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ABSTRACT: Heat waves in the eastern Mediterranean and Middle East can have large socioeco-
nomic impacts. We apply a newly developed statistical framework, based on the extreme value
theory, to study the characteristics of heat waves in the region during the period 1973-2010 using
data from 15 measurement stations across the region. The analysis shows increasing trends in the
highest daytime temperatures in the Persian Gulf region in summer. Increasing trends in the num-
ber of heat waves are found at all stations, whereas the maximum temperature during heat waves
is found unchanged, implying no change in their intensity. Furthermore, no significant trends in
the heat wave duration are observed. Return levels are calculated for the individual hot days and

found to be very high in the Persian Gulf region.
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1. INTRODUCTION

Heat waves have gained considerable scientific
attention recently due to their potentially devastating
socioeconomic effects. Large impacts are expected
with respect to public health (Koppe et al. 2004),
energy supply (IPCC 2007, Forster & Lilliestam
2010), water availability (Koch & Vogele 2009), agri-
culture (Ferris et al. 1998), forestry and ecosystems
(Moriondo et al. 2006), among others. Understanding
these impacts is relevant not only for scientists, but
also for all components of society.

The Middle East spans several climates zones,
where the eastern part is Mediterranean, the northern
part is considered to be subtropical while the Arabian
Peninsula has a hyper-arid desert climate. Different
climate zones are found in the various mountain
areas. The region has among the hottest and driest
conditions found in the world. Numerous heat records
were broken in the Middle East in the summer of 2010
with temperatures reaching 52.0°C in Jeddah (WMO
2011). This heat wave caused unprecedented demand
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for electricity in Saudi Arabia, needed for air condi-
tioning. As a result eight power plants in the country
were forced to shut down, leaving several Saudi cities
without power (Gulf News, June 22, 2010, 'Heatwave
in Middle East no cause for panic’). In Israel, the year
2010 was the hottest on record, and average tempera-
tures were 2-3°C higher than the average (Israel
Meteorological Service 2011).

A large number of research papers focusing on ex-
treme temperatures on global, regional and national
scales have been published in the last 2 decades. Sev-
eral global studies have been conducted using indices
of climate extremes, provided by the Expert Team on
Climate Change Detection and Indices (ETCCDI),
mostly since the early works of Jones et al. (1999), Fol-
land et al. (1999), Karl & Easterling (1999) and Frich et
al. (2002). More recently, the global work on extreme
climatological variables, including temperature, has
been updated by Alexander et al. (2006). Further, im-
plications of climate warming for hot extremes have
been investigated globally (Tebaldi 2007, Orlowsky
2011, Hansen et al. 2012, IPCC 2012) and regionally,
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e.g. in Europe (Christensen & Christensen 2007, Fis-
cher & Schar 2010) and in the Mediterranean and the
Middle East (Diffenbaugh et al. 2007, Gao & Giorgi
2008, Evans 2009, Onol & Semazzi 2009, Hertig et al.
2010, Lelieveld et al. 2013).

Few studies related to heat waves in this region
could be found in the literature, mostly due to data
unavailability. Trends of extreme temperatures in the
eastern Mediterranean region have been evaluated
by Kostopoulou & Jones (2005), Kuglitsch et al. (2010)
and Kostopoulou et al. (2014). Kostopoulou & Jones
(2005) showed that the most significant temperature
trends were found for summer, where both minimum
and maximum temperature extremes show statisti-
cally significant warming trends. Efthymiadis et al.
(2011) used daily gridded data sets to detect trends in
Mediterranean temperature extremes since the mid-
20th century. Their results show a decrease in cold ex-
tremes and increase in hot extremes. Kuglitsch et al.
(2010) have shown increases in the number, intensity
and length of heat waves in the eastern Mediterran-
ean. Tayang et al. (2009) showed a significant warm-
ing trend in southern and southeastern parts of
Turkey for the period 1950-2004. The only regional
work with a focus on the Middle East is by Zhang et
al. (20095), presenting changes in extreme temperature
and precipitation at 52 stations from 15 countries for
the period 1950-2003. Increasing trends have been
found in the annual maximum of daily maximum and
the number of days where daily temperature has ex-
ceeded its 90th percentile. Fewer studies on changes
in climate extremes can be found for the Middle East,
mainly due to the poor data network in Arab countries
and limited access to long daily data sets. Recently,
Donat et al. (2014) examined the temporal changes in
climate extremes in the Arab region based on 60 sta-
tions from Arab countries collected during a workshop
held in 2012. They found increased frequencies of
warm days and warm nights and higher extreme tem-
perature values. Athar (2014) used observed daily
temperature and precipitation datasets from a total of
19 stations from Saudi Arabia (SA) for a 30 yr period
(1979-2008) to calculate climate indices. Athar (2014)
shows that temperature extremes display more warm-
ing in the summer season, with the southwest coastal
stations displaying more warming as compared to the
inland stations. Almazroui et al. (2014) show that the
temperature extremes in Saudi Arabia have signifi-
cantly increased with larger rates in the recent past
(1996-2010) compared to a previous period (1981-
1995). Other variability analyses are reported for ex-
treme climate indices in Iran and Turkey (e.g.
Rahimzadeh et al. 2009, Erlat & Ttirkes 2012, 2013,

Kousari et al. 2013). Kousari et al. (2013) found
positive trends of annual, seasonal and monthly maxi-
mum temperature in the warm season of the period
1960-2005 for 32 stations in Iran with an increasing
trend after 1970. Erlat & Tirkes (2013) show increas-
ing trends in the annual number of summer and tropi-
cal days of 97 meteorological stations of Turkey.

The descriptive indices developed by ETCCDI
refer to moderate extremes that typically occur sev-
eral times per year. The extreme value theory (EVT)
complements the descriptive indices in order to eval-
uate the intensity and frequency of rare events. EVT
provides the statistical framework to estimate the
probability of occurrence of extreme or very rare
events (Klein Tank et al. 2009). EVT methods gener-
ally use a subset of a large number of values from the
data sample to infer the extreme characteristics of the
underlying process that generate the phenomena
(Coelho et al. 2008). Recently, several studies of cli-
mate extremes by means of the EVT have been pub-
lished (e.g. Kharin & Zwiers 2000, 2005, van den
Brink et al. 2004, Fowler et al. 2005, Kharin et al.
2005, Naveau et al. 2005). Most of these studies use
only one aspect of the EVT (the block maxima
approach) and do not address heat waves directly.
Katz (2010) and Furrer et al. (2010) proposed an EVT
framework suitable to study heat waves and hot
spells using 2 approaches: [theé block maxima ap-
proach and the peak-over-threshold (POT) approach.
This study applies the proposed approaches to assess
heat wave characteristics in the period 1973-2010.
Our purpose is to apply the new EVT framework to
study the frequency, intensity and duration of heat
waves and their trends in the region of the eastern
Mediterranean and Middle East.

2. DATA AND METHODOLOGY

Daily station data in the Middle East are difficult to
obtain from the local meteorological services, there-
fore daily maximum temperature data extracted from
the publicly available datasets are used in the study.
Fifteen stations across the eastern Mediterranean and
the Middle East (Fig. 1) have been chosen according
to the availability and quality of the meteorological
data for the historical period 1973-2010. The station
locations represent the major climate zones in the re-
gion, notably near populated areas. A small portion of
stations did not provide data for the complete period
(see Table 1) or because of homogenization reasons,
but still have been included. The data sources are the
Global Summary Of The Day (GSOD: https://data.
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Fig. 1. The 15 stations across the eastern Mediterranean
and the Middle East, used in this study

noaa.gov/dataset/global-surface-summary-of-the-day-
gsod) and ECA&D (European Climate Assessment &
Datasets: www.ecad.eu).

The GSOD data, produced by the National Cli-
matic Data Center (NCDC), are derived from the syn-
optic/hourly observations contained in USAF DAT-
SAV3 Surface data, a collection of worldwide surface
weather observations from sources such as the
Global Telecommunications System (GTS) and Auto-
mated Weather Network (AWN). Historical data are
generally available from 1973 to the present, with
some stations having data going back to before 1930.
Generally, data from 1982 (beginning of current syn-
optic code) to the present are the most complete. In
deriving the summary of the day data, a minimum of
4 observations for the day must be available.

The new ECAR&D dataset includes station series for
9 daily climate variables. The dataset comprises daily
time series provided by the National Meteorological
Services of countries in Europe, North Africa and the
Middle East, augmented with data from other insti-
tutes and from earlier research projects (Klein Tank et
al. 2002, Klok & Klein Tank 2009). The data are exten-
sively quality-checked and tested for homogeneity.

2.1. Quality checks

No further quality checks are applied to the
ECAR&D stations used in this study. Only stations
from GSOD are further quality-checked, although

the synoptic data are already extensively tested to
eliminate many of the random errors found in the
original data. The RHtestV3 software (available from
www.climdex.org, Wang 2008) has been used to
eliminate possible additional errors. Less than 5% of
errors were found, and a few physically implausible
values have been set to missing; all stations have
>90 % of records available.

2.2. Homogenization

Data homogeneity is assessed only for GSOD data
using the RHtestV3 software, which uses a 2-phase
regression model applied to monthly data in order to
check for multiple step change points that could exist
in a time series (Wang 2008). Significant change
points (5% level) were identified in 4 stations
(Table 1). Most of the change points occur at the end
of 1999/beginning of 1998, which concurs with simi-
lar findings by Peterson et al. (1998) and Alexander
et al. (2006). These change points are apparently
linked to hot weather events associated with the
1997-98 El Nino. This might also apply to the change
point found in Amman in 1993. Historical explana-
tions for the cause of the change points, such as sta-
tion relocation, are not provided by GSOD, and our
requests to the national meteorological services of
these stations remained unanswered. Therefore, no
adjustment of the time series of these stations has
been possible.

2.3. Extreme value theory

The EVT is the area of statistics used specifically to
analyze extreme events. Inthis'study, 2 methods de=
rived from EVT are used to analyze heat waves and
their characteristics (e.g. frequency and intensity).

2.3.1. The block maxima approach

The first approach, the block maxima approach is
used to analyze data to be the maxima (or minima)
over certain blocks of time. In this context, itiSTappro=
priate to use the generalized extreme value (GEV)
distribution, a distribution derived from EVT. In this
approach the time series are constructed by deter-
mining the maximum temperature for the summer
season (here taken from the first of June to first of
November), so the length of the series equals the
number of years for which data is available.


tanpv


tanpv


tanpv



102

Clim Res 63: 99-113, 2015

Table 1. Station list and number of change points identified for each station. Only GSOD stations have been checked for multiple
change points

Station Source Country Latitude Longitude Period Change points
Aleppo GSOD Syria 36°13'N 37°10'E 1973-2010 0CP
Amman GSOD Jordan 31°56'N 35°55'E 1973-2010 1 CP: 199305
Cairo GSOD Egypt 30°03'N 31°13'E 1973-2010 0CP
Dhahran GSOD Saudi Arabia 26°16'N 50°09'E 1973-2005 1 CP: 200511
Doha GSOD Qatar 25°17'N 51°32'E 1973-2010 1 CP: 199801
Eilat ECA-D Israel 29°33'N 34°57'E 1973-2010 -

Jerusalem ECA-D Israel 31°46'N 35°13'E 1973-2004 -

Isparta ECA-D Iran 37°46'N 30°33'E 1973-2010 -

Istanbul GSOD Turkey 41°00'N 28°58'E 1973-2010 1CP: 199712
Kermanshah ECA-D Iran 34°18'N 47°03'E 1973-2008 -

Kuwait City GSOD Kuwait 29°22'N 47°58'E 1973-2010 0CP

Nicosia ECA-D Cyprus 35°10'N 33°21'E 1973-2009 -

Shiraz ECA-D Iran 29°30'N 52°32'E 1973-2009 -

Tabriz ECA-D Iran 38°04'N 46°18'E 1973-2009 -

Van ECA-D Turkey 38°29'N 43°22'E 1973-2010 -

In this approach the model focuses on the statistical
behavior of

MH = maX{Xl; XZ; et Xn}; (1)

where X;, X5, ..., X, is a sequence of independent
random variables having a common distribution
function F. In the context of this work, the X; stands
for values of the daily extreme temperature process
and M, represents the maximum of the process over
n time units of observation. [For instance, if n is the
number of observations over the summer season in a
year, then M, is the annual summer maximum. The
distribution function is:

PriM,<z}=Pr{X;<z ., X, <z} (2)
= Pr{X; £z} x Pr{X, <z} x..x Pr{X, < z}
= {F(2)}"

As argued in Leadbetter et al. (1983), the distri-
bution of the maximum of identically distributed
random variables is well approximated by the GEV
distribution, With "three parameters: @ location
parameter |, a scale parameter o, and a shape
parameter &,

F(z,1,6,8) = exp{—[1+§(%u):|%’} 3)

defined on {Z:1+E_,(Z_“) >O}, where —o < L < 0, 6>
c

0 and —oo < & < 0.

The location parameter p and the scale parameter o
are respectively, proportional to the mean and the
variance of extremes, while the shape parameter &
describes the shape of the tail (§ < 0 implies that it
admits a right bound z, = p -6/, £ > 0 describes a left

bounded tail, with the same bound, and & = 0 gilts for
an unbounded tail, known as Gumbel distribution.

2.3.2. The peak-over-threshold approach

The POT approach provides a model for independ-
ent exceedances above a large threshold. Assuming
that exceedances are independent, identically dis-
tributed random variables, the distribution of ex-
ceedances asymptotes to a limit distribution, the gen-
eralized Pareto distribution (GPD). For more details,
see Coles(2001), p. 76.

Thus, the GPD can be used to model exceedances
above a given threshold. This distribution can be
written in terms of a generic variable x as:

G(x):1—[1+<:(XT_”)]% (x>u £E#0) (4)

The GPD function is a so-called cumulative distri-
bution function, so it can be expressed in terms of
probabilities. Let X be an independent and identi-
cally distributed random variable of the GPD func-
tion. Then Eq. 4 can be rewritten as follows:

Pr(X < x, x> 1) = G(x) 5)

Pr(X > x,x > u)= 1-G(x) (6)
Pr(X > x) = Pr(x > u) [1-G(x)] @)
Pr(X > X):CU|:1+&(XT_H):|% ®8)

where {, = Pr(X > u), i.e. {, is the probability of the
occurrence of an exceedance of a high threshold, u.
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The GPD is characterized by two parameters, § the
shape parameter and ¢ the scale parameter. The
shape parameter determines the tail behaviour: if £ >
0 then the maximum of the GPD is unbounded,
whereas if £ < 0 then the tail has a finite extent. If § =
0, the GPD reduces to the exponential distribution
and is also unbounded in the limit £ — 0. As for the
scale parameter, it measures the scale or ‘amplitude’
of the distribution.

Under the framework of the second approach, the
POT approach, the extreme temperature series is
made up of the values above a threshold regardless
of the year in which they occurred. The selection of a
threshold is not simply related to the spatial variabil-
ity of the heat wave characteristics in our domain. In
this study, the 95th percentile of the time series is
selected as a temperature threshold that must be
crossed to start and end a heat wave. The heat wave
as defined here is not necessarily equivalent to the
extremely hot weather event from the societal point
of view. This approach is used to study the frequency
of high temperature clusters and the maximum inten-
sity within clusters, measured by the highest temper-
ature observed in each cluster. The frequency of high
temperature clusters per year is analyzed and fitted
using a Poisson distribution (PD); the maximum
intensity within a cluster for each city was analyzed
and fitted to a GPD.

A likelihood-ratio test is a statistical test used to
compare the fit of 2 models, one of which (the null
model) is a special case of the other (the alternative
model). The test is based on the likelihood ratio,
which expresses how many times more likely the
data are under one model than the other. In this con-
text, we will be comparing fitted distributions with
and without trends.

For more details about the EVT approaches, see
Coles (2001). Our analysis follows the methodology
recommended by Furrer et al. (2010), Katz (2010) and
Walter (2008), and uses the extRemes package in the
open source statistical programming language R
(www.cran.r-project.org/web/packages/extRemes/)
(Stephenson & Gilleland 2006).

3. RESULTS
3.1. General statistics
Table 2 shows some basic statistics for the time
series of the maximum temperature in the summer

season. The highest temperatures are found in
Kuwait City, followed by Dhahran. Van and Isparta

Table 2. Basic statistics of Tmax for the 15 stations

Station Mean Median Min Max STD
Aleppo 42.35 42,14  38.50 48.28 2.41
Amman 39.49 39.25 36.00 43.40 1.77
Cairo 42.42 42,10  39.40 45.20 1.52
Dhahran 48.10 48.00 46.00 51.00 1.33
Doha 47.26 47.11  44.00 50.39 1.22
Eilat 44.84 32.00 42.80 47.40 1.12
Jerusalem 36.66 36.75 32.80 40.80 1.79
Isparta 35.73 35.60 33.00 38.70 1.38
Istanbul 35.29 35.00 32.00 40.00 2.01
Kermanshah 41.90 42.10  39.80 44.10 1.22
Kuwait City 49.57 50.00 46.00 51.28 1.08
Nicosia 41.81 41.60  39.60 44.20 1.17
Shiraz 41.06 41.00 38.20 43.20 0.96
Tabriz 38.48 38.40 35.60 41.00 1.24
Van 32.69 32.60 29.50 37.00 1.67

have the relatively lowest temperatures, both situ-
ated >1000 m above sea level. Only limited local vari-
ability is observed, except for Aleppo and Istanbul
with a standard deviation of >2 and a large differ-
ence between the minimum and the maximum value.

3.2. Block maxima approach

The block maxima approach is used to analyze the
annually highest summer temperatures at all stations
(see Fig. Al in the Appendix). Fig. 2 shows the high-
est summer temperatures with trend lines for the 50
and 90 % quantile. Quantile regression is the analysis
method estimating the regression slopes for the val-
ues of any quantile from 0 to 1 of dependent variable
distributions (Koenker & Bassett 1978). Moreover, it
provides a detailed picture of the conditional distri-
bution of the dependent variable (Tmax) given the
independent variable (Time) when both lower and
upper or all quantiles are of interest; hence it is espe-
cially useful in applications where extremes are
important. Dhahran, Doha, Isparta and Kuwait show
significant tendencies for the 50% quantile trend
with an increase of respectively 0.6, 0.2, 0.5 and
0.3°C per decade.

The likelihood-ratio test is performed to determine
whether a GEV model with a linear trend significantly
improves the fit over a model that does not consider a
trend. The p-values shown in Fig. 2 for each station
reflect no strong evidence that the highest maximum
temperatures vary over time for most of stations ex-
cept for Dhahran, Doha, Isparta and Kuwait.

No significant trends were observed for the 90 %
quantile, despite large increases observed in Aleppo,
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Amman, Dhahran, Doha, Isparta and Istanbul. The 2
quantiles tend to converge only in Kuwait, Kerman-
shah and Van.

Although the trends in the annual highest summer
temperature have been derived for individual excep-
tionally hot days, they suggest that trends might exist
also for heat waves, which motivates further investi-
gation of the characteristics of the consecutive hot
days that may occur.

3.3. Peak-over-threshold approach

This approach is used to analyze the frequency of
the high temperature clusters and the maximum
intensity within clusters. In this study, a cluster is
defined by temperatures exceeding the threshold of
the 95th percentile of the time series for one day, and
then falling below the threshold.

Fig. 3 shows the number of clusters per year fitted
to a PD. Statistically significant trends were found for
all cities except for Aleppo, Amman, Nicosia, Tabriz
and Van. The likelihood-ratio test against the null
model of no trend performed for each station gives
very low p-values for significant trends, as seen in
the figure. Drastic increases in the mean number of
clusters over the course of 37 yr are observed in Cairo
(from 4 to 9), Dhahran (from 1 to 10), Isparta (from 2
to 6), Istanbul (from 2 to 8) and Kuwait (from 1 to 5).

Further, the severity of the heat waves is assessed
using the highest daily maximum temperature within
a cluster in Fig. 4. The trends in the 2 quantiles (50
and 75 %) of the fitted GPD distributions (see Fig. A2)
are shown with no significant trend using the likeli-
hood-ratio test in most of the cities, with the excep-
tion of Dhahran and Isparta. More apparent decreas-
ing trends are found for the 75% quantile trend in
Cairo, Eilat, Istanbul, Kermanshah, Shiraz and
Tabriz. This indicates that the mean trend of the
maximum temperature within a cluster may be influ-
enced more by the upper than the lower quantiles.

Fig. 5 shows the duration of the heat waves as ob-
served in all stations with quantile regressions for 50
and 90 % implying the trends. No significant trends
can be derived from the median quantile, as the
mean length of a heat wave in all stations varies be-
tween 1 and 2 d. The 90 % quantile shows an upward
trend in Aleppo, Dhahran, Isparta, Istanbul, Kerman-
shah and Shiraz and a downward trend for Kuwait,
Tabriz and Van. The 90 % quantile trend implies that
extended heat waves have increased or decreased in
number over the time period considered, although
the median values remained the same.

3.4. Return levels

Fig. Al in the Appendix shows the histograms for
the highest maximum temperatures in summer and
their GEV distributions. Although deviations from
the estimated probability function are apparent, the
general shape of the histograms does not contradict
the GEV assumption.

Table 3 shows maximum likelihood estimates of
the GEV parameters at all stations, which includes
standard errors for all estimates. Return values are
estimated from the GEV distribution fitted for each
time series, which enables the evaluation of rare
events, such as the maximum temperatures that are
exceeded on average every 10, 20 and 50 yr, i.e.
return level at 10, 20 and 50 yr. Due to the relatively
short time series, return levels for very long return
lyperiods are prone to errors (Kharin et al. 2007).

The high temperature of 50°C is expected to be
exceeded every 20 yr in Dhahran, and every 10 yr in
Kuwait, 48°C every 10 yr in Doha and 46°C every
10 yr in Eilat. It should be noted that the confidence
intervals are comparatively wider for certain stations
such as Aleppo and Amman for RL20 and RL50.

4. DISCUSSION AND CONCLUSIONS

This study applies different concepts of EVT to
characterize heat waves in the region of the eastern
Mediterranean and Middle East. Due to the scarcity
of reliable and available data, only 15 stations have
been used to explore these characteristics, focusing
on main urbanized areas. They span several climate
zones, and different definitions of heat waves can
be applied, which make these locations interesting
to study. Moreover, in the absence of metadata
available for the 3 GSOD stations presenting signifi-
cant change points (see Table 1), we assumed that
these change points could be attributed to climatic
events. This might be equally related to the accu-
racy of measurement for each station in different
time periods or other non-climatic factors affecting
the data quality. Despite the inhomogeneities found
in these stations, they were kept in the analysis
because of the lack of gaps and the relatively good
quality of the time series. These inhomogeneities
might have affected the final results. Our data
sources do not guarantee the best quality for the
data provided, and no correction of inhomogeneities
is possible without metadata. More meteorological
data at stations throughout the region with better
quality are needed for a full assessment of heat



Heat waves (yr)

106 Clim Res 63: 99-113, 2015

Aleppo Eilat Kuwait
5 [5) o 7 0 [S) 8 o) 00
p-value = 0.12 p-value = 1.6e-02 p-value = 3e-04
6 - o o o
4 — o o} oo o
5 - o o) o o o 6 © ° o
3 o o fee’e) o 4 - (o) o o
4 -
24 o o o o © [eRee) 3
2 2
1H400 o O o
1
0 000 0 o o 0 0 4 o o 0 -
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Amman Isparta Nicosia
8] p-value = 0.88 © [ p-value = 1.3e-03 © 8 7 p-value:0.19o ©
o 6 - o o o
6 o o © oo 5 | 6
o o o 4 o o o
4 @ o 4 - o @
o o To 3 7 0O 00 0O 00O a
241 o 0 0 0 0O © [e'e] o] 2 2 - o o 0o
o o 1 o co O o o o o 00 o
0 o) e 0 oo [eee) 0 o 04 o
T T T T T T T T T T T T T T T T T T T T T T T T
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Cairo Istanbul Shiraz
8 0 0 0 12 A o
p-value = 2.5e-03 | p-value=0.0 p-value = 8e-02
8 10
o]
8 -
o o o
6 -
o o) o
4 - o [ee)
o © o
2 - o} (o]
o @] 0]
0 qoo o 0 Q0 O Q
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Dhahran Jerusalem Tabriz
[9) 10 9 6 - [9)
12 - p-value = 0.00 p-value = 2e-02 p-value = 0.73
8 | 57
© 4 oo o
6 — o o o
340 oooo o o
47 2 4 oo co o o 000
2 7 1 4o ocoo o o o o 0o
0 0 O 00 o) 04 o 0 e) [ee) o o
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Doha Kermanshah Van
¢} 7 — 00 12 ¢
g p-value = 1e-04 o p-value = 5e-04 p-value = 0.54
6 —
10 ©
o (e}
5 o 8 - o
4 - o
6 -
3 lee} o
4 - o o o
2 oo o o 0
1 2 4o o [&}
o o o o 000
0 4o omwoooo oo o) 0 - e) 00 O 00
T T T T T T T T T T T T T T T T T T T T T T T
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005

Fig. 3. Number of clusters (heat waves) per year. The red line depicts the trend in clusters based on a threshold of 95th per-
centile, using the locally weighted scatterplot smoothing curve (LOWESS). P-values are produced from the likelihood-ratio
test against the null model of no trend



Tanarhte et al.: Heat wave characteristics in the Levant 107

Maximum temperature (°C)

Aleppo Eilat Kuwait
48 p-value = 0.07 °© 47| o palue=06 ° R | pvalue = 042 © °
’ 50.5 o o 00
46 — o 46 o o o -9 o
o o o (o)
o 45 6 ° o ° - oo oo °
44 1 o
om = co 2 © 8 % o ° w ol 49.54 % o 8 oBo o
oC) o o) o
42 o O no [¢] 44 o 8 080 Q- 80 o
O
o o S 3 080 o 4 8 ] UUOO Oggr:ggh o 48.51 oocgo Boo
407 8£O © o 43 © O@ O CO Oe ’ O [eS] O O O8
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Amman Isparta Nicosia
43 | p-value = 0.24 o o © p-value = 5e-03 ° o 444 ©  pvalue=o066 o .
— o
— o e} 38 8 o ° o
41- oo © o° ol 437 o B
2 o © 37 ° ° * 0% oo ©
— (o] 8 o © o (o] o] o
o O [0 o) (9] 42 - ) o)
o0 1) o (o] Py [¢] o)
39 5 Q 36* ao 0] [e) 0O o S
6P ° o O o o 8 0700 8 oo e ©o % o° o)
] 0000 % © ol @ _O/eg.io—/o%——e/%_ M1 o] ° o ° g0 ;oog
o O o o
| €8P0 g0 35 0 Qo0 o oo P oy 8 o0 P 8880
87 °w 8 08@ e ogoo 8 oo 8% 0o S0 8 80@000 40,‘3 © 00980 009 ° o %
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Cairo Istanbul Shiraz
44 o o © 40 p-value = 0.15 © Jo ©
p-value = 0.89 o o © p-value = 041
N 38 o ° 42.5
o)
42 o i 6o © oo o o o 15 6 o o © °
| o a o o
o o go 36 o © g0 415 [o) % o o° o
40 o od o © o 0 @ © ° R o o
— [oXNe0'e) 8 o Q - 0@% %ee*_ 34 ° Q 0880 8o 83 n [) o o o
00 o ° g o cooo 8 40.5 8°
387000000‘ ‘oo?ooo? © 800‘ ooéo%? 32 W ‘:go‘g § __o oo‘
1975 1985 1995 2005 1975 1985 1995 2005 1980 1990 2000 2010
Dhahran Jerusalem Tabriz
51+ p-value = 5e-03 00 40 p-value = 0.96 © 41+ p-value = 0.28 00
50 o °© o ° o 40- o o o
387 o o QO o o
o ) o
49 - o o o oo o 8° o o
o © 00 36 o o© K o 39 o 00
48 Py 1S N o oo *© On 2 ° w o o0
0 %00 go° e o ° ° o© 38
47 B—o o 34 | o0 0o 0w 5 0 0p O °
8% ° 0 © B % goge o% 0668°%° > B35 o
o 0°0 0 o
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Doha Kermanshah Van
50_| p-value = 0.15 ol 44 ) ° 37 p-value = 0.88 °
o 1 p-value = 0.16 o 36 |
49 43
o o | 35 o o o o
(@] ]
48 ° . oo o 42 | a4 o 8000 g o
S} e} o) o
47-Hoo0o0 0 © ~o o&g@u =¥ a1 334 o o0 5,00 o % oo
46 o B O P I 5T
%0008%\68 i 407 SN o %oo %)@80 O@§8
a5l © 6 °oBen B | 4| ‘ o0 %0 8 31450 o gm 968
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005

Fig. 4. Maximum temperature within clusters with trend lines for the 50 % quantile (blue) and 75 % quantile (red)



Heat wave duration (d)

108 Clim Res 63: 99-113, 2015

Aleppo Eilat Kuwait
10 00 7 ) o) 7 - o
6 [es) 6 — o o o o
8 o o
o 5 4 o o o 5 — o fee)
6] ° ° 4 & 4 o0
o o
4 0o o 34 o 00 OO0 0000 3 - 0O 00O [eXeel
00 (o] o o 2 aoO O 00 GO0 CO OO 00 0O 00O 2 - QO O 0O G0 QO o]
240 [c oo Q
50 %0 000 000 O O 1 1 -] 0 0O ©OCOD OO
0 000 [ee) o o o 0 1 o o 0 —lo © o 0
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Amman Isparta Nicosia
6 o 1) 12 o) 12 9
5 oo o) o o) 10 10 o
4 © S 8 1 o o 8 | ° o o
3 o) 0 0O 000 © o) 6 © 2 6 0
1 ] o
2 - oo o oo OO0 000X 00O 4 | 4 | o} o
© o o 0
1 2 T oo o mmerer 2
0 O 0000000 000000 0000000 OD O 000 OG0
0 o 0 oo [eee) o O 0 4 o
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Cairo Istanbul Shiraz
8 o o] 10 o 0
° ° 10 . o
67 © 8 o 0 o
O o] o 6 ] o o
6 o) o
4 o) [} ¢} o
oo o o o
4 - o ° ° 4 - o [eXe) o o
240 0 o0 o 00 00 00 00O CCO 0o 0O ° © ©o0
2 00 00 00 24 o o ooo o
T 000000000000 0000000 TO O OO 000 0O O
0 - o) 010 o] o) 0 qo® o @ o O o)
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Dhahran Jerusalem Tabriz
7 ) 7 - 5 7 [S)
6 6 — o o 6 o
54 o o 5 o [e}Ke} [e}No) 54 o O 00
4 o feoe) 4 44 o o
34 [ee) o ° 3 - 00 © 000 000 O O 34 o o o o
2 O 0 00000 O 00O 2 S 2 0 0 O O 0 oo
1 SO08005 1 400 O 000000 OO0 OO0 OOOOOOO000 1-H0 000 COOCOoO O COOOA0
0H{oow ™o [oXe} o 04 o 0 o 0 o o)
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
Doha Kermanshah Van
[ 7 8- o)
10 6 ° o
8 5 6 o oo a
00
- 4
6 4 o o]
4 | o 3 o O o Qoo o o
6 oo 2 2+ oooco o 0o o o oo oo
2 b = NS 1 © 6. OO
0-{ o e} o 0 10 000 0 0o 00 o 01 o 00 o [eXe)
1975 1985 1995 2005 1975 1985 1995 2005 1975 1985 1995 2005
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Table 3. Estimates of the generalized extreme value (GEV) parameters with their standard errors, and return level (RL) values
at 10, 20 and 50 yr with their 95 % confidence intervals (in parentheses) for all stations (°C)

Station GEV parameters RL10 RL20 RL50
Location p Scale ¢ Shape

Aleppo 4150 £0.32 1.72+0.24 0.009 +0.13 45.50 (44.09 - 46.91) 46.68 (44.55 - 48.81) 48.34 (44.92 - 51.77)
Amman 38.78+0.29 1.58+0.21 0.15+0.12 41.79 (40.89 —42.70) 42.55 (41.37 —43.73) 43.42 (41.72 - 45.12)
Cairo 4194 +0.28 1.54+0.21 0.35+0.13 44.32 (43.77 - 44.86) 44.75 (44.13 - 45.37) 45.17(44.35-45.99)
Dhahran 47.60+0.23 1.28+0.16 0.23+0.11 49.84 (49.24 - 50.43) 50.33 (49.62 - 51.04) 50.86 (49.91 — 51.81)
Doha 46.82+0.22 1.24+0.14 0.26 + 0.07 48.92 (48.41 - 49.44) 49.37 (48.79 — 49.94) 49.83 (49.15 - 50.51)
Eilat 44.35+0.17 091 +0.12 0.049 +0.13 46.30 (45.62 - 46.97) 46.88 (45.93 —47.82) 47.60 (46.14 — 49.06)
Jerusalem  36.04 +0.35 1.77+0.24 0.28+0.10 38.99 (38.19 - 39.78) 39.60 (38.71 —40.48) 40.22 (39.14 — 39.14)
Isparta 3522+0.24 1.32+0.17 0.24 +0.12 37.51 (36.90 — 38.12) 38.01 (37.27 — 38.75) 38.55 (37.53 — 39.56)
Istanbul 34.42+0.31 1.68+0.23 0.074 +0.13 37.90 (36.73 — 39.08) 38.90 (38.90 —40.54) 40.11 (37.60 — 42.63)
Kermanshah 41.55+0.24 1.26+0.18 0.40+0.13 43.40 (43.00 - 43.81) 43.72 (43.29 —44.14) 44.01 (43.48 — 44.53)
Kuwait City 49.34 +0.21 1.17+0.16 0.56 +0.11 50.84 (50.59 - 51.10) 51.04 (50.81 - 51.27) 51.20 (50.96 — 51.45)
Nicosia 41.33+0.20 1.03+0.14 0.14 +0.149 43.31 (42.69 - 43.94) 43.83 (42.97 — 44.69) 44.42 (43.13 - 45.72)
Shiraz 40.74 £0.18 0.99+0.12 0.32+0.085 42.33(41.96 —42.70) 42.64 (42.24 —43.04) 42.95 (42.48 — 43.41)
Tabriz 38.06 £0.23 1.24+0.16 0.30+0.10 39.58 (39.58 — 40.56) 40.47 (39.92 -41.03) 40.88 (40.18 - 41.57)
Van 32.06 £0.29 1.60+1.60 0.22+0.09 34.90 (34.14 — 35.65) 35.54 (34.65 - 36.43) 36.24 (35.09 — 37.39)

waves, especially in the desert areas such as in
Saudi Arabia.

EVT distributions have been used to model the fre-
quency and cluster maxima of heat waves and trends
have been detected. Other characteristics of heat
waves e.g. cluster duration and maximum tempera-
tures within clusters have been explored. We found
that the highest temperature in the summer season
(as defined in this study) is increasing in Dhahran,
Doha, Kuwait and Isparta, and for the other stations
no significant changes could be detected. On the
other hand, we found that the number of heat waves,
defined as clusters, increased drastically over the last
four decades at most stations, whereas the intensity
and the duration of the heat waves did not change.
The return levels of the highest maximum tempera-
tures could be quantified using GEV distribution.

The comparison of our results to similar studies
using ETCDDI indices shows discrepancies because
of the different methodology and definitions of sum-
mer and heat waves applied here. For example,
Kostopoulo et al. (2005) found a significant positive
trend in the Tx90 index (which is defined as ‘days
with Tmax > 90th percentile of daily Tmax of the
base period') across the eastern Mediterranean indi-
cating an increase in the very warm days. This could
not be generalized for this region in our analysis. A
clear trend in the highest maximum temperatures
has been observed only in the Middle East stations.
Similarly, Kuglitsch et al. (2010) used modified
ETCDDI indices to quantify the trends in heat wave
intensity, heat wave length and heat wave number in
the eastern Mediterranean, with a high station den-

sity in Turkey and for the period 1960-2006. They
found a large increase in the mean intensity, length
and number over this period. This could not be con-
firmed in our analysis, in which only the cluster num-
ber increased. On the other hand, our results are con-
sistent with the results of Zhang et al. (2005) for the
Middle East region, Donat et al. (2014) for the Arab
region and Almazroui et al. (2014) for Saudi Arabia,
in which significant, increasing trends have been
found in the annual maximum of daily maximum
temperature.

The focus of this study is to explore new methods
and approaches to statistically characterize heat
waves in a region very concerned with heat waves.
The methodology allows us to understand several
aspects of heat waves using robust statistical meth-
ods. EVT offers a broad range of tools to analyze heat
waves and their characteristics.

This study includes several assumptions related to
the definition of a heat wave. The studied station
data span several climate zones, and the description
of heat waves is based on different methods. Using
the EVT methods allows an ‘objective’ definition,
based only on statistical criteria. Nevertheless, the
choice of the threshold above which a heat wave is
defined can be crucial. The fitting to the GPD of the
temperature anomalies is possible only if the chosen
threshold is high enough so that the assumption of
exceeding a sufficiently high threshold is valid. The
choice of the 95% quantile threshold needs to be
examined carefully in case it is high enough to satisfy
this assumption. Similarly, the ‘summer’ season has
been defined based on the data in this study, and the
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fact that the probability of the temperature exceed-
ing the threshold is high enough to be considered.
This explains the length of the season considered.
These choices can influence the results.

The use of EVT helps to quantify the return levels
of severe heat waves, with a robust assessment of
their characteristics and their trends. Future investi-
gation of 21st century projections of heat waves by
climate models would provide an improved under-
standing and better tools for policy makers, e.g. in
view of adaptation in the energy and water sectors in
this region.
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Fig. Al. Histograms and estimated generalized extreme value (GEV) probability functions for the highest summer maximum
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Fig. A2. Q-Q plots for the cluster maximum excess under the generalized Pareto (GP) distribution at the 15 stations
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