



Probability distribution (PDF) of daytime 
maximum temperatures in summer (JJA) 



Probability distribution (PDF) of daytime 
maximum temperatures in summer (JJA) 



Applying a DLNM to a case-crossover design permits
a flexible assessment of the non-linear and delayed
effects of temperature on mortality and corrects for the
effects of seasonality by design [27]. In order to combine
the DLNM with the case-crossover design, a Poisson re-
gression model was used, which allows for overdispersion:

Y t e Poisson μtð Þ

log μtð Þ ¼ αþ βTt;lþ λStratat þ ηDOWt

where t is the day of the observation; Yt is the mortal-
ity count on day t; α is the intercept; Tt,l is the matrix
that is obtained when the DLNM is applied to
temperature; β is a vector of coefficients for that
matrix; and l is the lag in days. Stratat represents the
case-control strata, a variable for the year and month
that is used to control for long-term and seasonal
trends; λ is a vector of coefficients and DOWt is the
day of the week on day t, with η being a vector of coef-
ficients [27].
As the cross-basis functions to describe the

temperature-response relationship can be independ-
ently chosen for temperature and lag, a quadratic basis

spline was used for temperature and a natural cubic
spline was used for the lag. In the quadratic basis
spline, 4 degrees of freedom were used, and the knots
were by default located at evenly distributed percen-
tiles. For the natural cubic spline 4 degrees of freedom
were selected and the boundary knots were by default
placed at the range of the predictor, here lag 0 and lag
10. The choices of the degrees of freedom were based
on the literature [27,29] and optimized with modified
Akaike and Bayesian information criteria (QAIC and
QBIC) [28]:

QAIC ¼ −2L θ̂
! "

þ 2∅̂k and

QBIC ¼ −2L θ̂
! "

þ log nð Þ∅̂k

where L is the log-likelihood of the fitted model; θ̂
represent the parameters of the fitted model;^ is the esti-
mated overdispersion parameter; k represents the total
number of parameters; and n is the total number of
observations.
The model that minimizes these two criteria was se-

lected as the final model. For the purpose of this study,

Figure 2 Distribution of meteorological stations and the main urban areas.
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Heat-related cardiovascular 
mortality risk in Cyprus 



Figure 3 Relationship between temperature and relative mortality risks (RR) of aggregated cardiovascular diseases for lags ranging from 0 to 10
days for: (a) Tmean; (b) Tmax; and (c) Tmin.

Figure 4 Relationships between temperature and relative mortality risk associated with the five categories of cardiovascular diseases. Legend:
Relationship between Tmean and relative mortality risks of: (a) cerebrovascular diseases (ICD-10: I60-I69); (b) ischaemic heart diseases (ICD-10:
I20-I25); (c) other heart diseases (ICD-10: I26-I51); (d) hypertensive diseases (ICD-10: I10-I13); and (e) remainder of diseases of circulatory system
(ICD-10: I71-I99) for lags ranging between 0 and 10 days.
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Figure 1 | Spatial distributions of extreme wet bulb temperature and extreme temperature. a–f, Ensemble average of the 30-year maximum TWmax (a–c)
and Tmax (d–f) temperatures for each GHG scenario: historical (a,d), RCP4.5 (b,e) and RCP8.5 (c,f). Averages for the domain excluding the bu�er zone
(DOM), land excluding the bu�er zone (LND) and the Arabian Peninsula (AP) are indicated in each plot. TWmax and Tmax are the maximum daily values
averaged over a 6-h window.

evaporation rate increases water vapour and heat retained at the
surface. The boundary layer is relatively shallow over these water
bodies, concentrating water vapour and heat close to the surface.
All these factors taken together maximize the total flux of heat into
a relatively shallow boundary layer, hence maximizing the near-
surface TW over these water bodies. Coastal locations surrounding
these water bodies are thus susceptible to high TW via air transport
(for example, sea breeze circulations).

To predict impacts of future climate change towards the end
of the century (2071–2100), two GHG concentration scenarios
are assumed, based on the IPCC Representative Concentration
Pathway (RCP) trajectories: RCP4.5 (ref. 20) and RCP8.5 (ref. 21).
RCP8.5 represents a business-as-usual scenario, whereas RCP4.5
considers mitigation. Under RCP8.5, the area characterized by
TWmax exceeding 31 �C expands to include most of the Southwest
Asian coastal regions adjacent to the Gulf, Red Sea and Arabian Sea
(Fig. 1). Furthermore, several regions over theGulf and surrounding
coasts exceed the 35 �C threshold.

Annual TWmax increases monotonically in the di�erent locations
surrounding the Gulf (Fig. 2). By the end of the century, annual
TWmax in Abu Dhabi, Dubai, Doha, Dhahran and Bandar Abbas
exceeds 35 �C several times in the 30 years, and the present-day
95th percentile summer (July, August, and September; JAS) event
becomes approximately a normal summer day (Fig. 3). During
the summer, warm northwesterly (Shamal) winds frequently blow
from Turkey and Iraq across the Gulf, where they gain moisture
and transport high TW to most of the cities in the Gulf. The
primary exceptions are Kuwait City and Bandar-e Mahshahr, which
are protected from such extreme TW conditions owing to their
geographic position to the north of the Gulf.

Extreme Tmax events exceeding 45 �C become the norm in most
low-lying cities during JAS (Supplementary Figs 8 and 9). Although
being protected against extreme TWmax events, annual Tmax is
projected to exceed 60 �C in Kuwait City during some years. Annual
Tmax values exceeding 60 �C are also projected in Al Ain, which is
somewhat isolated from the Gulf coast but still low in elevation.
Doha is uniquely geographically positioned to receive hot dry air
from the desert interior to the west and hot moist air from the Gulf.
As a result, it is vulnerable both T and TW extremes.

On the coast of the Red Sea, milder conditions, but still fairly
severe, are projected compared to the Gulf. In Jeddah and nearby
Mecca, for example, annual TWmax is projected to reach values
as high as 33 �C and 32 �C, respectively (Fig. 2), with annual
Tmax approaching and exceeding 55 �C (Figure SI8). These extreme
conditions are of severe consequence to the Muslim rituals of
Hajj, when Muslim pilgrims (⇠2 million) pray outdoors from
dawn to dusk near Mecca. The exact date for this ritual is fixed
according to the lunar calendar and can therefore occur during
the boreal summer for several consecutive years. This necessary
outdoor Muslim ritual is likely to become hazardous to human
health, especially for themany elderly pilgrims,when theHajj occurs
during the boreal summer.

As the population in Southwest Asia continues to rapidly
increase22, cities will probably expand and new cities may emerge.
The rise in annual Tmax as a result of climate change would make
the present harsh desert environments even harsher, while the rise
in annual TWmax would probably constrain development along the
coasts. The countries in Southwest Asia stand to gain considerable
benefits by supporting the global mitigation e�orts implied in the
RCP4.5 scenario. Such e�orts applied at the global scale would
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Future temperature in southwest Asia projected to exceed a threshold for human adaptability



Mortality attributable to ambient air pollution
Units: Individuals per area of 1,000 km2/year

The Lancet Commission on pollu7on and health:
Pollu:on is the largest environmental cause of disease and death in the world 
today, responsible for an es:mated 9 million premature deaths 

Ambient air pollu:on causes respiratory and cardiovascular diseases, leading to 
4.5 million premature deaths per year globally (8% of all deaths worldwide)



120 million years of life lost annually attributable to air pollution by ischaemic 
heart disease (IHD), chronic obstructive pulmonary disease (COPD), cerebrovascular 
disease (CEV), acute lower respiratory infections (ALRI) and lung cancer (LC): 
18% due to child deaths in S/W-Asia and Africa



Distribution of Aedes lbopictus in 2007

Aedes albopictus distributes pathogens that cause Chikungunya, 
Dengue fever, yellow fever and various encephalitides

Habitat suitability depends on mean, winter minimum and 
summer maximum temperature; precipitation amount and 
annual distribution; and relative humidity



Habitat suitability index change (scale 0-100) comparing middle with early 21st century



MENA is climate change hot spot

Strongly increasing temperature in summer (>2x winter): global 
temperature increase of 2oC means 4-5oC for MENA in summer

Projected temperature change is robust (high likelihood)

Warming amplification due to drying (Mediterranean) or arid soils 

In several areas (e.g. Gulf), high humidity adds to discomfort

In urban locations heat stress combines with other environmental 
stresses (e.g., UHI effect, dust and air pollution)

Habitability for humans may be compromised 

(climate change + poverty �migration)


