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Depending on where you live in the world and what you do for a living, 

You will have a very different opinion on rain from others. 

In some countries, rain is the great facilitator of life. 

Not just for drinking water for people and the wildlife, 

But for farmers who need rain to grow their crops. 

Rain is vital for the cycle of life.  

However, in other countries where there is no shortage of rainfall, 

It is seen as nothing more than an inconvenience. 

Even worse, recent heavy rainfall has resulted in severe flooding and deaths. 

In this way, rain can be seen as both the giver and the taker of life. 

 

 

 

 

 

 

 

 

I dedicate this thesis to my family 

To the whole people who have been oppressed in my home country” Syria”. 



i 

 

Summary 

 

As precipitation is a very important parameter of climate and hydrology, 

exploring spatial and temporal distribution and variation of this variable can give 

an idea about climate conditions and water resources in the future. Therefore 

accurate mapping of the temporal and spatial distributions of precipitation is 

important for many applications in hydrology, climatology, agronomy, ecology 

and other environmental sciences. In this thesis, spatiotemporal distributions and 

variations of total annual, seasonal and monthly precipitation of the Eastern 

Mediterranean (EM) are analysed. The Eastern Mediterranean is one of the most 

prominent hot spot of climate change in the world further; extreme climatic events 

such as drought are expected to become more frequent and intense in this region. 

 Main data source is instrumental data of monthly and daily precipitation at 

103 and 70 meteorological stations, respectively.  

Spatial coherence analysis, coefficient of variation (CV), rainfall 

seasonality index (SI), incomplete gamma distribution and precipitation 

concentration index (PCI) are applied to evaluate the seasonality and variability of 

annual, seasonal and monthly precipitation amounts and their distribution. Daily 

precipitation concentration index (CI) is used as an important index for specifying 

daily rainfall characteristics. Additionally, rainfall entropy is also calculated for 

monthly and daily data for finding the most suitable probability distribution under 

the available information. High to moderate irregularity and rainfall concentration 

are the two very characteristic features of rainfall in the EM. Highest values of 

daily CI are detected in the southern parts of the EM. Distribution of annual 

precipitation CI trends indicate a statistically significant increase in the northern 

and northwestern regions of the EM. 

Four meteorological drought indices (DIs) are calculated at monthly time 

scale, the Standardized Precipitation Index (SPI), the Modified China Z Index 

(MCZI), the Statistical Z -scores and the Rainfall Decile based Drought Index (DI) 

while the Effective Drought Index (EDI) is calculated at daily time scale. All 
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selected DIs with multiple time steps are applied to compute the severity for five 

time steps of 3, 6, 9, 12 and 24-month, and compared with each other and EDI. 

The most significant factor affecting the spatial accuracy of drought indices is 

seasonality. Study of DIs shows that the DIs are highly correlated at same time 

steps and can alternatively be used and the DIs computed for 6 and 9-month time 

step are best correlated with each other. SPI and MCZI are more consistent in 

detecting droughts for different time steps. EDI is found to be best correlated with 

other DIs when considering all time steps. The investigation shows that the use of 

an appropriate time step is as important as the type of DI used to identify drought 

severities. 

Principal Component Analysis (PCA) is employed and reveals the main 

modes and spatiotemporal variability of seasonal and annual precipitation and 

droughts over the EM. The preliminary analysis indicated tendencies towards a 

drier climate due to a statistically significant decrease in annual precipitation over 

the EM.  

The analysis of indicators of extreme events reveals a much more complex 

transformation of the climatic pattern with strong regional and seasonal variation. 

The results demonstrated that an extreme wet spells in the EM will shorten 

in all seasons, except autumn. Precipitation extremes are projected to become more 

pronounced in the northern parts of the EM than in southern ones and tend to be 

more significant during autumn. Extreme and heavy precipitation events showed 

a statistically significant decrease in whole parts of the EM and in the southern 

ones, respectively with a significant decreasing in total precipitation amount. A 

significant increase in daily intense precipitation events in the northern parts of the 

EM.  In addition, climate extreme indices recommended by the joint World 

Meteorological Organization (CCL/CLIVAR/JCOMM) Expert Team on Climate 

Change Detection and Indices (ETCCDI) are also calculated for daily precipitation 

data.  

Finally, Mann- Kendall test, cumulative sum chart (CUSUM), regime shift 

index (RSI) calculated by a sequential algorithm are applied for detecting the shifts 

in the means of seasonal and annual precipitations. Mann-Kendall test and the 
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linear slopes of trends are calculated using Sen’s slope estimator to determine the 

trend magnitude for SPI, CI, extreme precipitation indices, dry and drought 

periods.  The highest decreasing of rainfall amounts is found in spring and winter 

and these seasons are the overall driving factor of trends in annual precipitation. 

Overall results of the trend analysis on the reconstructed shows that over last 52 

years the drought events are more sever and frequent after 1990s  over the EM 

which reflects negative effects on socio- economic sectors as well as water 

resources in this region. The findings of this study could be used or extended in 

further studies in the future to gain insights regarding the precipitation variability, 

drought patterns and extreme events over the domain of the EM. 

Key words: Eastern Mediterranean, Precipitation variability, Climate 

regionalization, Temporal trends, Drought indices, Climate extremes.  
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1.1 Introduction of topic 

Precipitation varies substantially from year to year and over decades. Not 

only the amount but also the intensity, frequency, duration or timing of rainfall can 

change and affect the environment and society (Trenberth, 2011). 

Precipitation over land may be stored temporarily as snow or soil moisture, 

while excess rainfall runs off and forms streams and rivers, which discharge the 

freshwater into the oceans, thereby completing the global water cycle (Fig 1.1). 

The global warming refers to an unequivocal and continuing rise in the average 

temperature of earth surface. This is being caused by the increasing of greenhouse 

gases concentrations produced by human activities with an associated impacts vary 

from region to region around the globe and contribute significantly to recent drying 

in some areas by driving warming over land and ocean (Dai, 2011).  It is predict 

that the subtropics will dry and expand poleward in the current century as a 

consequence of greenhouse gas-driven climate change (IPCC, 2007, 2013). 

 

Figure 1.1 The global annual mean Earth’s water cycle for the 1990s.  

Units: Thousand km3 for storage, and thousand km3/yr for exchanges. 

From Trenberth et al. (2007). 
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Under global warming, the water holding capacity of air increases by about 

7% per 1°C warming, which leads to increased water vapour and the moisture 

content in the atmosphere, which in turn may lead to increase in total precipitation 

amount and heavy precipitation events (Hense et al., 1998; Trenberth, 1999; 

Trenberth et al., 2003; Allan and Soden, 2008).  

In the sub-tropics, where evaporation is primarily controlled, increased 

heating causes a greater evaporation which increases the surface drying, thereby 

increasing the intensity and duration of drought (Trenberth, 2011; Dai, 2011). 

Based on observed precipitation data, the changes of total precipitation in many 

countries and regions have been detected (Dai et al., 1997; Zhai et al., 2005; 

Longobardi and Villani, 2009) which proved that there were an increasing trend in 

land precipitation at higher latitudes since the beginning of the twentieth century, 

and a decreasing tendency at the subtropics and tropics outside of the monsoon 

trough after about 1970 (Trenberth and Jones 2007; Trenberth, 2011).These 

decreases are more evident in the Mediterranean, southern Asia, and throughout 

Africa. 

Precipitation over the USA, Canada, and Northern Europe increased 

significantly in the twentieth century (Karl and Knight 1998; Zhang et al., 2000; 

Trenberth and Jones., 2007). In contrast, precipitation in the Mediterranean, 

including the eastern, central-western Mediterranean basin, Italy, and Spain, 

decreased in latter half of the twentieth century (Piervitali et al; 1998; Trenberth 

and Jones, 2007) associated with deep changes in its spatiotemporal variability 

(Piervitali et al.,1997; Millan et al., 2005; Mehta and Yang., 2008). The 

implications of these changes are particularly significant for these areas, stressed 

by the combination of a dry climate and an excessive water demand. Changes in 

the precipitation characteristics are very important for agriculture, hydrology and 

water resources. 

Climate change can significantly impact the hydrological cycle of the 

Mediterranean region. Increased evaporation has been detected, whereas regional 

precipitation has decreased during recent decades (Mariotti, 2010; Allan and 
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Zveryaev, 2011) resulted in significant increases in the loss of fresh water from the 

Mediterranean Sea into the atmosphere.  

Increased heavy rains are detected in most regions even when mean 

precipitation is not increasing (Easterling et al., 2000; Groisman et al.,  

2004, 2005, Alexander et al., 2006; Groisman and Knight, 2008). Much of this 

increase occurred during the last three decades of the 20th century and expected to 

be increased in the 21st century over many areas of the globe (IPCC, 2013). 

1.2 The climate of the Mediterranean region 

The Mediterranean region extends over three continents namely Europe, 

Africa and Asia and covers an area of about 1.35 million km2 landmasses and 2.5 

million km2 sea surface (without the Black Sea). 

The Mediterranean region can be viewed as transitional zone located 

between moderate climate of European mid latitudes and semiarid and arid climate 

of northern Africa and the Middle East. This area is influenced by subtropical and 

mid-latitude climate dynamics being directly affected by continental and maritime 

air masses with significant origin differences (Barry and Chorley, 2003), which in 

turn considered as the main causes of its phenomena complexity and richness 

(Lionello et al., 2012). This location produces a high rates of evapotranspiration, 

a large climate variability at multiple timescales and a very strong seasonal 

variability in precipitation in many areas (Lionello et al., 2006; Lionello et al., 

2012). All these factors make the Mediterranean to be among the “Hot-Spots” in 

the future climate change projections (Giorgi, 2006, Diffenbaugh and Giorgi 2012) 

and hypothesized that climatic change may have the greatest effects (Lavorel et 

al., 1998). Mountains play a major role in maintaining the water supply in the 

region, as they are the main contributor to runoff (Beniston, 2003; De Jong et al., 

2009).  

The Mediterranean climate is overall defined as a mid-latitude temperate 

climate with a warm or hot dry summer season (Köppen, 1990). 

Major climate type of the Köppen classification for the Mediterranean climate is 

characterized by hot, dry summers and cool, wet winters and located between 

http://en.wikipedia.org/wiki/K%C3%B6ppen_climate_classification
http://global.britannica.com/science/climate-meteorology
http://global.britannica.com/science/Koppen-climate-classification
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about 30° and 45° latitude north and south of the Equator and on the western sides 

of the continents. Depending on the summer temperature, the climate is divided 

into the Csa and Csb subtypes. However winter and summer temperatures can vary 

greatly between different regions with a Mediterranean climate. Most of the 

Mediterranean precipitation above all in the eastern basin occurs from October to 

March reaching its peak during the winter months (Xoplaki, 2002). Spring and 

autumn also contribute to a significant amount of precipitation. The Mediterranean 

area is characterized by strong spatiotemporal contrast in precipitation patterns 

related to its geographical position, changes in the large-scale atmospheric 

circulation and also the orographic features differences. (Xoplaki et al., 2004; 

Lionello et al., 2006; Brunetti et al., 2011) (Fig 1.2). A high heterogeneity of 

seasonal precipitation regimes can be observed in some Mediterranean areas 

(Martin-Vide and Olcina Cantos, 2001).  

 

Figure 1.2 Seasonal distribution of precipitation over the Mediterranean according to 

the monthly database from the Global Historical Climatology Network (GHCN) over 

1948–1990 (Adapted from Fernández et al., 2003). 

 

Summer conditions over the eastern Mediterranean are highly persistent, 

particularly during the July–August period. The lower levels of the atmosphere are 

dominated by the Persian trough (Alpert et al., 1990; Bitan Saaroni et al., 2003; 

http://global.britannica.com/place/Equator
http://global.britannica.com/science/continent
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Ziv et al., 2004), a surface low-pressure trough extending from the Asian 

monsoon through the Persian Gulf, and along southern Turkey to the Aegean Sea. 

The seasonal cycle of precipitation in the Mediterranean Basin is manifested 

through warm and dry conditions in summer and rainy conditions from October to 

April, mainly associated with cyclonic disturbances that also exhibit a significant 

intermonthly variability (Alpert et al., 1990; Trigo et al., 1999; Trigo, 2006; Flocas 

et al., 2010). Precipitation, evaporation and atmospheric moisture transport are the 

key elements of the regional atmospheric hydrological cycle. Evaporation is the 

major part of Mediterranean water budget, while annual precipitation constitutes 

half the amount of evaporation rate (Mariotti et al., 2002). It is now well known 

that there are many mechanisms driving precipitation variability in different parts 

of the Mediterranean region and these large-scale atmospheric circulation patterns 

explain much of the variability and trends in precipitation and temperature at the 

regional scale (Trigo and Palutikof, 2001; Brunetti et al., 2002; López-Bustins et 

al., 2008; Vicente-Serrano et al., 2009). 

 The main patterns found to be important for the Mediterranean Region are 

the North Atlantic Oscillation (NAO) which is the major driver for precipitation 

variability in the Euro–Mediterranean region both in winter (Hurrell 1995; 

Dünkeloh and Jacobeit 2003, Martin et al., 2004) and summer (Zveryaev, 2004; 

Zveryaev and Allan, 2010). The NAO has been shown to impact both marine and 

terrestrial ecosystems (Fromentin and Planque, 1996; Alheit and Hagen, 1997; 

Beniston, 1997). The NAO is seen to markedly affect snowpack variability and 

water resource availability in many mountain areas (López-Moreno et al., 2011).  

Dunkeloh and Jacobeit (2003) emphasize the important role of the East 

Atlantic Jet pattern (ET) (Barnston and Livezey 1987) for summer and the 

Mediterranean meridional circulation pattern for winter and spring precipitation 

variability in Mediterranean region. The ET is responsible for the modulation of 

precipitation in the EM (Krichak et al., 2002) and can explain much of 

precipitation anomalies in the Mediterranean which cannot be ascribed to the NAO 

(Quadrelli et al., 2001). There is also indication of the East Atlantic/Western 

Russia pattern (EA/WR) (Barnston and Livezey 1987) influence on the Eastern 
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Mediterranean precipitation (Hurrell et al., 2001; Krichak and Alpert, 2005). Price 

et al. (1998) indicated a possible role of the El Niño Southern Oscillation (ENSO) 

associated effects. A number of other studies have indicated that ENSO related to 

rainfall anomalies are found at a nation wild-scale in Mediterranean and in Middle 

East regions in spring and winter and other periods of the year (Rodó et al., 1997; 

Türkes, 1998; Arpe et al., 2000). Strong negative stresses in the precipitation of 

the west and central Mediterranean were caused by persisting positive trends in 

NAO phase after the 1970s while, in the Eastern Mediterranean, positive phases 

of EA/WR in the same period further enhanced precipitation deficits. For example, 

Krichak et al. (2002) observed reduction of the north Israel precipitation by the 

EA/WR positive trend.  

The Mediterranean Oscillation MO has been considered as the most 

important regional low-frequency pattern influencing rainfall in the Mediterranean 

basin (Corte-Real et al., 1995; Kutiel et al., 1996; Maheras   et al., 1999; Dunkeloh 

and Jacobeit, 2003; Baldi et al., 2004).  The Western Mediterranean Oscillation 

(WeMO) have been highlighted as the most important for explaining the climate 

variability of different sectors of the Mediterranean region (Martin-Vide and 

Lopez Bustins, 2006; Lopez-Bustins et al., 2008; Lana et al., 2015) and could also 

explain the non-stationary nature of the link between NAO and climate in eastern 

Iberia (Beranova and Huth, 2007; Vicente- Serrano and López-Moreno, 2008).  

It is foreseen that recent climatic changes will negatively affect vegetation 

water availability due to variation in rainfall amounts, changes in dry spells 

frequency and intensity, and expected decrease in rainfall infiltration (Pereira, 

2011). These quantitative or qualitative changes can irreversibly damage the 

human communities and natural ecosystems (Luterbacher et al., 2006) by affecting 

causing significant impacts on natural, social and economic sectors, water 

resources, agriculture, ecosystems, forestry, health, insurance and industry (Parry, 

2000; Huang et al., 2014). Thus, the Mediterranean climate shows a complex 

pattern of spatial and seasonal variability, the matter makes the prediction of 

rainfall variability from year to year, within the year and spatially during the single 

rainy event is so difficult. Therefore, the tendencies of rainfall distribution patterns 
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in Mediterranean are difficult to assess due to the inter-annual variability of its 

climate (Ramos et al., 2006). 

The Eastern Mediterranean (EM) region is located in the area where both 

mid-latitude and sub-tropical atmospheric processes play significant roles during 

the rainy season, (Petterssen, 1956; Shay-El and Alpert, 1991; Krichak and Alpert, 

1998; Shay-El et al., 2000). Climate of the EM and especially that located in the 

Eastern Coastal Mediterranean zone is characterized by changeable rainy weather 

with moderate temperatures during the cool seasons, and dry and hot weather in 

summer. The conditions fit the ‘‘Mediterranean’’ type of the Köppen and Geiger’s 

(1936) classification. They are significantly determined by the location of the 

region in the zone dominated by polar front activity in winter, and by a subtropical 

high-pressure system during summer. The EM region is a part of a continental 

system extending from south-western to south-eastern Europe (in its northern part) 

to central Asia and north-eastern Africa (in its eastern and southern parts). It is also 

characterized by substantial differences in the amounts of solar radiation between 

northern and southern parts. A large part of the EM air moisture originates from 

the North Atlantic and Arabian Sea areas (Lionello et al., 2006). 

The most prominent influence of independent large scale circulation mode 

is the NAO in the EM (Dunkeloh and Jacobeit, 2003; Martin et al., 2004). Other 

teleconnection patterns such as North Caspian Sea Pattern (NCP) (Kutiel et al., 

2002) and the EA/WR (Krichak and Alpert, 2005) have been demonstrated to play 

an important role too in the study area. A teleconnection pattern between the EM 

and northeastern Atlantic was identified at 500 and 300 hPa in winter, which will 

be referred to as the Eastern Mediterranean Pattern (EMP), appearing as an 

independent mode of the upper circulation. A positive phase of EMP is associated 

with a decrease in temperatures and an increase in precipitation, while the opposite 

occurs during the negative phase of EMP. It was found that the EMP continues to 

influence the regional climate of the Eastern Mediterranean in the future under 

warmer global conditions with inverse impact between the two phases (Hatzaki et 

al., 2007). The negative phase of the EMP prevails throughout the year with the 

maximum frequency at wintertime (Hatzaki et al., 2007). The higher composite 
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anomalies of precipitation reduction during the negative phase are consistent with 

the overall predicted decreasing in the future winter precipitation (Raisanen et al., 

2004) and the decrease of cyclone frequency over the Eastern Mediterranean 

(Lionello et al., 2002; Anagnostopoulou et al., 2006).Moreover, winters in the EM 

are characterized by passing disturbances known as Cyprus cyclones and, during 

periods without them, intrusions of high pressure systems and polar air masses 

(Alpert et al., 1990; Saaroni et al., 1996; Levin and Saaroni, 1999). During 

summer, the EM is influenced by the quasi-stationary Persian Gulf trough system.  

The Eastern Mediterranean and the Middle East (EMME) are an extremely 

sensitive area to climatic changes which are associated with increases in the 

frequency and intensity of droughts and hot weather conditions (Lelieveld et al., 

2012). Precipitation patterns in the EMME do not only depend upon the synoptic 

weather conditions but also on the pronounced topography, for instance, the 

Taurus and Zagros Mountains through which the Euphrates and Tigris rivers 

supply the much needed water downstream (Barth and Steinkohl, 2004; Evans et 

al., 2004). Rainfall seasonality is a very important issue in the EMME and a strong 

northwest-southeast gradient of the contribution of winter precipitation to the 

annual totals is detected (Lelieveld et al., 2012). From southern Greece and Libya 

towards the Middle East, the winter precipitation contributes more than 50% of the 

annual totals, even other parts in Egypt, Jordan, Israel, Lebanon, southern Turkey 

and Cyprus, it reaches 60–80% (Xoplaki, 2002). 

It has been demonstrated that local or regional changes of meteorological 

parameters in mid-latitudes, including rainfall, are mainly controlled by the 

atmospheric circulation (Steinberger and Gazit-Yaari, 1996). Nevertheless, not all 

observed changes in rainfall can be explained by changes in atmospheric 

circulation (Goodess and Jones, 2002).  

1.3 Precipitation variability and change in the Mediterranean. 

Rainfall variability in space and time is one of the most relevant 

characteristics of Mediterranean (Sumner et al., 1993; Romero et al., 1998). 

Precipitation variability occurs over a wide range of temporal and spatial scales, 
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i.e. at global (New et al., 2001), regional (Lawrimore et al., 2001) and subregional 

scales (Gonzalez- Hidalgo et al., 2011). Mediterranean region is characterized by 

complex pattern of inter-annual as well as intra-annual rainfall variability. 

Since 1970s, the changes in rainfall patterns in the Mediterranean region has 

been evidently detected (Maheras, 1988; Maheras and Kolyva-Machera, 1990; 

Wheeler and Martín-Vide, 1992). Climatic conditions in the Mediterranean Basin 

have become drier and warmer in the recent decades (Kafle and Bruins, 2009), and 

climate change models predict a decrease of up to 20% in total annual rainfall by 

the year 2050 (UKMO, 1995; Evans, 2009, 2010; Black, 2010) with an increase of 

the frequency of heavy/intense rainfall events in autumn and winter seasons, 

particularly in the winter (Brunetti et al., 2001; Kostopoulou and Jones, 2005) An 

increase in inter annual rainfall variation in the EM was also predicted 

(Evans,2009; Black,2010). Giorgi and Lionello (2008) projected a pronounced 

drying (–25% to –30%) in the current century for the Mediterranean region, most 

markedly in summer. 

These decreased rainfall regions include the Middle and Eastern 

Mediterranean, and the western and southern margins of Turkey (ECSN, 1995). 

Changes in rainfall (rather than temperature or CO2) is the most important 

component of climate change in the Mediterranean Basin, where water is the 

primary limiting resource (Fay et al., 2000; Miranda et al., 2011; Shafran-Nathan 

et al., 2012). Many regions have already observed negative trends in precipitation 

over the Mediterranean land during the last decades (Steinberger and Gazit-Yaari, 

1996; Piervitali et al., 1998; New et al., 2001; Giorgi, 2002; Xoplaki et al., 2004; 

Longobardi and Villani, 2009; Toreti et al., 2010; Ziv et al., 2013; IPCC,2013; 

Coric et al., 2015; Pérez-Palazón et al., 2015), although annual precipitation may 

vary strongly from region to another depending on local topography. Arnell (2004) 

showed that most countries in the EMME are prone to increasing water stress. 

Precipitation in the Mediterranean is scarce and irregular and there is a significant 

risk of much drier future climate conditions (Lionello et al., 2012). Current climate 

models predict an increase tendency in the Mediterranean mean surface pressure 

in the future, an increase in the frequency of anticyclonic circulation, and a 



10 

 

weakening of the local Mediterranean storm track (Lionello and Giorgi 2007; 

Rojas et al., 2013; Seager et al., 2014; Zappa et al., 2015).  Under climate change 

scenarios the precipitation in the Mediterranean is projected to decline in all parts 

and all seasons (Giorgi and Lionello 2008; IPCC, 2013; Dubrovsky et al., 2014; 

Seager et al.,2014) leading to increasing aridification , reduction in fresh water 

supplies and  decrease in river runoff in the region (Evans, 2008; Lelieveld et al., 

2012) (Fig 1.3). It has been noticed that the change in the number of dry days, 

rather than in the mean precipitation per rainy day contributes to the precipitation 

reduction in the subtropics, including most of the Mediterranean area  

(Polade et al., 2014) 

The work by Mariotti et al. (2008) using CMIP3 multi-model simulations 

showed that the average model prediction had a 20% decrease water availability 

and 24% increase in freshwater losing over the Mediterranean basin due to a 

progressive decrease in rainfall during the 20th century (in average −0.007 mm/ 

day per decade) and enhanced evaporation which would accelerate in the 21st 

century, followed by rapid drying from 2020 and onwards (-0.02 mm/ day per 

decade).  

Shaltout and Omstedt (2012) demonstrated that the EM experienced a 

drying trend of 0.06 mm /month/year over the 1958–2009 period. It is also 

expected that the drying trends in the Mediterranean are not uniformly distributed 

(Giorgi and Lionello, 2008). 

Projections in anthropogenic scenarios also show that this decrease of 

annual rainfall is associated with an increase of heat-waves and droughts and 

expected to start earlier in the year and last longer (Giorgi, 2006; Beniston et al., 

2007; Giorgi and Lionello, 2007). 
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Figure 1.3 CMIP5 multi-model mean results of projected average percent change in 

annual mean precipitation for (2081-2100) relative to (1986-2005). 

(Source: IPCC, 2013, Summary for policymakers)  

 

The total annual rainfall will decrease, while seasonal and inter-annual 

variation in rainfall will increase (Golodets et al., 2013) with very wet years 

alternating with drought ones. This water demand is associate with extreme 

population growth which exacerbates the risk in this region (Chenoweth et al., 

2011).  Under these conditions, drying became more evident in parts of central and 

the EM and in particular in the Italy–Greece region (Xoplaki 2002; Feidas et al., 

2007; Nastos and Zerefos 2009).  

According to the recent IPCC (2013) assessment, the Mediterranean region 

is projected to experience a significant drying trend associated with increasing sea 

surface temperature until 2100. Across the Mediterranean, studies about rainfall 

concentration showed more irregular values in daily rainfall concentration under 

Mediterranean climate types (Cortesi et al., 2012). According to the European 

trend atlas based on weather station data (Schonwiese et al., 1994; Schonwiese and 

Rapp, 1997) and on trend analyses applied to gridded rainfall data (Jacobeit, 2000), 

the majority of the Mediterranean regions, however, have tended toward 

decreasing winter precipitation during the last few decades, mostly starting in the 

1970s and proceeding to an accumulation of dry years in the 1980s and 1990s. 

Recent downscaling results (Lionello et al., 2008; Evans, 2009; Jin et al., 2010; 

Dai, 2011) suggest that the EM will experience a decrease in precipitation during 

the rainy season due to a northward displacement of the storm tracks. 

RCP 2.5 RCP 8.5 
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Higher precipitation concentration, represented by higher percentages of the 

yearly total precipitation in a few very rainy days was detected in many parts of 

Western Mediterranean (Brunetti et al., 2000, 2001, 2004; Costa and Soares, 2009; 

Brunetti et al., 2012; Brugnara et al., 2012), whereas no statistically significant 

trend has been detected in the number of intense or extreme events (Kioutsioukis 

et al., 2010). Finally, the expected drying trends in the Mediterranean Sea are not 

uniformly distributed, as there are sub-areas where wetting trends are also expected 

as the Alps region especially in winter (Giorgi and Lionello, 2008) and some sub-

regions in the south and east (Jacobeit et al., 2007). 

1.4 Extreme precipitation 

Under the background of global warming, frequencies and intensities of 

extreme climate events may either increase or decrease, with obvious regional 

differences (IPCC 2007, 2013). In recent years, there is an increasing concern in 

weather and climate extremes, since they may cause serious disasters to human 

society and nature and seem to be more sensitive to climate change than mean 

values (Karl and Easterling 1999; Trigo et al., 2006; Aguilar et al., 2009).  

Extreme weather and related societal impacts are becoming an increasingly 

interesting area and also has received much more attention in many regions around 

the world, including Southeast Asia (Endo et al., 2009), North America (Kunkel, 

2003), Central America and northern South America (Aguilar et al., 2005), India 

(Pal and Al-Tabbaa, 2011), Middle East (Zhang et al., 2005a), Greece 

(Kioutsioukis et al., 2010), South Portugal (Durao et al., 2010), Southern and West 

Africa (New et al., 2006) and Germany (Zolina et al., 2008). On the global scale, 

daily climate extremes also have been analyzed (Alexander et al., 2006), indicating 

that the changes in precipitation extremes present a complicated pattern and have 

apparent regional characteristics. 

Many results have shown that the increases in economic losses, coupled 

with a rise in deaths, may be caused due to the facts that climate extremes are 

increasing in frequency and intensity. Climate extremes can also affect energy 

consumption, human comfort and tourism (Henderson and Muller, 1997; Subak et 
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al., 2000). The Intergovernmental Panel on Climate Change (IPCC) concluded in 

its Fourth Assessment Report (IPCC, 2007) that climate change has begun to affect 

the frequency, intensity and duration of extreme events such as very high 

temperatures, extreme precipitation, droughts, etc. Some of the changes in weather 

and climate extremes observed in the late 20th century are projected to continue 

into the future. Extreme events comprise a facet of climate variability under stable 

or changing climate conditions. The extremes are related to several environmental 

factors which increase their frequency and intensity such as: Ocean-atmospheric 

variables relationships, air temperature (Blain, 2011), precipitation (Grimm and 

Tedeschi, 2009), wind speed (Friederichs et al., 2009) and sea surface temperature 

(SST) (Silva and Mendes, 2013), regional micro-climate changes (Willems et al., 

2012) and orographic effects (Houze et al., 2012).  Both frequencies and intensities 

of extreme precipitation over mid- and high-latitude land regions of the North 

Hemisphere have increased in recent decades (Alexander et al., 2006) and might 

be a response to the anthropogenic global warming (IPCC 2007, Zhang et al., 

2007). Global warming was suggested to be linked with an increase in heavy 

rainfall due to an increase in atmospheric vapour and the warmer air (IPCC, 2001).  

Xoplaki et al. (2012) and Ulbrich et al. (2012) demonstrated different types 

of extremes occur in the Mediterranean region: warm summers, explosive 

cyclones, extreme dust events and stormy wind-wave heights.  

Precipitation extremes in the EM are more complicated as compared to other 

Mediterranean areas, due to their complex topographical features. Kostopoulou 

and Jones (2005) assessed the annual maximum number of consecutive dry days 

in the EM, indicating an increase of the maximum length of dry spells during the 

last decades. The EM especially, showed a tendency towards drier conditions 

(Kutiel et al., 1996; Türkeş, 1998), while the western and central areas indicated a 

negative trends in the number of wet days and mean annual precipitation over the 

period 1951–1996 (Brunetti et al., 2001; Alpert et al., 2002). Mediterranean 

precipitation extremes make an important contribution to the seasonal totals. 

Approximately 60% of annual mean is attributed to precipitation extremes (Toreti 

et al., 2010). 
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1.5 Drought, and drought in the Eastern Mediterranean 

Drought are recognized as an environmental disaster and has attracted the 

attention of environmentalists, ecologists, hydrologists, meteorologists, geologists 

and agricultural scientists (Wilby and Wigley, 2000; Paulo et al., 2012). 

Approximately 85% of the natural disasters are related to extreme meteorological 

events (Obasi, 1994) with drought being the one that causes most damages (CRDE, 

2003). 

It occurs in virtually all climatic zones, such as high as well as low rainfall 

areas, and are mostly related to the reduction in the amount of precipitation 

received over an extended period of time, such as a season or a year. It is a 

recurring phenomenon that affected all this area with different intensities, 

durations and spatial extents which is often stated that drought is one of the most 

complex natural hazards, and that it affects more people than any other hazard 

(Wilhite et al., 2007).The definition and identification of drought events have long 

been objectives of many research efforts (Lloyd-Hughes and Saunders, 2002; 

Mishra and Singh, 2011). It has been defined by the international meteorological 

community in general terms as a “prolonged absence or marked deficiency of 

precipitation which results in water shortage for some activity or causes a serious 

hydrological imbalance (WMO, 1992; AMS, 1997). Other researchers defined 

drought as a natural recurrent feature of the climate cycle occurs in different 

climatic zones which is generally perceived to be a prolonged period with 

significantly lower precipitation relative to normal levels or increased evaporative 

demand or a combination of both of them resulting in diminished water resources 

availability and reduced carrying capacity of the ecosystems (Pereira et al., 

2002).According to Salinger (1995), drought-like conditions occur when the 

supply of moisture from precipitation or stored in the soil or hydrological reservoir 

is insufficient to fulfil the optimum water requirements of plants, water supply for 

urban dwellers, and inflows into hydro-power lakes. The start of a drought is not 

easy to ascertain, although its end may be. Droughts appear suddenly, spread in an 

unstructured manner, and can end in various ways (Wilhite, 2000). 
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Drought is generally classified into four categories (Dracup et al., 1980; 

Wilhite and Glantz; AMS, 1997, 2004; Mishra and Singh, 2010): 

 (1) meteorological drought which is an indicator of other drought types with 

below normal precipitation, and usually occurs first before other types of drought 

(Olukayode –Oladipo,1985;WMO,2012; Zhao et al., 2013) and determined by the 

difference in precipitation from the normal average in a region over a certain period 

of time; (2) hydrological drought, occurs when river streamflow and water storage 

in aquifers, lakes, or reservoirs fall below long-term mean levels and persist long 

after a meteorological drought has ended; (3) agricultural drought, it is a period 

with dry soils resulting from below normal precipitation, or increase evaporation 

which lead to reduced crop production and plant growth, this is influenced by 

multiple factors, such as soil moisture, crop type and irrigation; (4) socioeconomic 

drought which relates the supply and demand of various commodities to drought. 

The relationship between the different types and categories of drought is complex 

and can be illustrated as in Fig 1.4. 

Common to all types of drought is the fact that they originate from a 

deficiency of precipitation that results in water shortage and availability for some 

activity or for some group (Wilhite and Glantz 1985). 

 

Figure 1.4 The sequence of drought impacts associated with meteorological, agricultural 

and hydrological droughts (National Droughts Mitigation Centre, USA). 
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Drought severity, duration, frequency and spatial extent are the most useful 

indicators for assessing the spatiotemporal characteristics of droughts in a given 

region (Zhai and Feng, 2008; Burke and Brown, 2010; Nandintsetseg and Shinoda, 

2012), which in turn considered as one of the most important aspects of drought 

disaster mitigation (Wan et al., 2014). These characteristics are increasing, the 

percentage of the world subjected to extreme drought will expand from 1% to 30% 

in the 21st century (Burke et al., 2006), and the number of severe drought events 

and drought duration are likely to increase (Blunden et al., 2011). Severe drought 

can adversely affect crop yield, increase risk of forest fires, exacerbate and 

intensify land degradation and desertification, and increase competition for 

resources and the social violence (Pausas, 2004; MacDonald, 2007). However, 

temperature has a very important role in the moisture availability and various 

empirical studies have demonstrated that an increase in temperature affects the 

severity and duration of droughts (IPCC, 2007) and the response of a specific 

system to drought can be very complex (Vicente-Serrano et al., 2011). 

The seasonality and climatological conditions vary by location. Drought 

severity may differ between regions under different climatic conditions. Semi-arid 

areas pose a challenge due to large contrasts between dry and wet conditions within 

a temporal cycle (Shahabfar and Eitzinger, 2013). Drought episodes evidently 

increased in Southern Europe and Mediterranean during the second half of the 20th 

century (Alpert et al., 2002; Serra et al., 2006; Kafle and Bruins 2009). 

 The increased drought frequency was observed over land areas surrounding 

the Mediterranean Sea in recent decades (Mariotti, 2010) which had serious 

consequences on ecosystem functions and services such as the water resources, 

vegetation diversity and productivity (Noy-Meir, 1973; Weltzin et al., 2003; 

Goldest et al., 2013) and food security  (IFPRI, 2009). The land area surrounding 

the Mediterranean Sea has experienced ten of the twelve driest winters since 1902 

in just the last 20 years (Hoerling et al., 2012). Weiß et al. (2007) assess that 100-

year droughts will occur more frequently in the future over large parts of the 

Mediterranean area. The wintertime Mediterranean precipitation over 1902-2010 

has likely changed toward drier conditions and can be understood in a simple 
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framework of the region’s sensitivity to a uniform global ocean warming and to 

modest changes in the ocean’s zonal and meridional sea surface temperature 

gradients which likely played an important role in the observed Mediterranean 

drying (Hoerling et al., 2012). 

The AMS (1997) suggested that the time and space processes of supply and 

demand are the two basic and important processes which should be included in the 

drought definition for a good and correct derivation of a drought index. Drought is 

usually monitored and quantified by drought indices, and various indices have 

been developed to describe the drought in different applications (Dracup et al., 

1980; Wilhite and Glantz, 1985). Univariate indices are usually used to identify a 

drought when the variable exceeds a certain threshold value, such as precipitation 

(Blenkinsop and Fowler, 2007; Sylla et al., 2010), runoff (Wang et al., 2011) and 

soil moisture (Wang, 2005). Operationally, using an index for drought 

characterization serves the many purposes such as: (1) detecting of drought event 

and its real-time monitoring (Niemeyer, 2008), (2) describing the onset and the 

end of a drought period (Tsakiris et al., 2007), (3) allowing drought managers and 

policymakers to identify the drought levels response (Zargar et al.,2011), (4) 

evaluating the drought event (Niemeyer, 2008), and, (5) representing the concept 

of drought in a region (Tsakiris et al.,2007).  

Further, The Mediterranean region is affected by land degradation and 

desertification to a greater degree than most other regions in the world and is likely 

to continue to experience it to a greater degree in the future. Desertification is not 

only caused by climate but also by several decisions taken at all levels in society 

regarding land use (Xoplaki, 2004). The situation is approaching critical levels in 

Morocco, Lebanon, Syria, Israel and Turkey, while the northern parts of the 

Mediterranean are at a lower risk of desertification than the eastern and southern 

ones. Moreover, water availability already falls below, or approaches 1,000 m3 per 

capita per year in all southern parts of the EM (ARLEM report, 2011).  

Several reports in the last few years have suggested that climate change and 

natural resource scarcity contributed to the events that have rocked the Middle East 

some Arab Countries such as Syria, Egypt and Libya since December 2010. They 
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have considered that the Arab Spring represents merely one example of what 

climate change may look like in the future. Climate change can explode into 

revolutions and tensions in these fragile social regions (Lagi et al., 2012). For 

instance, in Syria, A UNDP report found that nearly 75% of farmers in northeast 

Syria experienced total crop failure and lost more than 85% of their livestock. 

Another United Nations report found that more than 800,000 Syrians have lost 

their entire livelihoods as a result of the droughts. These environmental challenges 

especially drastic changes in resource availability caused a violent unrest in these 

countries. It is  increasingly clear that global and regional climatic changes have 

played a role in multiplying stress in this region, and that the impacts of climate 

change will have to be properly addressed by the affected governments and the 

international community (Femia and Werrell, 2012). 

1.6 Literature review on precipitation trends in the Mediterranean. 

The analysis of spatio and temporal precipitation variability has been of 

great concern during the past century by the increased attention to global climate 

change.Many previous studies have studied the climatic variations over the EM, 

particularly, the rainfall variability and its relation to large-scale atmospheric 

circulations (Stanhill and Rapaport, 1988; Ribera et al., 2000; Maheras et al., 2001; 

Kutiel et al., 2002). 

 The relationship between large-scale atmospheric circulation and regional 

precipitation in Mediterranean has been also extensively studied and there are 

several studies which revealed the change in precipitation characteristics in 

different regions. For example, Krichak et al. (2002) found a combined effect of 

the NAO and the EA/WR on the rain regime in Israel. Maheras et al .(1999) 

investigated the role of large-scale circulation on wet and dry anomalies over the 

Mediterranean basin, emphasizing that dry seasons over the Mediterranean are 

influenced by a complex circulation over this region. For example,  

Espírito Santo et al. (2014) confirmed the role of NAO as a one of the most 

important teleconnection patterns in any season, and it has the greatest influence 

on precipitation extremes over mainland Portugal. 

http://www.undp.org/content/undp/en/home/librarypage/crisis-prevention-and-recovery/2011-global-assessment-report-on-disaster-risk-reduction/
http://www.preventionweb.net/english/hyogo/gar/2011/en/bgdocs/Erian_Katlan_&_Babah_2010.pdf
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Several studies have considered the precipitation trend in various areas of 

the Mediterranean region. Most of these studies show a decreasing tendency of 

rainfall in the vast majority of the Mediterranean region (Amanatidis et al., 1993; 

Karl, 1998; Alpert et al., 2002; Xoplaki et al., 2004; Kostopoulou and Jones, 2005; 

Lopez-Bustins et al., 2008; Toreti et al., 2010; Shaltout and Omstedt, 2014).  

In spite of the decrease in the total rainfall over the Mediterranean, an 

increase in extreme daily rainfall was found for the period 1951–1995 (Alpert et 

al., 2002). Morin (2011) found that the Mediterranean region is subjected to large 

inter-annual rainfall variability.  

Palmieri et al. (1991), Brunetti et al (2004) and Brunetti et al (2006) confirm 

a strong decrease in precipitation trends over Italy, with a rainfall reduction of 

about 135 mm in the southern regions during the last 50 years.  

Martín Vide (1987), Raso Nadal (1996), Montón and Quereda (1997) 

demonstrated a precipitation reductions in the southern parts of the Iberian 

Peninsula which become increasingly more pronounced southward and eastward. 

Another study by Lopez-Bustins et al (2008) showed a significant decrease of 

winter rainfall in the western and central areas of Iberian Peninsula presents 

throughout the second half of the 20th century.  

Cannarozzo et al. (2006) have also studied the spatial and temporal 

characteristics of annual and seasonal precipitation for 250 meteorological stations 

in Sicily, Italy over 1921-2000. Their results showed a significantly decreasing 

precipitation trend in annual and seasonal precipitation especially in winter. 

Shlomi and Ginat (2009) detected a decrease rainfall trends in the southernmost 

part of Israel between the years 1950 and 2008. Ziv et al. (2010) indicated the 

significant decrease trend over the majority of Israel only in the spring, reflecting 

a shortening of the rainy season associated with significant increase in dry spells. 

Kahya and Kalayci (2004), Partal and Kalayci (2006) and Önol and Unal (2014) 

identified the regions of western and southeastern Turkey as areas of significant 

decreasing trends. Toros (1993) found a decreasing trend in the seasonal and 

annual rainfall after 1982 in the western part of Anatolia concluding that this 

decrease did not result from climatic change, but rather was only due to rainfall 



20 

 

fluctuations. In the context of climatic variability, Turkes (1996) analysed the 

spatial and temporal characteristics of Turkish annual mean rainfall and exhibited 

a significant downward direction in the mean annual precipitation for the majority 

parts of Turkey. Partal and Kalayci (2006) demonstrated a noticeable decrease in 

the annual mean precipitation in western and southern Turkey, as well as along the 

coasts of the Black Sea. Hatzianastassiou et al .(2008) showed the decreasing trend 

in mean annual precipitation due to the winter and spring decrease and the analysis 

indicated that the changing precipitation patterns in the region during winter are 

significantly non-correlated with the (NAO) in Greece. The same decrease was 

detected over most parts in Jordan, Syria and Lebanon too (Al-Mashagbah and Al-

Farajat, 2013; Abou Zakhem and Hafez, 2007; Arkadan, 2008; Tarawneh and 

Kadiglou, 2002; Shehadeh and Ananbeh, 2013). In Cyprus, the period from the 

mid-1950s to the mid-1970s was at a low rainfall level compared with the first half 

of the 20th century (Kutiel et al., 1996). 

On the other hand, the evolution of changes in extreme climatic severity in 

the second half of the twentieth century has been studied. Several studies have 

detected at the global scale an increasing trends in extreme precipitation indices 

which also have been found in some studies in the Mediterranean region such as 

Xoplaki et al. (2004), Rodrigo (2010), Acero et al. (2012) and García-Barón et al. 

(2013). Sillmann and Roeckner (2008) detect significant increases of the 

consecutive dry day (CDD) index in regions over the Mediterranean especially 

along the African coast. 

 In the Eastern Mediterranean (EM), a significant decreasing trend affect the 

annual number of events with precipitation 10mm, and the same tendency has 

been identified in winter for most areas in the EM too (Kostopoulou and Jones, 

2005). For example, the number of events of extreme precipitation (90th and 95th ) 

presented a statistically significant negative trend in Greece (Kostopoulou and 

Jones, 2005), whereas other studies (Alpert et al., 2002; Tolika et al., 2007) 

demonstrated also that in the EM, especially for stations over Cyprus and Israel, 

extreme precipitation does not present significant trends. Moreover, the results 

of Hertige et al. (2013) pointed to reductions of total and extreme precipitation 
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over the western and central-northern Mediterranean areas in summer and autumn 

and to increases in winter (Hertig et al., 2012). 

In contrast, over the EM area widespread precipitation increases are 

detected in summer and autumn, whereas reductions dominate in winter. It has 

been demonstrated that significant precipitation reductions up to −80 mm are 

assessed over the EM area in winter (Hertig et al., 2013). 

Many indices have been developed to estimate a variety of scales, types and 

impacts of drought and moisture deficiency (Byun and Wilhite, 1999; Heim, 2002) 

but few researchers have evaluated the relative performance of different drought 

indices to describe the different impacts of drought on several systems (Vicente-

Serrano, 2012). Mavromatis (2007) compared different drought indices to evaluate 

the effects of drought on corn productivity. Vasiliades (2011) compared five 

drought indices to assess hydrological drought in Greece. Petros et al. (2011) tested 

and compared several empirical drought indices for evaluating the forestry and fire 

risk management under Mediterranean conditions. Paulo et al. (2012) also 

compared between four drought indices for the Mediterranean conditions. 

Lorenzo- Larcuz et al. (2010) compared the performance of two drought indices 

to determine the responses in river discharge and reservoir storage in central Spain. 

Morid et al. (2006) compared seven meteorological drought indices for drought 

monitoring in Iran. These indices are all rainfall-based ones and are able to 

quantify both dry and wet cycles.  

Sims et al. (2002) compared between drought indices to evaluate the soil 

moisture variations in North Carolina. In China, Zhai et al. (2010) studied the 

relationship between two drought and streamflow data in ten regions. Mishra and 

Singh (2010) and White and Walcott (2009), among others, have pointed 

advantages and limitations of different indices. 
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1.7 Objectives of Thesis 

The most important motivation of this thesis research is the requirement of 

an understanding of the spatio and temporal behavior of precipitation over the EM. 

Defining the variation of precipitation amount that occurs in time and through 

space can support the decision makers in water management, agriculture, urban 

planning, disaster management, energy and transportation. A specified probable 

trend existence over an area may point to future drought. Identifying space-time 

variation and distribution of precipitation may provide valuable information as it 

takes advantage of time variation by including it into interpolation.  

Analysis of daily precipitation distribution and its effects on temporal 

concentration across this area is considered as one of the most important issues in 

climate research. Variation in the distribution of daily rainfall may lead to a higher 

precipitation concentration, generally resulting in an increase in yearly total 

precipitation over a limited number of rainy days. Consequently, changes in the 

temporal distribution of rainfall, and especially such a higher concentration, may 

severely affect water resources, groundwater recharge, water availability and 

hydroelectric production (Paredes et al., 2006; Lopez-Moreno et al., 2009). For 

these reasons, it is important to analyse the statistical structure of precipitation 

rates based on daily precipitation dataset. 

This study overall aims to provide a better understanding of changes in 

precipitation characteristics in the Eastern Mediterranean (EM) for the second half 

of twentieth century and the main objectives of this thesis research work are: 

1. To determine trends in precipitation at the annual and seasonal scale over 

the EM. 

2. To identify abrupt changes in annual precipitation totals in the Eastern 

Mediterranean. 

3. To investigate the spatiotemporal precipitation and variability throughout 

studying its seasonality, concentration and its irregularity.  

4. To analyse the spatial and temporal changes in the frequency distribution 

of rainfall in the EM which will describe any climate changes in rainfall 
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distribution patterns, with due regard to extreme events at the lower and 

upper tails of the frequency distribution. 

5. To improve our understanding of extreme precipitation events in the EM 

through different spatial scales observations, to assess recent changes in the 

tendency of extreme rainfall events.  

6. To assess meteorological drought characteristics over whole area by 

evaluating the spatial and temporal performance of several drought indices. 

7. To compare multi-monthly and daily drought indices to better identify a 

drought event and monitor its severity and frequency.  

The statistical methods used to achieve these objectives are explained in the 

chapter 3.  

 

1.8 Thesis Outline and structure. 

Chapter 1 briefly discusses the climate in the Mediterranean and its general 

projected impacts on agriculture, water resources and hydrological variables. It 

then links climate change with observed and projected precipitation trends in 

several regions over Eastern Mediterranean. Chapter 1 also presents the problem 

statement of this thesis, which contains some reviews about issues that arise last 

two decades to assess trends in precipitation data. Finally, this chapter reviews the 

current literature on the range of topics covered in the thesis. 

 Chapter 2 gives a description of the study period and database used in this 

research and the source of this data. This chapter discusses the different types of 

precipitation data used, which totally cover 103 meteorological stations over the 

Eastern Mediterranean.  

Chapter 3 summarizes the methods and materials used to achieve this 

research which contains all the ways and indices used to describe the precipitation 

variability and drought patterns.  

Chapter 4 shows the whole results and findings of this study and presents 

some discussions of the main results.  



24 

 

Chapter 5 gives a general summary, conclusion, limitations of the study and 

recommendations for further research. It contains lists of the contributions to 

knowledge made by this present study. 
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Chapter Two 

Study Period and Datasets
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2.1 Daily and Monthly data: 

This study overall aims to provide a better understanding of changes in 

precipitation characteristics in the Eastern Mediterranean for the second half of 

twentieth century. By analysing daily and monthly precipitation data, it is possible 

to detect, monitor and attribute changes in precipitation features and 

characteristics, and the extreme events. On regional scale and daily bases, some 

international climate databases available offering resolved data for achieving this 

research. For a better spatial coverage of the Mediterranean region, daily data of 

the European Climate Assessment & Dataset (ECA&D) (http://eca.knmi.nl/) has 

been used (Klein Tank et al., 2002). Additionally, we used the daily Global 

Historical Climatology Network (GHCN-Daily) dataset (Gleason et al., 2002) 

which developed to meet the needs of climate analysis and monitoring studies that 

require data at a daily time resolution.  

The ECA&D database has both blended and non-blended series. Blended 

series are series which combined data of several neighbouring and surrounding 

stations to complete a candidate time series best. Non-blended series contain only 

data recorded by one candidate station. For our study, we used quality controlled 

non-blended series. The ECA&D has been started by the European Climate 

Support Network (ECSN) in 1998 and it is supported by the Network of European 

Meteorological Services (EUMETNET) and the European Commission. 

Number of unpublished station time series were obtained by contacting the 

regional National Hydrological and Meteorological Services. The Syrian 

Meteorological Agency (http://meteo.sy/index.php), Lebanon weather Agency 

(http://www.meteo-book-lebanon.com), Jordan Weather Forecast 

(http://www.jmd.gov.jo/), Israel Government Portal, (The Governmental 

Database) (http://data.gov.il/ims) and Israel Meteorological Service 

(http://www.ims.gov.il/ims/all_tahazit/), Hellenic National Meteorological 

Service in Greece (http://www.hnms.gr/hnms/english/index_html), and Turkish 

State Meteorological Service (http://www.mgm.gov.tr/index.aspx). 

http://eca.knmi.nl/
http://meteo.sy/index.php
http://www.meteo-book-lebanon.com/
http://www.jmd.gov.jo/
http://data.gov.il/ims
http://www.ims.gov.il/ims/all_tahazit/
http://www.hnms.gr/hnms/english/index_html
http://www.mgm.gov.tr/index.aspx
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Long records from three stations were also obtained directly from the 

meteorological agencies in each country: Limassol and Nicosia in Cyprus for the 

period 1887–2012, Beirut Airport in Lebanon, 1877-2012 and Jerusalem in Israel 

1861-2012. 

Unfortunately, daily data are comparatively less accessible than monthly 

values, in part because of the reluctance in many countries to release daily climate 

summaries for widespread public use (Alexander et al., 2006) and for its high 

prices like Jordan and Turkey (in our study). Moreover, many data only exist in 

form of written information which has not been digitized yet (as the first part of 

dataset in Beirut and Jerusalem and some Syrian stations). To cover this problem 

the WMO-MEDARE on Mediterranean Climate Data Rescue was initiated in 2007 

(Brunet and Kuglitsch, 2008), while in the frame of CIRCE efforts are 

continuously addressed to the collection of data from these areas. 

 Two different categorical dataset were used to achieve this research. 

Complete monthly data series for 103 spatially representative stations ranging 

between the year 1917 and 2012 were collected and analysed.  Daily data for 67 

stations of those stations was obtained and used in this research.  

This station network, which is assumed to reflect regional hydroclimatic 

conditions, locates in 9 countries across the Eastern Mediterranean (Cyprus, Egypt, 

Greece, Israel, Jordan, Lebanon, Libya, Syria and Turkey). Functioning period was 

chosen that was common to all stations: 1961-2012. 
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Table 2.1 List of stations used in Precipitation Analysis. 

Country Station 
Start Year 

End 

Year 

Log 

(°) 

Lat 

(°) Monthl

y 

Daily 

Cyprus 

Amiandos 1917 1917 2012 32.9 34.9 

Athalassa 1917 1917 2012 33.4 35.2 

Larnaca Airport 1917 1917 2012 33.6 34.9 

Limassol 1917 1917 2012 33.1 34.4 

Nicosia 1917 1917 2012 33.2 35.8 

Paphos Airort 1917 - 2012 32.5 34.7 

Polis 1917 1917 2012 32.4 35.0 

Egypt 

Alexandria  1901 - 2012 30.0 31.2 

Mersa - Matruh 1901 1959 2012 27.2 31.3 

Port Saied  1901 - 2012 32.3 31.3 

Greece 

Alexandroupoli 

Airport  
1955 - 2012 25.9 40.9 

 Hellinikon Airport 1955 1955 2012 23.7 37.9 

Herakilon Airport  1955 1955 2012 25.2 35.3 

Kithira Airport 1955 1955 2012 23.0 36.3 

Larissa Airport 1955 1955 2012 22.4 39.6 

Methoni 1955 1955 2012 21.7 36.8 

Milos  1955 - 2012 24.5 36.7 

Mytilene Airport 1955 1955 2012 26.6 39.1 

Naxos  1955 - 2012 25.4 37.1 

Souda Airport 1955 1955 2012 24.1 35.5 

Thessalonoki Airport 1955 1952 2012 23.0 40.5 
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Tripolis Airport  1952 - 2012 22.4 37.5 

Israel 

Ashdod 1940 1940 2012 34.4 31.5 

Ashdot Ya'akov 1940 1940 2012 35.6 32.7 

Beer Sheva 1940 1940 2012 34.8 31.2 

Beer Tuvia  1940 - 2012 34.7 31.7 

Gazit 1940 1940 2012 35.3 32.8 

Har Kanaan 1940 1940 2012 35.2 31.5 

Jerusalem 1940 1940 2012 35.2 31.9 

Kfar Menachem 1940 1940 2012 34.5 31.4 

Lod Airport 1940 1940 2012 34.5 31.6 

Mitzpe Roman  1940 - 2012 34.8 30.6 

 Tel Aviv 1940 1940 2012 32.0 32.0 

Jordan 

Amman Airport 1924 1961 2012 36.0 32.0 

H-4 Irwaidhed  1924 - 2012 38.2 32.5 

Irbid 1924 1961 2012 35.9 32.5 

Lebanon 

Beirut Airport 1877 1960 2012 35.5 33.8 

Trepoli 1931 1960 2012 35.8 34.5 

Libya Benina 1945 1945 2012 20.3 32.1 

Syria 

Abu Kamal 1958 1961 2012 40.9 34.4 

Aleppo 1946 1961 2012 37.2 36.2 

Athria 1958 1961 2012 37.5 35.2 

Damascus-Airport 1937 1961 2012 36.5 33.4 

Daraa 1958 1961 2012 36.1 32.6 

Deir Ezzour 1946 1961 2012 40.2 35.3 
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Edleb 1961 1946 2012 36.6 35.9 

Hama 1958 1961 2012 36.8 35.1 

Hasakah 1958 1961 2012 40.8 36.5 

Hmemiem Airport 1958 1961 2012 35.9 35.4 

Izraa 1958 1961 2012 36.3 32.9 

Jarablous 1958 1961 2012 38.0 36.8 

Kamishli 1958 1961 2012 41.2 37.1 

Kharabo 1946 1961 2012 36.5 33.5 

Lattakia 1937 1961 2012 35.8 35.5 

Meslmia 1946 1961 2012 37.2 36.3 

Nabek 1946 1961 2012 36.7 34.0 

Palmyra 1946 1961 2012 38.3 34.6 

Raqa 1958 1961 2012 39.0 35.9 

Safita 1958 1961 2012 36.1 34.8 

Salamia 1946 1961 2012 37.0 35.0 

Swedaa 1958 1961 2012 36.6 32.7 

Tartous 1958 1961 2012 35.9 34.9 

Tl-Abiad 1958 1961 2012 39.0 36.7 

Turkey 

Adana Incirlik  1939 - 2012 35.4 37.0 

Afyon  1939 - 2012 30.5 38.8 

Akhisar  1939 - 2012 27.9 38.9 

Alanya  1940 - 2012 32.0 36.6 

Ankra Esenboga  1940 - 2012 33.0 40.1 

Antalya  1939 - 2012 30.7 36.9 
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Aydin  1961 - 2012 27.9 37.9 

Balikesir  1938 - 2012 27.9 39.6 

Bandirma  1961 - 2012 28.0 40.3 

Bolu 1939 1961 2012 31.6 40.7 

Bursa 1939 1961 2012 29.1 40.2 

Canakkale  1938 - 2012 26.4 40.1 

Corum 1939 1961 2012 35.0 40.6 

Denizil 1961 1961 2012 29.1 37.8 

Diyarbakir 1939 1961 2012 40.2 37.9 

Edirne  1939 - 2012 26.6 41.7 

Elazig  1939 - 2012 39.3 38.6 

Eregli / Konya  1961 - 2012 34.1 37.5 

Erzincan  1961 - 2012 39.5 39.7 

Eskisehir  1939 - 2012 30.6 39.8 

Finike 1961 1961 2012 30.2 36.3 

Gazianteb 1939 - 2012 37.4 37.1 

Iskenderun 1939 1961 2012 36.2 36.6 

Isparta 1939 1961 2012 30.6 37.8 

Istanbul-Ataturk 1939 1961 2012 28.8 41.0 

Izmir/Cigli  1939 - 2012 27.0 38.5 

Kastamonu 
1939 1961 2012 33.8 41.4 

Kayseri / Erkilet  1961 - 2012 35.4 38.8 

Kirsehir  1939 - 2012 34.2 39.2 

Konya 1939 1961 2012 32.5 38.0 
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Kutahya  1961 - 2012 30.0 39.4 

Malatya/ Erhac  1939 - 2012 38.1 38.4 

Mugla  1938 - 2012 28.4 37.2 

Nigdi  1961 - 2012 34.7 38.0 

Silifke  1961 - 2012 33.9 36.4 

Sivas 1961 - 2012 37.0 39.8 

Tokat 1961 1961 2012 36.6 40.3 

Urfa  1961 - 2012 38.8 37.1 

Usak  1939 - 2012 29.4 38.7 

Uzgat  1961 - 2012 34.8 39.8 

 

Figure 2.1 Location map of stations with continous daily and monthly records of 

precipitation for the period 1961-2012 (see also table 2). 

 

 

 Stations with daily and monthly data (70) 

 Stations with only monthly data (33) (1): Greece, (2): Turkey, (3): Cyprus, (4): 

Syria, (5): Lebanon (6): Jordan, (7): Israel, (8): Egypt, (9): Libya. 
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2.2 Data Quality and Homogeneity Test 

The stations were selected based on the general criteria used by the ECA&D 

(Klein Tank et al., 2002b): (1) data must be available for at least 40 years, (2) 

missing data must not be more than 10% of the total, (3) missing data from each 

year must not exceed 20%, (4) more than 3 months consecutive missing values are 

not allowed. 

The quality of the data collected differs from country to country, but an 

effort was made to use the best possible data sources. Nevertheless to get nearly 

complete time series all stations were quality controlled. A common problem in 

climate data series is the presence of inhomogeneities. The majority of these 

appear as abrupt changes in the average values, but also appear as changes in the 

trend of the series (Alexandersson and Moberg, 1997).  

Homogeneity is an important issue to detect the variability of the data. 

Climate data must be as homogenous as possible, especially for analysing extreme 

climate events (Aguilar et al., 2003). In general when the data is homogeneous, it 

means that the measurements of the data are taken at a time with the same 

instruments and environments. The broader data quality control and 

homogenisation scheme used in this study has been applied by many investigators, 

including Vicente-Serrano et al. (2010) and Štěpánek, et al (2009). 

SNHT developed by Alexandersson (1986) to detect a change in a series of 

rainfall data assumes a null hypothesis that the data values of testing variables are 

independent and identically distributed. Under the alternative hypothesis it 

assumes that a step-wise shift (a break) in the mean is present. SNHT reported by 

Alexandersson and Moberg (1997) proposed the construction of ratio (difference) 

reference series, which is generally used in precipitation and temperature studies. 

The most usual approach to obtain adjustment factors is to calculate separate 

averages on the difference or ratio series for two sections defined by a breakpoint 

(Aguilar et al., 2003). When abrupt changes are identified in the time series, the 

obtained means are compared by calculating their ratio or difference and the 
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obtained factor is applied to the inhomogeneous part. Sometimes the changes or 

breakpoints may be gradual. In such a case the inhomogeneous section is detrended 

using the slope calculation on the difference or ratio time series. 

In this research, the AnClim software (Štěpánek, 2007) was used in the 

application of the SNHT to each observatory. The test was applied for monthly 

data, it was also applied to seasonal and annual precipitation series, since this 

approach yields better results than using only monthly series. For each seasonal 

and annual series a T series was obtained using the SNHT. If the value of T in each 

month exceeded a certain threshold, the series was flagged as inhomogeneous. The 

threshold T value can be set to any given confidence level (α), and in this study a 

value of α = 0.05 was used (refer values in Alexandersson and Moberg, 1997).  

To ensure that only one inhomogeneity was present in series when using 

Alexanderson, a further modification was introduced into the AnClim software, 

which divides the series at the position of the found inhomogeneity and test the 

parts before and after the detected inhomogeneity separately. If no additional 

inhomogeneity was found in these two parts, we can rely upon the results of the 

given test for a whole length of the series (especially the significance of a test 

statistic).  

A statistic T(y) is used to compare the mean of the first y years with the last 

of (n-y) years and can be written as below: 

 

 𝑇𝑦= y𝑧1̅+ (n-y)𝑧2̅
        , y = 1, 2,… , n.  where 

 
𝑍1
̅̅ ̅ =

1

𝑦
∑

(𝑦𝑖 − 𝑦)̅̅ ̅

𝑠

𝑛

𝑖=1

 and 𝑍2
̅̅ ̅ =

1

𝑛 − 𝑦
∑

(𝑦𝑖 − �̅�)

𝑠

𝑛

𝑖=𝑦+1

 

The year y consisted of break if value of T is maximum. To reject null 

hypothesis, the test statistic, 

𝑇0 =
max 𝑇𝑦

1 ≤ 𝑦 ≤ 𝑛
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is greater than the critical value, which depends on the sample size.  

The total amount of monthly precipitation series analysed is 1236. Based on 

the results of SNHT, some stations were not homogeneous since the null 

hypothesis for the SNHT are rejected at 0.05 level of significance. However, after 

applying the SNHT to 115 stations, there are 103 stations (89.56%) homogeneous 

and “useful”, 8 stations (6.95%) are inhomogeneous and “doubtful”, and 4 station 

(3.48%) is considered as “suspect”. Depending on these results we discarded 12 

stations and completed this study with 103 stations. Most of the discarded stations 

are located in Lebanon and Jordan. Other stations in other countries have very good 

quality of time series data. 
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Chapter Three 

Methodology 
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3.1 Rainfall spatiotemporal, frequency and variability analyses 

The seasonal and annual spatial variability of the rainfall play an important 

role in many hydrological applications, such as evaluation of water balances, 

management of surface water resources, and forecasting the real- time of runoff 

occurrence. Precipitation can be regarded as a spatiotemporal variable. These 

analysis attempt to better describe the characteristics of the rainfall fields both on 

the temporal and spatial scales. 

 

3.1.1 Spatial coherence analysis and coefficient of variation (CV) 

Kraus (1977) proposed the Standardized Anomaly Index SAI which also 

called Precipitation Index (PI) (Delitala et al., 2000) to measure the spatial 

coherence of interannual anomalies. This index has been widely used in studies on 

precipitation variations and has a number of important statistical properties (Katz 

and Glantz, 1986). The standardized anomaly index SAI (Henceforth precipitation 

index or PI) is defined as the average of the normalized station time series of 

seasonal averages over the M stations. It is constructed from the station average of 

the standardized rainfall anomalies (Katz and Glantz, 1986; Delitala et al., 2000; 

Barbero and Moran, 2011). 

𝑆𝐴𝐼𝑖 =
1

𝑀
∑

𝑥𝑗𝑖 − �̅�𝑗

𝑗

𝑀

𝑗=1

 

 

 Where, i =1…N denotes the year, j= 1…M denotes the station. 

𝑥𝑗𝑖 is the precipitation at the station j at time i (usually a year, a season or a 

month), �̅�𝑗 the long-term time mean and 𝑗 is the interannual standard deviation 

for the same station j. Normalization helps to compare intensity of dry and wet 

months in case of non-homogeneous annual distribution. However, this index still 

uses only one climatic variable. Because sites with higher mean rainfall tend to 

also have higher standard deviations, the SAI results in weighting the drier sites 

more than the wetter ones (Katz and Glantz, 1986). 
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The interannual variance of the SAI [var (SAI)] is a measure of the spatial 

coherence since it depends on the interstation correlations.  

𝑉𝐴𝑅(𝑆𝐴𝐼𝑖) = 𝑉𝐴𝑅(
1

𝑀
∑

𝑥𝑗𝑖 − �̅�𝑗

𝑗

𝑀

𝑗=1

) 

Where �̅�𝑗the long-term time is mean over the M stations and 𝑗 is the 

interannual standard deviation for station j. The VAR (SAI) is a maximum when 

all stations are perfectly correlated VAR (SAI) =1 and a minimum when the 

stations are uncorrelated, resulting in a VAR (SAI) = 1 𝑀⁄   

(Katz and Glantz, 1986). The regional annual 𝑆𝐴𝐼𝑖 time series were also checked 

for normality, which is a prerequisite for the analysis, using the Anderson-Darling 

goodness of fit tests which gives more weight to tails than the Kolmogorov-

Smirnov (K-S) goodness of fit.   

Average annual precipitation maps, however, do not show the natural 

interannual variability of rainfall that occurs. For this reason the coefficient of 

variation CV, expressed as a percentage, was mapped. Higher values of CV 

indicate high variability of rainfall and vice versa.  

The spatial variability of annual rainfall was expressed with the coefficient 

of variation (CV) using total annual rainfall data. The coefficient of variation of 

rainfall CV is defined as the standard deviation () divided by the average annual 

rainfall (�̅�). 

 CV% = 


�̅�
 X 100 

 

According to Hare (1983), CV is used to classify the degree of variability 

of rainfall events as low, moderate and high. Areas with 

 CV > 30% are highly vulnerable to drought (Hare, 1983). In this research, it is 

used to characterize the annual spatial variability of rainfall. High CV values 

(exceeding 35%) indicate a high degree of discrete temporal rainfall distribution. 

Those low CV values (under 20%) are referring to regular temporal rainfall. 

Australian Bureau of Meteorology (2010) used a rainfall variability index 

for analysis of rainfall variability in Australia given as (P90 - P10)/P50 and express 
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the variation in rainfall regimes, where, Pn is nth percentile of the data. Linacre and 

Hobbs (1977) found that the Mediterranean climate patterns produce high winter 

rainfall variability. The threshold value is given in the Table below (3.1). 

 

Table3.1. Rainfall variability index classes based on Australian Bureau of 

Meteorology, (2010). 

Class Index 

>1.5 Very high 

1.25-1.5 High 

1-1.25 Moderate to high 

0.75-1 Moderate 

0.50-0.75 Low to moderate 

<0.50 Low 

 

We have also calculated the skewness and kurtosis coefficients of rainfall 

data to detect the degree of asymmetry exhibited by the data and how the histogram 

peaks, respectively. 

3.1.2 Rainfall seasonality index (SI)  

The distribution of precipitation throughout the seasonal cycle is as 

important as the total annual amount of monthly or annual precipitation. The 

seasonal distribution of precipitation is the result of revolution of the earth 

resulting in the unequal heating of the earth’s surface over the year. The 

distribution of rainfall through the season or year plays an important role in 

recharging the ground water.  

Relative seasonality of rainfall refers to the degree of variability in monthly 

rainfall through the year (Walsh and Lawer, 1981). It assesses seasonal contrasts 

in rainfall amounts rather than whether months are “dry” or “wet” in absolute 

sense. Seasonality index helps in identifying the rainfall regimes based on the 
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monthly distribution of rainfall. In order to define these seasonal contrasts, the 

seasonality index 𝑆𝐼 ̅̅̅̅  and 𝑆𝐼𝑖
̅̅̅̅  proposed by Walsh and Lawer (1981) and 

Kanellopoulou (2002), respectively were computed to quantify the annual rainfall 

regimes. These indices can show differences in relative seasonality even in areas 

with two or three rainfall peaks throughout the year.  

The 𝑆𝐼 ̅̅̅̅  is defined as the sum of the absolute deviation of mean monthly 

rainfall from the overall monthly mean divided by the mean annual rainfall. This 

is calculated by using the following formula which is a function of mean monthly 

and annual rainfall. 

𝑆�̅� =
1

𝑅
∑ |𝑋𝑛 − 

𝑅

12
|

12

𝑖=1

 

Where:  

𝑋𝑛 Mean rainfall of month n. 

  𝑅 Mean annual rainfall. 

 

Theoretically, the 𝑆𝐼 ̅̅̅̅ can vary from zero (if all the months have equal 

rainfall) to 1.83 (if all the rainfall occurs in one month). The mean 𝑆𝐼𝑖
̅̅̅̅   is the 

average of 𝑆𝐼 ̅̅̅̅  for each year i and it is defined as the sum of the absolute deviation 

of monthly rainfall from the mean monthly rainfall of year i divided by the annual 

rainfall (Ri) of year i. 

Table 3.2 shows the different class limits of 𝑆𝐼 ̅̅̅̅  and representative rainfall 

regimes (Kanellopoulou 2002; Guhathakurta and Sagi, 2013). Though the method 

uses the distribution of rainfall for all the 12 months, a seasonal pattern is detected 

when the 𝑆𝐼 ̅̅̅̅  value is higher than 0.6. 
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Table 3.2. Seasonality index (SI) classes and the associated different rainfall regime  

(Kanellopoulou 2002; Guhathakurta and Sagi, 2013).  

Rainfall Regime Seasonality Index (SI) 

Very equable ≤0.19 

Equable but with a definite wetter season 0.20–0.39 

Rather seasonal with a short drier season 0.40–0.59 

Seasonal 0.60–0.79 

Markedly seasonal with a long drier season 0.80–0.99 

Most rain in 3 months or less 1.00–1.19 

Extreme, almost all rain in 1–2 months ≥1.20 

 

In order to evaluate the degree of variability in rainfall regimes the ratio of 

𝑆𝐼 ̅̅̅̅ /  𝑆𝐼𝑖
̅̅̅̅   was also calculated.  

𝑆𝐼 ̅̅̅̅   in all 103 series over 1961–2012 (52-yr) of the study area has been also 

computed in two different periods 1961-1986 (26-yr) and 1987-2012 (26-yr), and 

compared the values between these two periods to detect changes in rainfall 

pattern. 

3.1.3 Temporal irregularity index (S1) 

The temporal irregularity of the pluviometric records can be measured by relating 

in some way consecutive monthly or annual amounts. Since some other indices 

like index of seasonality (SI) does not represent a sufficiently good estimation of 

the temporal irregularity, due to the use of monthly and annual means. Another 

possibility is to use some temporal irregularity indexes. In this research we have 

chosen one of these indices which previously used to characterize pluviometric 

regimes of Spain (Martín-Vide, 1987; Burgueño, 1993). 

𝑆1 =
1

𝑛 − 1
∑ |𝑙𝑛 −  

𝑃𝑖+1

𝑃𝑖

|

𝑛−1

𝑖=1
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𝑃𝑖 is annual or monthly amounts (in this study it refers to both). It is similar 

to a measure of entropy (to be presented in 3.1.5 section), due to the fact that very 

similar consecutive precipitation amounts give an index close to zero. At the other 

extreme, very different consecutive amounts correspond to high values of S 

(0.35). A minor shortcoming of this index is the fact that null amounts, which are 

common for summer months on the Mediterranean coast, cannot be used in the 

computation of last expression of S. In these cases, a smoothing of the amounts is 

considered, assigning totals of (1mm) to precipitations of less than this amount. 

3.1.4 Concentration index 

Spatial and temporal variability of rainfall is an important component of 

having knowledge of the water balance dynamics on different scales for water 

resources management and planning (De Luis et al., 2011; Ezemonye and 

Emeribe, 2011), and they play an important role in agricultural planning, flood 

frequency, hydrological modelling, water resources assessments, evaluating the 

impacts of climatic and environmental factors (Michaelides et al., 2009 as cited in 

Ngongondo et al., 2011). Precipitation totals on annual, seasonal or monthly scales 

are key elements affecting water availability, but precipitation concentration in 

time also plays a decisive role. 

Precipitation concentration is represented not only by the percentages of 

annual total precipitation on several rainy days but also by the time and degree of 

concentration of the total precipitation within a year. Higher precipitation 

concentration has the potential to cause floods and droughts, which is expected to 

have a considerable pressure on water resources. Different indices have been used 

for this purpose, and among these, two types of precipitation concentration index 

were widely applied. The first group of precipitation concentration index (Oliver, 

1980) represents the degree to which annual or seasonal precipitation is distributed 

over 12 or 9 months, while the second type of precipitation concentration index 

(Martin- Vide, 2004) is used to evaluate the contribution of the days of greatest 

rainfall to the total amount (Apaydin et al., 2006; Shi et al., 2014). 
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 In this study, the spatial and temporal patterns of precipitation 

concentration in EM were investigated using two indices: the precipitation 

concentration index (PCI) and the daily concentration index (CI) for measuring 

seasonality and daily heterogeneity using monthly and daily precipitation series, 

respectively. In particular, the trends of PCI and CI were tested by the Mann-

Kendall method, and the relationship between PCI, CI and percentage of 

precipitation contributed by the rainiest days was analysed by the linear correlation 

analysis.  

3.1.4.1 Precipitation Concentration index (PCI) 

Monthly rainfall heterogeneity was investigated using the seasonal 

precipitation concentration index (PCI) series and its coefficient of variability 

originally defined by Oliver (1980) and modified by De Luis et al. (1997) to assess 

the temporal aspects of the rainfall distribution. The modified index is expressed 

as: 

 

𝑃𝐶𝐼𝐴𝑛𝑛𝑢𝑎𝑙 = 100 ×
∑ 𝑝𝑖

212
𝑖=1

(∑ 𝑝𝑖
12
𝑖=1 )2

 

 

Where 𝑃𝑖 is the monthly precipitation in month i. 

The PCI was also calculated on a seasonal scale for winter (Dec-Jan-Feb), 

spring (Mar-Apr-May) summer (Jun-Jul-Aug), autumn (Sep-Oct-Nov), and on 

supra-seasonal scales for wet (October to March) and dry (April to September) 

seasons in the EM according to the following  equations: 

𝑃𝐶𝐼𝑆𝑒𝑎𝑠𝑜𝑛𝑎𝑙 = 25 ×
∑ 𝑝𝑖

23
𝑖=1

(∑ 𝑝𝑖
3
𝑖=1 )2

 

 

𝑃𝐶𝐼𝑠𝑢𝑝𝑟𝑎−𝑠𝑒𝑎𝑠𝑜𝑛𝑎𝑙 = 50 ×
∑ 𝑝𝑖

26
𝑖=1

(∑ 𝑝𝑖
6
𝑖=1 )2

 

According to the proposed formulae, on the annual, seasonal and supra-

seasonal scale, the lowest theoretical value of PCI is 8.3, indicating the perfect 
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uniformity in precipitation distribution (i.e., that same amount of precipitation 

occurs in each month). Also, on all scales, a PCI value of 16.7 will indicate that 

the total precipitation was concentrated in 1/2 of the period and a PCI value of 25 

will indicate that the total precipitation occurred in 1/3 of the period (i.e., total 

annual precipitation occurred in 4 months; total supra-seasonal precipitation 

occurred in 2 months and total seasonal precipitation occurred in 1 month). 

According to this classification, Oliver (1980) suggested that PCI values of 

less than 10 represent a uniform precipitation distribution (i.e., low precipitation 

concentration); PCI values below 10 indicate a uniform monthly rainfall 

distribution in a year, whereas values ranging from 11 to 20 mean seasonality and 

values above 20 correspond to climates with substantial monthly variability. 

3.1.4.2 Daily concentration index (CI) 

Daily precipitation concentration index (CI) proposed by Martin-Vide 

(2004) is an important index for specifying daily rainfall characteristics. It 

measures the irregularity of the rainfall distribution by determining and 

quantifying the area of the concentration curve or Lorenz curve as the 

accumulation of rainy days number against the rainfall accumulated and 

equidistribution regression (Martin-Vide 2004; Zhang et al., 2009; Li et al., 2011; 

Ray et al., 2012; Benhamrouche et al., 2015). A large area represents a higher 

irregularity or a daily concentration. The CI is based on the fact that the 

contribution of daily rainfall events to total amount is generally well described by 

a negative exponential distribution (Brooks and Carruthers, 1953; Martin-Víde, 

2004; Wang et al., 2013), which means that few large daily amounts of 

precipitation occur in a given period and place. Actually, these few large daily 

amounts of precipitation can potentially affect hydrologic input (Martin- Vide, 

2004). 

The threshold 0.1 mm/day was used to separate wet and dry days and a 1 

mm precipitation amount was used as the class interval (in an ascending order) to 

classify precipitation values. Irregularity of rainfall distribution was measured by 

determining percentage of rain contributed by days falling in each class. The 
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number of days with precipitation range falling into each class is counted and the 

associated amount of precipitation is computed, then the cumulative summation of 

that is calculated. 

This approach for calculating cumulative precipitation is more reasonable 

than multiplying the midpoint of each class interval by the total number of rainy 

days (Martin- Vide, 2004). To assess both the impact of different daily 

precipitation values and the contribution of the largest precipitation value to the 

total precipitation value, the accumulated percentages of precipitation (Y) 

contributed by the accumulated percentages of days (X) during Y’s occurrence 

were analysed. From here, the cumulative summation of days and amounts can be 

calculated (Martin- Vide, 2004; Zhang et al., 2009). Finally, cumulative frequency 

of rainy days (X) is plotted against associated precipitation amount (Y). This 

relationship exhibits a positive exponential distribution curve that could be 

described as (Olascoaga, 1950): 

�̂� = a�̂�. 𝑒𝑏𝑥 

Where a and b are constants estimated by the least squares method. 

Generally, this curve is termed the concentration curve or Lorenz Curve (Shaw and 

Wheeler, 1994). Once both constants a and b have been determined, the 

normalized daily precipitation concentration index can be defined as follows: 

CI = S/5000    Where, 

S is the area delimited by the exponential curve, and the line Y = X is 

S= (10000/2) –A, 

With A being the definite integral of the exponential curve = a�̂�. 𝑒𝑏𝑥 between 0 

and 100 (the range of allowed values for x), i.e. the area under the curve  

𝐴 =  [
𝑎

𝑏
 𝑒𝑏𝑥(𝑥 −

1

𝑏
)]

0

1oo

 

This method is used to reveal the structure of precipitation accumulation 

caused by the accumulated number of precipitation days at each station, which can 

then be used to determine the cause of the asymmetrical distribution of 

precipitation. The daily precipitation Concentration Index resembles the Gini 
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coefficient and is the ratio between S and the surface area of the lower triangle 

delimited by the equidistribution line (Martin-Vide, 2004) (Fig 3.1).  

 

Figure 3.1 Exponential curve of accumulated number of precipitation days (Sum 

Ni) versus amount of accumulated precipitation (Sum Pi). 

 

 A high precipitation CI value (0.6) indicates that a high percentage of 

precipitation is concentrated into a few rainy days during the year for a given 

station. Consequently, the Gini coefficient as well as CI have been used as a 

measure of inequality in precipitation distributions. 

This method was implemented on R software using the “precintcon” 

package developed by Lucas Venezian Povoa, 2015. A corresponding R package 

“precintcon” was deposited in the R archive CRAN and is accessible at the URL: 

https://github.com/lucasvenez/precintcon under the GPL General Public 

License. 

3.1.5 Entropy of rainfall (H) 

Entropy is a basic concept in signal communicate on theory. It is a 

fundamental quantity in statistics and machine learning. It evaluates the amount of 

information contained in random signals and quantifies random signals based on 

their occurrence probability. It provides a measure of dispersion, uncertainty, 

disorder and diversification of precipitation intensity and/or precipitation amount 
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(Kawachi, 2001). In this study, it is used to investigate the spatial and temporal 

variability of precipitation 

The concept of entropy was reintroduced in information theory by Shannon 

(Shannon, 1948), who showed that entropy is a purely probabilistic concept, a 

measure of the uncertainty related to a random variable.  

The Shannon Entropy method could eliminate the randomness and establish 

the regularity of the time series. It is a measure of dispersion, uncertainty, disorder, 

diversification, spatial and temporal precipitation variability patterns, so it has 

been used to test the spatial structure and disorder of the precipitation (Chapman, 

1986; Zhang and Liu, 2000).  In order to obtain the entropy of the precipitation, 

the time series of the data for each station was regarded as a single observed event 

separately.  

It has been used in applications assessing variability in the hydrological 

variables (Delsole and Tippett, 2007; Mishra et al., 2009). 

A discrete form of entropy H(x) is given as (Shannon, 1948): 

𝐻(𝑋) = 𝐻(𝑝1, 𝑝2, … . , 𝑝𝑛) = − ∑ 𝑝𝑖𝑙𝑜𝑔𝑝𝑖

𝑛

𝑖=1

 

Where X is a discrete random variable, 𝑃𝑖  is the probability that X assumes 

a value X =𝑥𝑖, and ո is the number of values (sample size), and the value of - 𝑙𝑜𝑔𝑝𝑖 

is an information of a random variable.  Entropy is expressed in bits if the base of 

the logarithm is assumed to be equal to 2 and dit (or digt) for the base 10. 

Thus H expresses our uncertainty or ignorance about the system´s state, it 

reaches its maximum value if all states are equiprobable or there is more evenness 

in the probabilities of random values, that is, if we have no indication whatsoever 

to assume that one state is more probable than another state. Thus, it varies from 

zero to 𝑙𝑜𝑔𝑛 according to the shape of the distribution of probabilities 𝑝𝑖. The 

entropy value decreases with increasing number of constraints and increases with 

their decreasing number. Viewed in this manner, entropy can be regarded as a 

functional estimate of the uncertainty associated with the probability distribution 

(Kawachi et al., 2001). 
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The different time series considered are: annual time series, which consists 

of all months for the entire length of study data; seasonal time series, which consist 

of individual seasons of each year for the entire length of data; and monthly time 

series, which consist of individual months of each year for the entire length of data.  

The entropy would reach its maximum only when the monthly or seasonal 

rainfalls are equal at a given station.  

This method was implemented on R software using the entropy package 

developed by Hausser and Strimmer (Hausser and Strimmer, 2009). A 

corresponding R package “entropy” was deposited in the R archive CRAN and is 

accessible at the URL: 

http://cran.r-project.org/web/packages/entropy/ under the GPL General 

Public License. 

3.1.6 Spatial and temporal changes in rainfall frequency distribution 

patterns 

Empirical histograms of rainfall totals over various time periods, and 

various climatic regions, may show a variety of shapes, from an exponential to a 

positively skewed, or close to normal distribution shape. In regions that have high 

amounts of rainfall, the mean has the highest frequency of rainfall and the 

distribution is close to normal (Vinnikov et al., 1990; Juras, 1994). In arid regions, 

variability is high with low amounts of annual rainfall in some years and high 

amounts in others. The frequency distribution of annual rainfall in arid regions will 

thus present an asymmetric shape with a long tail to the right (positive skewness) 

(Hutchinson, 1990; Wilks, 1990; Yaakov, 2013). Climate change may involve a 

combination of two statistical outcomes: a shift in the location and a change in the 

scale of the distribution function, it is, a shift in the mean of the variable and an 

increase or decrease in the variance (Katz, 1991).  

There are many probability distributions that could be successfully utilized 

to parameterize rainfall distributions. The critical component for these 

distributions is that they must be flexible enough to represent a variety of rainfall 

regimes (Husak et al., 2007). Fitting a theoretical distribution to rainfall totals 
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makes it easy to estimate the frequency of rainfall amounts. Representative 

distribution parameters can be obtained from relatively short-term rainfall records, 

as short as 10 years in length (Revfeim, 1985). 

The gamma distribution, being zero bounded provides a reasonably good fit 

to rainfall data, and has been widely used by many researchers (Mooley, 1973; 

Ropelewski et al., 1985; Wilks, 1989; Ropolewsi and Halpert, 1996; Husak et al., 

2007). Gamma distribution probability may be used to describe the precipitation 

probability and calculate cumulative frequency distribution (Zhai and Feng, 2008). 

It has, therefore, become a popular choice for fitting probability distributions to 

rainfall totals because its shape is similar to that of the histograms of rainfall data. 

According to Wilks (1990), it provides a flexible representation involving only two 

parameters. The probability density function (PDF) for the distribution can be 

presented by the following function: 

 

𝑓(𝑥,, 𝛽) = 𝛽𝛼 .  𝑥𝛼−1 𝑒𝛽𝑥 [Г(𝛼)]−1             𝑓𝑜𝑟 𝑥 0 𝑎𝑛𝑑  , 𝛽 > 0                   

 

Where: x is the random variable (rainfall total over the period of interest),  

is the shape parameter of the distribution expressing the extent of the symmetry 

around the mode, β the empirical of the scale parameter of the distribution, scaling 

the rainfall amount at respective frequencies (Fig 3.2). 
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In this thesis the parameters of the incomplete gamma distribution for the 

annual rainfall amounts at all stations and the goodness of fit are estimated by the 

use of the EasyFit statistical Software, version 5.5 (Math Wave Technologies, 

2011). This is used to determine the best annual rainfall distribution, to calculate 

the distribution parameters α and β and to test the goodness of fit.  

To reveal climatic changes in the temporal and spatial distribution patterns 

of annual rainfall, the 52-yr period was divided into two parts:  

1961-1986 (26-yr) and 1987-2012 (26-yr). The gamma distribution was then fitted 

to the annual totals of rainfall at 103 rainfall stations possessing homogeneous long 

term records. The statistical significance of the changes in the distribution 

parameters between the two periods were checked by two sample t test at the 

significance level of 0.05. The spatial distribution of the shape parameters for the 

two periods, as well as the percent changes of the values of the second period with 

respect to the first one, were then plotted. 

 

 

 

 

 

   =1, β =2 

 =2, β =2 

 =3, β =2 

 =5, β =1 

Figure 3.2 .Probability Density Function (PDF) of gamma distribution for different 

values of shapes and scales  
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3.2 Meteorological drought indices (DIs) 

Drought is often represented in terms of drought indices (DIs) which 

facilitate identification of drought intensity, duration, water deficiency and spatial 

extent (Mishra and Singh, 2010). Drought monitoring is an essential component of 

drought risk management. It is normally performed using various drought indices 

(DIs) that are calculated by integration of hydro-meteorological quantities such as 

precipitation, soil water content (moisture), stream flow, snowpack and 

groundwater over a given temporal-scale (Palmer, 1965; Türkes and Tatli, 2009). 

The World Meteorological Organization (WMO) defines a drought index as 

“an index which is related to some of the cumulative effects of a prolonged and 

abnormal moisture deficiency” (WMO, 1992). DIs evaluate the departure of 

climate variables in a given time interval (month, season or year) from the 

“normal” conditions and are used as monitoring tools and operational indicators 

for water managers which provides a comprehensive picture for drought analysis 

and decision-making (Hayes et al., 2011). Several drought indices have been 

developed, most of them based only on precipitation, some based on precipitation 

and potential evapotranspiration (PET), and others referring to runoff and 

vegetation conditions (Heim, 2002). Friedman (1957) identified four basic criteria 

that any drought index should meet: 1) the timescale should be appropriate to the 

problem at hand; 2) the index should be a quantitative measure of large-scale, long-

continuing drought conditions; 3) the index should be applicable to the problem 

being studied; and 4) a long accurate past record of the index should be available 

or computable. A fifth criteria should be added for indices used in operational 

drought monitoring: 5) the index should be able to be computed on a near-real-

time basis. Drought severity may differ from site to site under different climatic 

conditions, hence, as many as applications of DIs and their comparisons are 

beneficial for specific regions in the world. 

Because of the complexity of drought, no single index has been able to 

adequately capture the intensity and severity of drought and its potential impacts 

(Heim, 2002). Several studies (Guttman, 1998; Morid et al., 2006; Türkes and 

Tatli, 2010) have indicated that there is an advantage in considering more than one 



54 

 

DI for drought studies. According to Dogan et al., (2012), comparing and 

combining different DIs may help: 

 Characterize droughts. 

 Examine the sensitivity and accuracy of DIs. 

 Investigate the correlation between them. 

 Explore how well they cohere with each other in the context of a 

specific objective. 

A DI itself might be robust, but the incorporated time step is also important 

for sensitivity analysis. The uniformity of the required data for the computation of 

DIs provides a fair competition for comparison. 

The choice of indices for drought monitoring in a specific area should 

eventually be based on the quantity of climate data available and on the ability of 

the index to consistently detect spatial and temporal variations during a drought 

event (Morid et al., 2006). This thesis compares the performance of five indices 

for drought monitoring in the EM. These DIs are all rainfall-based indices and are 

able to quantify both dry and wet cycles. 

The five DIs used include Deciles Index (Gibbs and Maher, 1967) and the 

Standardized Precipitation Index (SPI) (McKee et al., 1993) which has gained 

world popularity and been applied worldwide because it is easily comparable. 

Furthermore, SPI has been recommended by the World Meteorological 

Organization (WMO, 2011). The Modified China Z Index (MCZI) which is used 

by the National Meteorological Centre of China (Wu et al., 2001; Morid et al., 

2006) is also included and it monitors moisture conditions. Finally, the Z-Score 

and Effective Drought Index (EDI) are also used since they are considered as the 

best correlated index with other DIs when considering all time steps (Akhtari et al., 

2009; Park et al., 2014).  

A good understanding of drought statistics is therefore essential for planning 

and management of water resources. It can help water managers and planners 

answer questions about the expected frequency, duration and severity of droughts. 

It can also provide an additional information on precipitation and streamflow for 
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estimating changes in recharge and daily flows for the purposes of water resources 

modelling (Jones et al., 2006). 

3.2.1 Standardized Precipitation Index (SPI) 

The SPI is described in detail by McKee et al. (1993), Guttman (1999) and 

Bordi et al. (2001). The calculation of the index realizes the fit of a gamma 

probability distribution function to long-term precipitation data for a given month. 

Based on the gamma parameters, the cumulative probability of precipitation for 

the given month can be derived. 

SPI has been used along the last two decades extensively in Turkey (Sonmez 

et al., 2005; Keskin et al., 2009; Durdu, 2010), Mediterranean region (Lana et al., 

2001;Vicente-Serrano et al., 2004 ; Salvati et al., 2009; Lopez-Bustins et al., 

2013), United States (Guttman, 1999; Heim, 2002; Keyantash and Dracup, 2002; 

Budikova, 2008), and other parts of the world (Mishra and Singh, 2009; Edossa et 

al., 2010; Roudier and Mahe, 2010; Stricevic et al., 2011; Duan et al., 2014; Qin 

et al., 2014) . 

The SPI allows the determination of duration, magnitude and intensity of 

droughts (Hayes et al., 1999). It has become an important component in many 

drought monitoring efforts (National drought Mitigation Center (NDMC), North 

American Drought Monitor (NOAA) and European Drought Observatory (EDC).  

As it is based on statistical probability and is designed to be a spatially and 

temporary invariant indicator capable of representing both drought and wet events 

in a similar probabilistic way, even when different precipitations regimes are being 

evaluated (Guttman, 1998; Hayes et al., 1999; Wu et al., 2007). The main 

advantage of the SPI is that it can be flexibly calculated at different temporal scales 

(1, 3, 6, 9, 12, 24 and 48 month intervals) according to user's interest for monitoring 

meteorological, agricultural or hydrological drought (Guttman, 1999). The short 

term durations of the order of months are important for vegetative cycle of some 

crops, while long term durations spanning seasons or years are important for water 

supply management, water resources planning and hydrological studies  

(Paulo et al., 2003). According to SPI, the responsiveness to emerging 
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precipitation deficits of SPI was found more reliable for shorter timesteps 

(Edwards and McKee, 1997; Hayes et al., 1999; Wu et al., 2001). 

Although SPI is more suitable for monitoring meteorological and 

hydrological droughts than agricultural ones, its flexibility in selecting time 

periods that correspond with growing seasons and crop times makes it useful to 

inform on some aspects of agricultural droughts (White and Walcott, 2009). 

McKee et al. (1993, 1995) originally used an incomplete gamma distribution to 

calculate the SPI. Efforts are now in progress to standardize the SPI computing 

procedure so that common temporal and spatial comparisons can be made 

worldwide by SPI users (Guttman, 1999). 

Calculation of the SPI for a specific time period at any location requires a 

long-term monthly precipitation database with 30 year or more of data. The 

probability distribution function is determined from the long-term record by fitting 

a function to the data. The cumulative distribution is then transformed using equal 

probability to a normal distribution with a mean of zero and standard deviation of 

one so the values of the SPI are really in normalized values Edwards and McKee, 

1997). Various types of precipitation distributions have been used for different 

spatial regions and different time scales. The SPI is defined as the equivalent value 

of the accumulative probability in normal distribution (McKee et al., 1993)  

(Fig 3.3). 
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Figure 3.3 Schematic diagram of an equiprobability transformation from a fitted gamma 

distribution to the standard normal distribution (from Lloyd-Hughes and Saunder, 2002). 
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Lloyd-Hughes and Saunders (2002) described the detailed calculation of 

SPI. The most commonly used distribution for SPI calculation is the two-parameter 

gamma distribution with a shape and scale parameter, which is defined by its 

probability density function: 

 

𝐺(𝑥) =
1

𝛽𝛼Г(𝛼)
∫ 𝑥−1 𝑒−𝑥/𝛽

𝑥

0

𝑑𝑥       𝑓𝑜𝑟 𝑥 > 0 

Where the shape parameter and β is is the scale one. X is the precipitation 

value and Г (α) is the gamma function. 

The gamma distribution is undefined for x = 0, but the precipitation may 

have zero value, so the cumulative probability distribution given a zero value is 

derived as follows:  

H(x) = q+ (1-q) G (x) 

Where q is the probability of the zero precipitation value. Fitting the 

distribution to the data requires  and β to be estimated. Edwards and McKee 

(1997) suggest estimating these parameters using the approximation of Thom 

(1958) for maximum likelihood as follows: 

 =
1

4𝐴
(1 + √1 +

4𝐴

3
)   ,            𝛽 =

�̅�


 

 

𝐴 = ln(�̅�) −
∑ ln(𝑥)

𝑛
 

The cumulative probability distribution is then transformed into the standard 

normal distribution to calculate SPI. The value of SPI indicates the strength of the 

anomaly. McKee et al. (1995) suggested a classification system to define the 

intensity of dry/wet phases (Table 3.3). SPI, in fact, is a standardized index that 

can be computed on different time scales, so as to allow monitoring most of 

drought types. For this reason SPI is a very useful drought index which can be used 

in risk assessment and decision-making (Guttman, 1999). 
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Table 3.3 Drought classification by SPI value and corresponding event 

probabilities. 

SPI value Category Category Probability %  

 2 Extremely wet 2.3  

1.50 to 1.99 Very wet 4.4 

1.00 to 1.49 Moderately wet 9.2 

0.01 to 0.99 Slightly  wet 34.1 

-0.99 to -0.00 Slightly  dry 34.1 

-1.49 to -1.00 Moderately dry 9.2 

-1.99 to -1.50 Severely dry 4.4 

≤ -2 Extremely dry 2.3 

 

SPI has some limitations. This is calculated based on monthly precipitation 

(as are many other drought indices). Therefore, if a drought occurs, an index value 

is not available until the last day of the month or the subsequent month, when 

statistical analyses of precipitation for the particular month are completed. In 

addition, droughts can be relieved by a single day of heavy rainfall; however, this 

situation continues to be considered a drought until statistics on precipitation for 

the month are available. This factor hinders the accurate and suitable disaster 

prevention measures. Furthermore, SPI (as other monthly drought indices) cannot 

take into consideration the fact that substantial water resources generated by 

rainfall that occurred many months ago may have already been lost due to outflow 

and evaporation. Although the SPI can be calculated in all climatic regions (Heim, 

2002), it is important to note that arid regions, those that experience many months 

with zero precipitation, may be problematic for the SPI depending on which PDF 

is used to normalize precipitation (Wu et al., 2007). SPI also requires a long (and 

complete) precipitation record and strongly influenced by record length (Wu et al., 

2.0 

1.5 

1.0 

0.9 

-0.9 

-1.0 

-1.5 

-2.0 



59 

 

2005). Therefore when comparing stations to each other, it is advised to use the 

same length of precipitation record and recommended to be more than 50 years 

(Wu et al., 2005).  

In order to identify the most appropriate SPI timescale, the drought index in 

this research was applied on short timescales (3 months), moderate timescales (6 

and 9 months), as well as long timescales (12 and 24 months) using “SPI” R 

package. 

A corresponding R package “SPI” was deposited in the R archive CRAN, 

version 1.1, and license: GPL-2 which published by Josemir Neves (2012) and 

accessible at the URL: 

http://cran.r-project.org/web/packages/spi/index.html 

 Vicente-Serrano et al (2010) developed a new drought index, the 

Standardised Precipitation Evapotranspiration Index (SPEI) which is similar to SPI 

but incorporating estimates of moisture losses to the atmosphere due to 

evapotranspiration (PET). SPEI is also computed at different time scales based on 

the non-exceedance probability of precipitation and potential evapotranspiration 

(P-PET) differences (Vicente-Serrano et al., 2010) and has the ability of depicting 

the multi-temporal nature of drought. Nevertheless, in this thesis, it is not carried 

out because we only have the rainfall data.   

3.2.2 China Z Index (CZI), and Modified China Z Index (MCZI) 

The China Z Index (CZI) is based on the Wilson–Hilferty cube-root 

transformation (Kendall and Stuart, 1977). Assuming that precipitation data follow 

the Pearson Type III distribution, the index is calculated as: 

𝐶𝑍𝐼𝑗 =
6

𝐶𝑠

 (
𝐶𝑠

2
𝜙𝑗 + 1)

1
3⁄ −

6

𝐶𝑠

+  
𝐶𝑠

6
      "𝑎" 

𝐶𝑠 =  
∑ (𝑥𝑗 − �̅�)

3𝑛
𝑗=1

𝑛.3
         "𝑏" 

𝜙𝑗 =
𝑥𝑗 − �̅�


                          "𝑐"  

Where j is the current month, 𝐶𝑠 is coefficient of skewness, 𝑛 is the total 

number of months in the record, 𝜙𝑗 is standard variable, also called the Z-Score, 

http://cran.r-project.org/web/packages/spi/index.html
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and 𝑥𝑗  is precipitation of month j and  is the standard deviation. To compute the 

Modified China Z Index (MCZI), which is used in this research, the median of 

precipitation (Med) is used instead of the mean of precipitation in the calculation 

of the CZI (Med is substituted for mean precipitation (�̅�) in equations b and c) 

(Morid et al., 2006). 

 Wu et al. (2001) attempted to reduce the differences between the SPI and 

the MCZI, but they concluded that the differences between these two indices did 

not reduce as significantly as they did between the SPI and the CZI. From this we 

can divide the drought in various areas in a year into four classes (Feng and Zhang, 

2005) (Table 3.4). 

 

Table 3.3 Category and values of drought for CZI -MCZI index. 

 

CZI-MCZI Category Category CZI-MCZI values  

7 Extremely dry ≤ -2.00 

6 Severe drought -1.5 to -1.99 

5 Moderate drought -1.00 to -1.49 

4 Near normal -0.99 to -0.99 

3 Moderate wet 1.00 to 1.49 

2 Very wet 1.50 to 1.99 

1 Extremely wet  2.00 
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3.2.3 Statistical Z -scores (Standard Distribution Index) 

The statistical Z-Score is the coefficient of variation of the precipitation 

anomaly. Z-Score indicates how many standard deviations a rainfall value is above 

or below the mean. It is not the same as SPI, because it does not require adjusting 

the data to fit gamma or Pearson type III distribution which causes the Z-Score not 

to represent short dry periods as SPI does (Edwards and McKee, 1997). Z-Score is 

frequently computed in drought studies (Komuscu, 1999; Tsakiris and Vangelis, 

2004; Akhtari et al., 2009).  

 The Z -Score is simply calculated as the difference between the 

precipitation during a selected time scale for each year of the series and the 

precipitation average, divided by the standard of the precipitation series deviation 

for the selected timescales.  

𝑍 =
𝑥𝑖 − �̅�

𝑆
         

Where 𝑥𝑖 is the precipitation in month 𝑖. �̅� is the precipitation average of the 

study period and S is the precipitation standard deviation for the same period.  

Considering the values resulting from this index, the intensity of drought is 

classified into the following (Table 3.5) (Wu et al., 2001; Behzadi, 2013).  

 

 

Table 3.5 Classification of Z- Score index (Standard Distribution index) 

 

Z-Score Intensity of drought 

0 to -1.0 Slight Drought 

-1.1 to -1.5 Medium Drought 

-1.6 to -2.0 Severe  Drought 

< -2 Extreme Drought 

 

Despite different underlying statistical distributions, the SPI, CZI and Z-

Score have performed in a similar manner. This similarity may point to the 
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importance of utilizing long-term precipitation records for drought analyses 

(which can remove marginal differences between the indices). 

 Nevertheless, Z-Score differs from SPI because it does not require adjusting 

the data to any distribution of the previous indices. Z-Score is frequently computed 

in drought studies (Wu et al., 2001; Morid et al., 2006; Akhtari et al., 2009). To 

differentiate it from SPI, Z-Score is sometimes called the Standardized Monthly 

Precipitation (SMP) (Sirdas and Sahin, 2008). Since the original SPI has been 

commonly used to fit a gamma distribution (Mckee et al., 1993), using Z-Score or 

SMP instead of SPI for further studies is better when the distribution type is 

normal.  

The Z-Score Index can be used for measuring meteorological and 

agricultural drought since it only accounts for the moisture conditions during the 

current week or month (Quiring and Papakyriakou, 2003). It responds similarly to 

complex SPI and MCZI, but it is a little bit less consistent to its own time steps 

(Dogan et al., 2012). 

Both MCZI and Z-Score can be used as good drought predictors depending 

on the season, the length of drought and climatic conditions. They could be used 

instead of SPI when less data is available (Shahabfar and Eitzinger, 2013). 

3.2.4 Rainfall decile based drought index (The Decile Index, DI) 

Arranging monthly precipitation data into deciles is another drought-

monitoring technique. It was developed by Gibbs and Maher (1967) and widely 

used in Australia (Coughlan, 1987) and commonly in drought studies (Keyantash 

and Dracup, 2002; Smakhtin and Hughes, 2007; Pandey et al., 2008; Barua et al., 

2011). Monthly precipitation totals from a long-term record are first ranked from 

highest to lowest to construct a cumulative frequency distribution. The distribution 

is then split into 10 parts (tenths of distribution or deciles). The first decile is the 

precipitation value not exceeded by the lowest 10% of all precipitation values in a 

record. The second decile is between the lowest 10 and 20%, etc. Comparing the 

amount of precipitation in a month (or during a period of several months) with the 

long-term cumulative distribution of precipitation amounts in that period, the 
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severity of drought can be assessed. The deciles are grouped into five classes, two 

deciles per class as shown in Table 3.6. If precipitation falls into the lowest 20% 

(deciles 1 and 2), it is classified as much below normal. Deciles 3 to 4 (20 to 40%) 

indicate below normal precipitation, deciles 5 to 6 (40 to 60%) indicate near 

normal precipitation, 7 and 8 (60 to 80%) indicate above normal precipitation and 

9 and 10 (80 to 100%) indicate much above normal precipitation. By definition, 

the fifth decile is the median, and it is the precipitation amount not exceeded by 

50% of the occurrences over the period of record. 

In the current study, monthly rainfall time series are arranged for calculating 

the decile index (DI) using DrinC software version 1.5 beta which was developed 

in the National Technical University of Athens by George Tsakiris et al. (2007). 

 

Table 3.6 Classification of Drought Conditions by using DI 

 

Deciles Classification  

Deciles 1 -2 (0- 20%) Much below normal (MBN) 

Deciles 3 -4 (20-40%) Below normal (BN) 

Deciles 5 -6 (40-60%) Near normal (NN) 

Deciles 7 -8 (60-80%) Above normal (AN) 

Deciles 9 -10 (80-100%) Much above normal (MAN) 

3.2.5 Effective Drought Index (EDI) 

Byun and Wilhite (1999) developed the Effective Drought Index (EDI) to 

detect a drought and its beginning, end, and accumulation stress. It is an attempt 

to more accurately determine the exact start and end of a drought period and solve 

the common weaknesses of other previous DIs.   

EDI is a standardized index that can be used to assess drought severity 

worldwide and it is a function of ‘precipitation needed for a return to normal’ 

conditions (or to recover from the accumulated deficit since the beginning of a 
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drought), which, in turn, is related to effective precipitation (EP). The EDI is the 

rainfall amount needed return to normal condition (or to recover from the 

accumulated deficit since the beginning of a drought. 

EP is used to compute deficiency or surplus of water resources for a 

particular date and place. EP here refers to the summed value of daily precipitation 

with a time-dependent reduction function. EDI is a component measure that 

considers daily water accumulation with a weighting function for time passage.  

EDI in its original form is calculated with a daily timestep (Morid et al., 2006; 

Akhtari et al., 2009; Kim et al., 2009; Kalamaras et al., 2010; Roudier and Mahe, 

2010; Pham et al., 2013; Deo and Sahin, 2015), unlike many other DIs. EP for any 

day is a function of precipitation of the current day, as well as previous days but 

with lower weights 

 

𝐸𝑃𝑖 = ∑ [( ∑ 𝑝𝑚)/𝑛

𝑛

𝑚=1

]

𝑖

𝑛=1

 

 

Where i = duration of summation and 𝑃𝑚 is the precipitation of m−1 days 

previously. The EP is the core of the EDI concept. 

Then, mean (𝐸𝑃̅̅ ̅̅ ) and standard deviation of the EP values for each month 

are calculated and the time series of EP values is converted to deviations from the 

mean (DEP): 

DEP = 𝐸𝑃̅̅ ̅̅  –EP 

The PRN (precipitation of one day needed for a return to normal conditions) 

values are then calculated as: 

𝑃𝑅𝑁𝑗 =  𝐷𝐸𝑃𝑗  / ∑ 1
𝑁⁄

𝑛

𝑖=1

 

The summation term is the sum of the reciprocals of all the months in the 

duration N. Finally EDI is calculated as: 

EDI = 𝑃𝑅𝑁 𝑠𝑃𝑅𝑁⁄  
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Where sPRN is the standard deviation of the PRN values of the relevant 

month. 

Because negative values of DEP denote that precipitation is below normal, 

periods of consecutive negative values in DEP denote consecutive drier periods 

than normal. A dry duration then can be defined as the period of consecutive 

negative values of DEP and should be different from drought duration because 

drought means not only a ‘‘long-lasting’’ but also a ‘‘severe’’ water deficiency. 

Table 3.7 addresses this problem and presents some new definitions. 

 Table 3.7 New Definitions for dry and drought spells 

 

Name Definition 

Dry spell Period of consecutive negative values of DEP 

Drought spell 
Period that the EDI shows less than -1.0. 

 

  

 The EDI and the SPI have an almost similar range of numerical values as 

shown in Table 3.8. 

 

Table 3.8 Drought severity classification by the EDI index (Morid et al., 2006). 

 

EDI value Category Category 

 2.50 Extremely wet 

1.50 to 2.49 Very wet 

0.70 to 1.49 Moderately wet 

-0.69 to 0.69 Normal 

-0.70 to -1.49 Moderately  dry 

-1.50 to -2.49 Severely dry 

≤ -2.50 Extremely dry 
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Compared to other DIs, the EDI has several advantages. First, it is the only 

index that was specifically designed to calculate daily drought severity. This 

enables rapid detection of drought and precise measurement of short-term drought. 

Second, by utilizing a calculation method that places greater emphasis on recent 

precipitation, it more accurately calculates the current level of available water 

resources. Finally, it calculates the total precipitation period, considering the 

continuity of the drought period during the entire calculation process, and provides 

the available water resources index (AWRI) as an auxiliary index (Byun and Lee, 

2002). The EDI is distinguishable from existing DIs that only provide a calculation 

for a limited period (e.g., 12 months). Therefore, it becomes possible to diagnose 

prolonged droughts that continue for several years when using the EDI (Kim et al., 

2009).  

The known advantages of SPI and EDI over other indices are that the 

computations only rely on widely measured precipitation data and they are 

sensitive to detect the onset of drought (Guttman 1999; Mishra and Singh 2010). 

One of the major weaknesses of the EDI is that it is relatively unknown so its 

ability to accurately monitor drought conditions remains largely untested (Morid 

et al., 2006). Even though both the SPI and EDI only use precipitation data, the 

EDI is almost uncorrelated with the SPI. Another major disadvantage of using the 

EDI is that it lacks the nice statistical properties of some of the other precipitation-

based indices (SPI, Deciles, etc.). For example, Morid et al. (2006) demonstrated 

that the EDI is not normally distributed. On the other hand, the EDI for drought 

assessment was considered to be more suitable than many other indices when 

predicting future droughts (Morid et al., 2006; Kim et al., 2009; Dogan et al., 

2012). 
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3.3 Spatial patterns by means of Principal Component Analysis (PCA)  

Geostatistical and multivariate techniques are commonly used to analyse the 

spatial and temporal variability of precipitation, droughts and other variables of 

interest. Richman (1986) presented three types of eigentechniques which can be 

used in climatological studies, namely the Empirical Orthogonal function (EOF), 

principle component analysis (PCA) and Common Factor Analysis (CFA) 

mentioning in his study that the most researchers prefer to use a specific mode of  

PCA to study weather type classification. The Principle Component Analysis 

(PCA) is a convenient and useful method to reduce inter-correlated variables into 

a few linearly uncorrelated ones. PCA is a statistical technique applied to a single 

set of variables to determine which variable in this set form coherent, independent 

subsets. PCA is a widely used method to identify patterns in climatic data and to 

highlight their similarities and differences (Santos et al., 2010). It is a standard 

statistical method, often used in climatological studies, to reduce the original 

intercorrelated variables in a small number of new linearly uncorrelated ones that 

explain most of the total variance. 

The EOF technique developed by Pearson (1901) and Hotelling (1933) has 

become the most widely used way in extracting important patterns from 

measurements of climatic variables and identifying the anomalous patterns in the 

data.  The original purpose of EOFs is reducing the large number of variables of 

the original data to a few variables, but without compromising much of the 

explained variance.  It has been found that both PCA and EOF are slightly different 

and they can be considered the same for practical purposes, so many researchers 

used PCA, yet retain the term EOFs (Richman and Gong, 1999).  

  Precipitation and drought spatial variability analyses through the PCA 

have been undertaken by many authors as (Bonaccorso et al., 2003; Cannarozzo et 

al., 2006; Raziei et al., 2008, 2009; Lopez-Bustins et al., 2015). Some of them 

applied the PCA to the SPI for analysing the temporal and spatial variability of 

drought (Bordi and Sutera 2001; Bordi et al., 2004; Vicente-Serrano et al., 2004; 

Vicente-Serrano, 2006; Santos et al., 2010). 
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The multivariate analysis in this study is carried out using the PCA. A set of 

new variables less than the number of the original variables have been specified 

and called Principle components (PCs). The first PCs account for a large 

proportion of variability and thus dimensional reduction of the original dataset can 

be achieved. 

The PCA is used to capture the spatial patterns of  

co-variability of dryness/wetness according to SPI series at different stations. 

Rotated PCA is a powerful tool for objectively decomposing spatial arrays of 

climate data into natural regional clusters or patterns (Barnston and Livezey, 

1987). For identifying drought modes in the EM, for a given time scale, the S-

mode PCA (Rencher, 1998) is applied to the SPI-computed at 3-, 6-, 9-, 12- and 

24 month time scales. The projection of the SPI fields onto the orthonormal eigen 

functions provides the principal components or PC score time series. Since the 

varimax rotation result in orthogonal components (uncorrelated and standardized 

factors) (Rencher 1998; Mestas-Nuñez, 2000), this method will be a good way in 

finding sub-regions within the area which have rather independent drought 

behaviours. The Varimax rotation, which is an orthogonal method used to 

maximize the variance between the weights of each principal component, was used 

to identify areas with independent drought variability (Raziei et al., 2009). The 

loadings corresponding to each dataset were mapped to show the spatial patterns 

of drought variability across the EM; their associated PC scores were used for 

drought indices inter-comparison and trend analysis. 

The temporal and spatial patterns of drought were analysed in this research 

to estimate the variability of precipitation and drought over the EM. These spatial 

statistical analyses were performed using SPSS version 17.0 software (SPSS Inc., 

Chicago, IL; www.spss.com). 

 

 

 

 

http://www.spss.com/
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3.4 Monotonic trends and abrupt change detection 

It is very important to identify the historical changes in the mean annual 

precipitation (Pryor and Schoof, 2008).The variability and trends in rainfall and 

drought fluctuations have received a wide spread attention in climatological and 

hydrological studies. In the hypothesis testing for long-term trends, two types of 

trends are usually considered: one is the monotonic trend; the other is the step 

(shift) change (Hirsch et al., 1991).  

As many climatic time series, data in the EM are not normally distributed, 

non-parametric test were preferred over parametric ones, even though they do not 

quantify the magnitude of the trend identified (Hirsch and Slack, 1984). The trend 

analysis framework that was adopted in this research is outlined in Fig 3.4.   

  

 

Figure 3.4  Trend analyses framework. 

 

In order to detect trends and possible transitions, the non-parametric Mann-

Kendall test (MK) or Kendall´s Tau test (Mann, 1945; Kendall, 1975), the 

cumulative sum control chart (CUSUM) with bootstrap analysis (Taylor, 2000, 

2006) and the regime shift index (RSI), calculated by a sequential algorithm of the 

partial CUSUM method combined with the t-test (Rodionov, 2004), were applied 

for detecting the shifts in the means of seasonal and annual precipitations, SPI, CI, 

extreme precipitation indices, dry and drought periods. The linear slopes of trends 

were calculated using Sen’s slope estimator (Sen, 1968). These tests are widely 
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used to detect trends in climatology and hydrology because they are robust against 

no normal distributions and not sensitive to missing values.  

Among the methods introduced above, MK test has been commonly used to 

test randomness against trend. It is robust to the influence of extremes and 

performs well with skewed variables due to its rank-based procedure; especially, 

when applied to annual total precipitation series, the MK test can result in more 

significant trends (Serrano et al., 1999). Thus, it is highly recommended for 

general use by the World Meteorological Organization (WMO) (Mitchell et al., 

1966; Wang et al., 2013) for evaluating a presence of a statistically significant 

trend in climatological and hydrological time series (Douglas et al., 2000; Yue et 

al., 2002; Birsan et al., 2005). It does not assume any priority in the distribution of 

the data and allows the presence of a tendency over long period of rainfall data to 

be observed (Yavuz and Erdoğan, 2012). There are several studies (Tayanç et al., 

2009; Flocas et al., 2008; Partal and Kahya, 2006) that analyse climatic trends for 

the EM mainly using the MK to identify trends and calculate their significance.  

Abrupt change denotes a rupture in the established range of experience, that 

is, a surprisingly fast transition from one state to another (Berger and Labeyrie, 

1985). Technically, an abrupt climate change occurs when the climate system is 

forced to cross a threshold, triggering a transition to a new state at a rate determined 

by the climate system itself, and faster than the cause (Matyasovszky, 2011; Bers 

et al., 2013; Soulet et al., 2013). 

The multiple change points can be detected by CUSUM and RSI methods 

(Taylor, 2000 a, b; Rodinove, 2004; Abu-Taleb et al., 2007). Trend analysis and 

change point detection in precipitation series have been investigated by many 

researchers worldwide (Karpouzos et al., 2010; Sun et al., 2010). The RSI point, 

a Sequential t-Test Analysis of Regime Shift (STARS), which is the most common 

type in detection means shifting (Rodinove, 2005), is identified when the means 

are statistically different and considered as a possible starting point of the new 

regime. Whereas the CUSUM charts are constructed by calculating and plotting a 

cumulative sum based on the data. CUSUM charts show the cumulative sum of 

differences between the values and the average. Then the average is subtracted 
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from each value and the cumulative therefor sum ends at zero (Taylor, 2000a, 

2000b). 

A change point is accepted only, if at least two methods detected the same 

point. Furthermore, in order to verify this change point, the Student  

t-test in difference in two means was used to ascertain that the mean in the sub-set 

before the change point and the mean in the sub-set after the change point are 

statistically and significantly different. To sum up, a change-point analysis is more 

powerful, better characterizes the changes, controls the overall error rate, is robust 

to outliers, is more flexible and is simpler to use. 

Overall, change-point methodology has become along the last decades an 

important tool for identifying sustained changes in climatic variables (Jaruskova, 

1996; Lund and Reeves, 2002; Lau and Wu, 2007; Briggs, 2008; Jandhyala et al., 

2009; Photpoulos et al., 2010). Change-point methodology begins with the 

detection part where one applies change detection statistics to establish evidence 

for the presence of one or more changes in a given series.  

To achieve these analyses the following software were used: AnClim 

(Štěpánek, 2007) for Pettitt test, SPSS Version 17 and MAKESENS  

(Salmi et al.,2002) for Mann-Kendall test and Sen’s slope estimator and Change 

Point Analyzer (Taylor, 2000a, 2000b) for CUSUM charts.  

3.5 Assessment of precipitation extreme. 

Within the context of global warming, extreme climate events have recently 

received much attention because they are more sensitive to climate change than 

mean values (Klein Tank and Konnen, 2003; Williams, et al., 2010).  

Extreme events are defined as the “occurrence of a value of a weather or 

climate variable above (or below) a threshold value near the upper (or lower) ends 

(‘tails’) of the range of observed values of the variable” (Lavell et al., 2012). 

Extreme Value Theory is useful for extrapolation from limited data into areas 

where there are few or none. Extreme events are rare phenomena, which often lie 

outside the range of most measured or observed data. These events have very low 

probability, but are associated with high impacts and can lead to substantial 
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damage and losses due to their magnitude. These impacts may involve excessive 

loss of life, excessive economic or monetary losses, or both. Extreme precipitation 

is usually defined as the maximum daily precipitation within each year, so one will 

have as many extreme values as the total number of years. This has been the 

traditional method known as block-Maxima method for defining extreme value 

(Gumble, 1958). Establishing a probability distribution that provides a good fit to 

daily rainfall depth has long been a topic of interest in the fields of hydrology, 

climatology, and others. The investigations into the daily rainfall distribution are 

primarily spread over three main research areas, namely, stochastic precipitation 

models, frequency analysis of precipitation, and precipitation trends related to 

global climate change (Hanson et al., 2008). 

Statistical analyses in climate variability studies have often been concerned 

with averages of a random variable, such as mean precipitation or temperature. 

However, the studying of extreme events is recently considered as an important 

issue, and becomes increasingly studied these years (Brown and Katz, 1995; 

Zwiers and Kharin, 1998; Wettstein and Mearns, 2002; Fowler et al., 2005; Katz, 

2010). At least as early as Wigley (1985, 1988), it has been appreciated that the 

detected changes in both frequency and severity of extreme climate events are not 

closely match the detected ones in their corresponding averages (Katz, 2010).  

3.5.1 Monitoring changes in extreme precipitation. 

In order to elaborate the climatology of extreme indices of rainfall and to 

detect the changes in precipitation extremes, it was important to develop a set of 

indices that were statistically robust, covered a wide range of climates, and had a 

high signal-to-noise ratio. Climatic extreme indices recommended by the joint 

World Meteorological Organization (CCL/CLIVAR/JCOMM) Expert Team on 

Climate Change Detection and Indices (ETCCDI) 

(http://www.clivar.org/organization/etccdi), as well as from the European research 

project STARDEX (Statistical and Regional dynamical Downscaling of Extremes 

for European regions) were calculated to characterize the possible change in 

extreme of rainfall (floods, drought) over the EM, since these events have strong 
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impact on whole society. These indices have also been used in other studies for 

different regions around the world: Frich et al. (2002), Aguilar et al. (2005), 

Alexander et al. (2006), Herrera et al. (2010) and Jiang et al., (2013), Buric et al 

(2015), and others.  

In this study an R- based program RClimdex 1.3 software developed by 

Zhang and Yang (2004) at the Canadian Meteorological Service was used to obtain 

the climatic extremes indices following methodologies of Zhang et al. (2005) and 

Haylock et al. (2006). Data quality control was performed using RClimDex, 

developed and maintained by Xuebin Zhang and Feng Yang at the Climate 

Research Branch of the Meteorological Service of Canada. After data quality 

control and homogeneity assessment, the 70 stations have been selected, and the 

data for the period from 1 January 1961 to 31 December 2012 was analysed in this 

work. Data quality control is a necessary step prior to analysing the variations of 

precipitation and calculating extreme indices, since the erroneous outliers can 

seriously impact on their trends. RHTestsV3 software package was used to 

homogenize daily precipitation data. The RHtestsV3 package and its previous 

versions have been widely used along the last decade to homogenize climate data 

(Zhang et al., 2005; Dai et al., 2011; Vincent et al., 2012; Wang et al., 2013).  

Figure 3.5 is an example of the plots used for quality control (QC) of 

precipitation data. It explains the data density in two different ways in some 

selected stations: a histogram (bars) to detect any problem in the precipitation data 

and a Kernel-filtered plot (line), a nonparametric test method to density fitting 

(Aguilar et al., 2005). Both show that precipitation data from the station are fine. 

The precipitation data quality showed by this figure is good in these selected 

stations.  

RClimdex provides 27 indices including temperature and precipitation 

indices. However, only 11 indices based on precipitation data were chosen for 

discussion here (Table 3.9) that better explain the climate behaviour of the EM. 

The resulting series were analysed through trends. The slopes of the annual trends 

and their statistical significance to climate indices were calculated based on non-
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parametric Mann–Kendall test and least square method in order to detect trends 

within the time series. 

 

  

  

  

Figure 3.5 Example of daily precipitation successful quality control procedures using. RClimDex (Histogram 

(vertical bars) and Kernel- filtered density (line) showing the high density) 
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The majority of previous indices provide information on the “wetness’’, 

whereas the last index (Consecutive Dry Days, CDD) (Table 3.9) is a measure of 

“dryness’’ (Frich et al., 2002). A dry day is defined when daily rainfall is less than 

1 mm, while a wet day is a day with a precipitation amount greater than or equal 

to 1mm. CDD is the index that describes the lowest tail of the precipitation 

distribution, and is often referred to as a drought indicator. As drought is a complex 

phenomenon depending on various other factors besides of insufficient 

precipitation, CDD can be defined as a meteorological drought index which should 

be interpreted in combination with other precipitation indices (Tebaldi et al., 2006; 

Orlowsky and Seneviratne, 2012) or DIs (Cardona et al., 2012). Additionally, 

Consecutive Wet Days (CWD) and CDD are duration indices which calculate the 

maximum length of wet and dry spell, respectively. Analysis of CDD and CWD 

could be performed using different rainfall thresholds for a dry/wet day, such as 

less/more than or equal to 0.05 mm, 0.1 mm, 1.0 mm, 10 mm, etc. (Kutiel, 1985). 

In this study, CDD and CWD were evaluated using maximum consecutive dry or 

wet days (CDD/CWD) corresponding to precipitation <1mm/day or  0mm /day, 

respectively. 
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Table 3.9 Definition of extreme precipitation indices used in this study  

ID Indicator Name Definition Units 

RX1day Max 1-day precipitation amount Monthly maximum 1-day precipitation mm 

Rx5day Max 5-day precipitation amount 
Monthly maximum consecutive 5-day 

precipitation 
mm 

SDII Simple Daily Intensity Index 
The ratio of annual total precipitation to the 

number of wet days (≥ 1 mm) 
mm/day 

R10 Number of heavy precipitation days 
Number of days per year when precipitation ≥ 

10 mm 
Days 

R20 
Number of very heavy precipitation 

days 

Number of days per year when precipitation ≥ 

20 mm 
Days 

CDD Consecutive dry days 
Maximum number of consecutive days when 

precipitation <1mm 
Days 

CWD Consecutive wet days 
Maximum number of consecutive days when 

precipitation  1mm 
Days 

R95p Very wet days 
Annual total precipitation from 

days >95th  percentile 
mm 

R99p Extremely wet days 
Annual total precipitation from 

days >99th  percentile 
mm 

PRCPTOT  Annual total wet-day precipitation 
Annual total precipitation from 

days  1mm. 

mm 

 

 

Dry days are those days when the amount recorded was <1 mm. 

Wet days are those days when the amount recorded was ≥1 mm. 
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Extreme dry spells are represented by the duration of the CDD index (Frich 

et al., 2001), which is defined as the annual maximum number of consecutive dry 

days within a specific time period. The indices R10, R20 are based on absolute 

thresholds, i.e. they directly measure the number of very wet days and they are 

highly correlated with total, annual and seasonal precipitation in most climates. 

Similarly, the indices Rx1day (Max 1-day precipitation amount) and Rx5day (Max 

5-day precipitation amount), the greatest 1 and 5 day total precipitation 

respectively, provide information about the most rain-intense periods of the year. 

The same applies to the 95th and 99th percentile of daily total precipitation (R95p 

and R99p, respectively). Rx5day is also known as a measure of short term 

precipitation intensity as well as an indicator for flood-producing events. 

PRCPTOT describes the total annual amount of precipitation on wet days defined 

as days with more than 1 mm of precipitation. SDII is a simple measure of 

precipitation intensity (Frich et al., 2002) and describes the daily precipitation 

amount averaged over all wet days in a year. PRCPTOT and SDII are not 

necessarily associated with climate extremes but provide useful information about 

the relationship between changes in extreme conditions (e.g., RX5day or R95p) 

and other aspects of the distribution of daily precipitation (Donat et al.,2012).
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4.1 Spatial and temporal analysis of precipitation variability and 

frequency.  

4.1.1 Spatial variability of annual and seasonal precipitation 

The spatial pattern of annual cumulated precipitation in the Mediterranean 

is shown in Fig 4.1. In the EM, our study region, it can be seen that the lowest 

annual precipitation, less than 100 mm, occurs in Jordan, Syria and Israel. The 

annual precipitation amounts range from 100 to 1,100 mm and the maximum 

values of annual precipitation occurs in northwestern parts which exceed 1,400 

mm in coastal regions which are mainly controlled by the large-scale pressure 

systems and upper atmospheric circulation (Tatli et al., 2004) and have a high 

internal variability in all seasons. Some of these variations are closely associated 

with the large-scale modes of circulation variability such as the NAO (Turkes and 

Erlat, 2006).  

 

Figure 4.1. Spatial distribution of mean annual precipitation in the Mediterranean Basin 

over 1961-2010. (Source: NOAA). 

 
 

The highest precipitation amounts are recorded in winter (400-800 mm) and 

spring (75-300 mm), respectively. The contribution of winter precipitation to the 

total annual precipitation decreases from 80% in the southeastern parts to 40-50% 

in the coastal regions in northwestern parts of Turkey (Fig. 1.2). In spring, the 

south and southeast areas receive almost the 20% of annual precipitation whereas 
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the northeastern parts receive between 20 and 30%. Therefore, the spatial pattern 

of this season is almost uniform across the study area which has a unimodal 

precipitation regime (winter, spring, autumn). The highest summer precipitation 

occurs in the northeastern parts of the EM, while most of other regions receive less 

than 5 mm during this season especially in Syria, Jordan and Israel because the 

EM is subjected to persistent air subsidence centred over Crete which makes this 

area under law humidity in the northern hemisphere between June and August at 

300-500 hPa level preventing rain over this region during this season (Alpert et al., 

1990; Saaroni and ziv, 2000; Ziv et al., 2004).   

Thus, in order to identify objectively the precipitation sub-regions, the 

annual precipitation amounts and the percentage of annual precipitation occurring 

in each season of the year appear to be suitable input variables for PCA 

applications. 

4.1.2 Intra-annual and seasonal precipitation variability 

Intra-annual and seasonal precipitation variability across the study area was 

assessed using the PCA which was applied to the variables computed for the whole 

stations. For studying precipitation variability, the S-mode PCA identifies the 

variability of annual precipitation time series at given stations across the study 

area. The rotated PC loadings and the explained and cumulative variances of the 

retained PCs are listed in Table 4.1.  
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Table 4.1 Percentage explained variance and percentage of cumulative variance of the 

rotated first five principal components (PCs) for the annual and seasonal  

(except summer) precipitation totals of the EM. 

C 

Annual Winter Spring Autumn 

Explained 

Variance 

(%) 

Cumulative 

variance 

(%) 

Explained 

Variance 

(%) 

Cumulative 

variance 

(%) 

Explained 

Variance 

(%) 

Cumulative 

variance 

(%) 

Explained 

Variance 

(%) 

Cumulative 

variance 

(%) 

1 27.63 27.63 31.45 31.45 30.71 30.71 21.10 21.10 

2 15.80 43.43 18.58 50.04 11.47 42.71 13.83 34.93 

3 6.32 49.75 5.38 55.42 6.81 48.99 6.54 41.47 

4 6.13 55.83 4.77 60.19 5.70 54.68 5.75 47.22 

5 5.10 60.98 4.19 64.38 4.35 59.02 5.45 52.67 

 

These five loading PCs explain between the 50 and 65% of the total 

variances of annual and seasonal series. The extracted PCs should explain at least 

about 60% of total variance (Briffa et al., 1994) and our set of PCs follows this 

recommendation. Their PC loadings are mapped in Fig 4.2 as Empiricial 

Orthogonal Functions (EOFs), (summer is not analysed because it is very dry 

season in whole EM). 
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Figure 4.2 Spatial distribution of PCs loadings (Empirical Orthogonal Functions, EOFs) for annual and 

seasonal precipitation  amounts during 1961-2012 over the EM. 

High loadings (>0.5) indicate good correlations between the variables and 

the PCs scores. According to the PCA applied to the annual precipitation total 

series of 103 stations, the first PC (PC1) explains the variance in the spatial 

variability of annual rainfall series about 28% (Table 4.1). Greater positive PC1 

loadings (>0.5) are found over Egypt, Israel, Jordan and south Syria; whereas the 

greater ones for PC2, which explains about 16% of total variance, are recorded in 

Cyprus, the coastal areas in Syria and Lebanon, western and the southwestern parts 

of Turkey which mainly have annual precipitation rates about 720 mm and more 

than 25% of its variability related to the NAO effects (Mann, 2002). The highest 

PC3 loadings cover the northeastern parts of Syria and southeastern parts of 

EOF1 EOF2 EOF3 EOF4 
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Turkey (the closest parts to Syria) and explains about 6% of the total variance. The 

PC4 explains about 6 % of the total variance and has high positive loadings on 

annual precipitation in mid parts of Turkey at longitudes between 32° E and 34° E. 

Finally, the PC5 represents only 5% of total variance and its loadings are found 

over some parts of Turkey (mid and eastern parts) between 34° E and 40° E with 

mean annual precipitation about 550mm. Summing up, the precipitation regime in 

the EM exhibits large spatial variability.  

In winter, the total mean precipitation corresponds to about 65% of the 

annual precipitation. The PC1 has high positive loadings on mean winter 

precipitation amounts and explains 31% of the total precipitation variance (Table 

4.1). It shows positive loadings in northern parts (Turkey), which means that the 

Turkey has a considerable amount of winter precipitation. The observed patterns 

of winter precipitation are significant and spatially coherent over a large area in 

Turkey. High positive loadings values from the PC1 over Turkey relate to the 

influence of the precipitation regimes which are characterized with the macro 

Mediterranean climate and the Mediterranean transition to the continental Anatolia 

and indicate the influence of the large-scale atmospheric circulation and associated 

weather system patterns (Turkes et al., 2009). Cullen and de Menocal (2000) found 

that 27% of the variance in winter precipitation in Turkey is related to the NAO. 

The PC2 explains about 19% of the variance in the winter precipitation totals 

(Table 4.1). Spatial variability of the PC2 loadings exhibits a spatially coherent 

correlation over south Syria, Israel and Jordan, north Egypt and north Libya. This 

spatial correlation pattern indicates the effects of cold fronts and the air masses 

that follow these fronts, which are associated with extra-tropical cyclones and 

caused more than 90% of the precipitation in Israel (Goldreich, 2003). On the other 

hand, in contrast to the PC1, the highest loadings of PC3 are found in Greece and 

in the western parts of Turkey.  

In spring, the PC1, with 31% of explained variance, has high positive 

loadings on mean spring precipitation amounts in Syria and southern (Fig 4.2). The 

PC1 shows an existence of significant and apparent spatial autocorrelation pattern 

in Syria, which in turn indicates that this region is characterized by high amounts 
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of spring precipitation with very high variability. The PC2 and PC3 of the spring 

precipitation totals describe about 12% and 7%, respectively, of the variance in the 

spring precipitation variability. The loading patterns of the PC2 and PC3 do not 

prove the existence of any significant and apparent geographical autocorrelation 

pattern, with the exception of the spatial relationship patterns with the relatively 

positive values in Cyprus, which has a typical EM climate, and Israel, respectively. 

In autumn, the PC1 loading pattern explains about 21% of the total variance 

and has high positive values on the mean amounts of autumn precipitation in the 

southern parts of Turkey, inland Syria, north Egypt and Libya. As shown in the 

figure above (Fig 4.2), the corresponding spatial pattern of PC1 indicates that all 

stations in Cyprus, the continental parts of Syria and southern parts of Turkey are 

characterized by a large percentage of autumnal precipitation and high rates of 

variability and an increasing trend (Giorgi, 2002; Turkes, 2008; Skaf and 

Mathbout, 2010; Altm et al., 2012); thus indicating the importance and magnitude 

of autumnal precipitation in these regions. The PC2 of the autumn precipitation, 

which explains about 14% of total variance, has very high positive loadings (0.7), 

especially in northern parts of Israel. Kutiel (1991) related variations in the spatial 

and temporal properties of the rainfall regime in the Northern Israel to parallel 

changes in sea level pressure (SLP) in the Mediterranean. The PC3 for the autumn 

precipitation totals is related to only about 7% of the total variance. Spatial 

variability of the PC3 loadings exhibits a positively correlated distribution pattern 

in Turkey, with a maximum of 0.78 at the east of the country, namely on Mugla. 

Positive PC3 loadings at the east of Turkey mainly explain the influence of the 

frontal Mediterranean cyclones on the autumn precipitation coming directly 

through the Mediterranean basin (Turkes, 2008). 

4.1.3 Spatial coherence analysis and coefficient of variation (CV). 

To evaluate the spatial coherence of the mean annual precipitation in each 

subregion, the variance of Standardized Anomaly Index (SAI)  

(var [SAI]) (Katz and Glantz, 1986) was estimated. The (var [SAI]) varies between 

0.47 in both subregions: PC4 and PC5 (Greece and Turkey),  
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and 0.65 in sub-regions PC1 and PC3 (southern Turkey, Syria, Israel and Jordan). 

The observed value of (var [SAI]) in PC2 (south Turkey) is 0.50.  These results 

indicate a strong coherence in the first and third subregions and less inter/station 

noise, whereas the fourth and fifth ones reflect a moderate spatial coherence. The 

regional annual (var [SAI]) time series were also checked for normality, which is 

a prerequisite for the analysis, using the K-S and Anderson-Darling goodness of 

fit tests. Test results showed that the (var [SAI]) time series follow a normal 

distribution with 95% confidence level. Interannual variability of each station and 

each subregion was calculated through the coefficients of variation of annual 

precipitation (CV). It was employed as statistical measures of rainfall variability. 

As shown in Fig 4.3, CV values for annual rainfall range between 15% in Tokat 

(northern Turkey) in the subregion 5, reflecting less variability in interannual 

rainfall, and 83% in Kharabo (southern Syria) in the first subregion indicating that 

variability of rainfall across the years was extremely high.  

 

Figure 4.3 Spatial distribution of annual rainfall CVs values over 

 1961-2012. 

It is observed that most stations in southern parts of the EM have high CVs 

values exceeding 30% which makes this area vulnerable to drought. The highest 

values of CV are detected in autumn, spring and winter, respectively. Summer is 

not considered because it is a very dry season in most stations and the precipitation 

amounts are very small, especially over Syria and Israel (Kutiel et al., 1996; 

Xoplaki et al., 2000; Tsvieli and Zangvil, 2005). The CV at seasonal scale shows 
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a high seasonal rainfall variability and its values varies between 30-163% in 

autumn, 25-92% in winter, and 28-127% in spring, which represents the degree of 

variability in monthly rainfall throughout the year. High values are detected in the 

southern parts of the EM in all seasons (Fig 4.4). The highest CV values can be 

found in areas with permanent conditions where rainfall appears erratic but might 

occur more or less throughout the year. For example, in Libya, winter rains 

(December and January) are the more probable and present, which contribute to 

more than 50% of total annual precipitation with very low amounts in autumns  

(Le Houérou, 1988)  

 

 

 

 Figure 4.4 CV of the autumn “a”, winter “b” and spring “c”  

precipitation over the EM for 1961-2012. 
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It can be also observed that high values of CV are detected in the dry areas 

which have low rainfall amounts and vice versa. Similar results were obtained by 

other researchers in studies performed for Iran, which mean rainfall amounts are 

inversely proportional to the values of CV (Raziei et al., 2014).  

The CV map shows an irregular distribution of CV values, with high CVs 

mostly located in the eastern and southern parts of the EM. High CV values 

(exceeding 30%), as shown in Fig 4.5, indicate a high degree of discrete temporal 

rainfall distribution. The spatial distribution of CV alone can be used for simple 

rainfall zoning, the major shortage is that it cannot account for the changing 

tendency of time series. For example, the annual rainfall in Sivas and Kastamonu 

(Turkey) has quite different trends, even though both have the same CV and mean. 

Therefore, the CV values alone are not able to provide enough information for 

more accurate classification of the rainfall distribution zone, for this reason we 

have calculated the rainfall entropy (discussed later). 

Regionally, Fig (4.5) and table 4.2 illustrate the CVs values and statistical 

characteristics of the precipitation across the identified sub-regions. (We remove 

the summer, which is almost dry in all regions). 

 

 

Figure 4.5 Box-Whisker diagram of statistical characteristics of the mean 

annual precipitation in the identified subregions. 

 
 

 

0

200

400

600

800

1000

1200

EOF1 EOF2 EOF3 EOF4 EOF5

R
ai

n
fa

ll
/m

m

Min Mean Median Max

CV=20.3%

CV=17.3%

CV=19.4%

CV=14.3%

CV=13.3%



90 

 

Table 4.2 Statistical characteristics of the precipitation in the identified sub-regions 

(EOF1: Libya, Egypt, Israel, Jordan and south and mid Syria; EOF2: west and south 

Turkey, Cyprus, Greece, Lebanon and west Syria; EOF3 southeast Turkey and northeast 

Syria; EOF4: west Turkey; EOF5: centre and north Turkey) 

 

  

Zone 

Mean 

annual 

rainfall 

(mm) 

Mean 

autumn 

rainfall 

(mm) 

Mean 

winter 

rainfall 

(mm) 

Mean 

spring 

rainfall 

(mm) 

Autumn of 

the total 

rainfall 

(%) 

Winter of 

the total 

rainfall 

(%) 

Spring of 

the total 

rainfall 

(%) 

Annual 

rainfall 

Skewness 

Annual 

rainfall 

Kurtosis 

EOF1 451.4 86.1 196.3 92.1 19.1 43.5 20.4 0.5 -0.1 

EOF2 723.6 87.4 226.7 129.0 12.1 31.3 17.8 -0.2 -0.5 

EOF3 362.4 87.3 294.7 86.5 24.1 81.3 23.9 0.2 -0.2 

EOF4 701.7 132.8 171.6 146.5 18.9 24.5 20.9 0.1 -0.6 

EOF5 434.6 65.8 330.3 150.7 15.1 76.0 34.7 0.2 -0.7 

 

It can be seen that the EOF2 has the highest annual precipitation (732.6mm) 

with a maximum value occurs in winter (31.3%), spring (17.8%), while in autumn 

the share of precipitation is lower (12.1%). Negative values for the skewness in 

this region (-0.2) indicate that annual rainfall data are skewed to the left and there 

are few events of low precipitation and a large number of high ones and the value 

of median (740.8mm) is larger than the mean (723.6 mm). The EOF3 has detected 

the lowest total precipitation (434.6mm) with a positive skewness (0.2) and lowest 

negative kurtosis (-0.7). The winter and spring precipitation in EOF5 correspond 

to respectively 76 and 34.7% of total rainfall and are the main contributors to 

annual precipitation, while the percentage of autumn precipitation is small 

(15.1%). The skewness coefficient has detected the highest value (0.5) in EOF1 

due the highest precipitation variability (CV=34.5%), while other regions show 

low skewness coefficient values ranging between 0.1 and 0.2 indicating a near 

normal distribution of annual rainfall in these regions. The negative values of 

kurtosis in all sub-regions indicate that the annual rainfall data tend to have a flat 

top near the mean rather than a sharp peak. In all regions, the precipitation is highly 

concentrated in the winter and spring months. 



91 

 

As shown, the highest values of CV 34.5% and 32.6 are detected in 

subregions 1 and 3 (southern Turkey, Syria, Israel and Jordan). Both subregions 4 

and 5 (Greece and Turkey) have the smallest values (14.3% and 13.3%), 

respectively. The subregion 2 shows low variability in its annual rainfall (19.4%). 

The CVs values and latitude are negatively and statistically correlated (r = -0.67), 

at p < 0.05 they showed a strong negative correlation; such a correlation is clearly 

presented in Fig 4.6. 

 

 

Figure 4.6 The relationship between latitude and annual CVs calculated for each station. 

 

The data indicate non-statistically significant relationship between inter-

annual rainfall variability and altitude (r= 0.19) at P=0.15 Therefore, the altitude 

plays no significant role in affecting spatial trends of variability in the annual 

rainfall series (Fig 4.7). 

 

Figure 4.7 The relationship between altitude and annual CVs calculated 

 for each station. 
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The influence of geographic features on the spatial distribution of mean 

annual precipitation has been long studied. Several studies announced the impacts 

of topographic factors including physiographic features (topography), altitude, 

slope and proximity to a ridge or crest of mountains on the annual and seasonal 

rainfalls variability and distribution. These studies found that the spatial variability 

of mean annual and mean monthly rainfall are best captured by such topographic 

variables (Al-Ahmadi and Al-Ahmadi, 2013) and we have found in our study that 

altitude is not well correlated with CV values in the EM, whereas high negative 

and significant correlation was detected between CVs and latitude. Whitmore 

(1968) showed that altitude, longitude and continentally may explain most of the 

spatial changes in mean annual precipitation in South Africa. Sevruk et al (1998) 

considered altitude as the best overall predictor of rainfall distribution. 

Nevertheless, the effect of altitude is not always positive; for instance, Lu et al 

(2008) discussed the negative correlation between summer precipitation and 

altitude in China and found that the correlation is becoming stronger with increased 

global warming.  Rainfall index is also computed for the analysis of rainfall 

variability for all stations to identify the behaviour of the rainfall data. Ellis (1995) 

has also detected a negative correlation between interannual rainfall CV and 

latitude in Africa and dry ecosystems are more unstable than wet, because rainfall 

variability is inversely correlated with total rainfall and the lower annual rainfall 

is the greater the CV.  The calculated variability using rainfall index showed good 

agreement in evaluating the variability and similar CVs results indicating high 

variation in annual rainfall and its values range between 0.39 in Tokat (Turkey) 

and 2.03 in Port Saied (Egypt) (Fig4.8). 
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Figure 4.8 Spatial distribution of mean annual rainfall variability index during 1961-2012 

 over the EM. 

 
 

This can be explained by the significant intermonthly variability due to the 

seasonal cycle of precipitation in this area which is mainly associated with cyclonic 

disturbances (Alpert et al., 1990; Trigo, 2006; Flocas et al., 2010). High values of 

rainfall variability index were detected in the southeastern parts of the EM and 

having the same behaviour of CVs values. Interannual rainfall variability 

expressed by the new rainfall index (Australian Bureau of Meteorology, 2010) 

indicated an inversely statistical significant relationship between latitude and 

interannual rainfall variability (r= -0.65) at (p=0.01) (Fig 4.9). According to the 

variability index, the highest values were detected (0.7-0.6) in the third and first 

subregions (southern Turkey, Syria, Israel and Jordan), respectively, due to high 

interannual variability precipitation amounts in eastern and southeastern parts of 

the EM.  
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Figure 4.9 Scatterplots of latitude and annual rainfall variability index computed  

during 1961-2012 over the EM. 

 

The precipitation regime presents highly irregular and variable behavior in 

winter and spring in both spatial and temporal and more evident in the spring. The 

nature of the rainy winter season and spatial variation is related to atmospheric 

circulation variability (Kutiel, 1991). In fact, the precipitation pattern over the EM 

shows a strong gradient between the northern parts and the other regions especially 

in the spring (Fig. 4.10). In winter, the precipitation variability index ranges 

between 0.63 in Bolu (Turkey) and 2.41 in Benina (Libya), whereas these values 

tend to be higher in spring and range between 0.61 in Yozgat (Turkey) and 3.0 in 

H-4 Irwaidhed (Jordan). It was observed that the Mediterranean coast of Turkey 

has a marked seasonal regime and a peak winter rainfall in most regions which 

agrees with other studies (Saris et al., 2010). The seasonal precipitation regime in 

the southern parts of the EM present highest variability and irregularity comparing 

with other areas. It has been demonstrated that local or regional changes of 

meteorological parameters in mid-latitudes, including rainfall, are mainly 

controlled by the atmospheric circulation (Parker et al., 1994; 1996; Türkes, 1998). 

Anomalies in the large-scale circulation patterns account for much of the 

precipitation variability in this area and the Mediterranean meridional circulation 
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pattern strongly affects the winter and spring precipitation variability (Barnston 

and Livezey 1987).  

  

Autumn Winter 

  

Spring  

Figure 4.10 Spatial distribution of mean seasonal rainfall variability index  

during 1961-2012 over the EM 

 

In summer, precipitation in some areas has an average amount ranges 

between (0-2 mm) such as the southern parts of the EM (Syria, Jordan, Lebanon 

and Israel) with high inter-annual variability in all regions. Precipitation variability 

index shows high values in summer exceeding 7 in Turkey and 30 in Syria and 

Israel. In comparison, the EM does not receive much autumn rain because the 

dominant atmospheric systems are located at northerly latitudes and the 

Mediterranean depression is relatively weak at this time, which means a particular 

‘autumn type’ for the whole Mediterranean area does not occur on the monthly 

scale, since September and October still reflect a high rainfall variability.  
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 High CV values and precipitation variability index were detected over the 

EM in whole regions and they had a negative and statistically significant 

correlation with latitude (Fig 4.6 and 4.11). As result, the rainfall variability index 

and latitude have revealed a strong correlation between them in all seasons (Fig. 

4.11). At p=0.01, the correlation was high in spring (r=-0.75), in autumn and 

annually (r=-0.65), whereas it was moderate in winter (r=-0.50) (Fig 4.11).  

 

Figure 4.11 The annual and multiseasonal correlation coefficients between 

rainfall variability index and latitude  

  

The EM rainfall anomalies are associated with large-scale, high-amplitude 

North Atlantic climate variability. Cyprus lows, a mid-latitude disturbances that 

tend to develop in this cyclogenetic area when upper troughs or cut-off lows 

penetrate the EM, are of major importance for rainfall over the EM.  

Sarroni et al (2010) and Ziv et al (2013) have showed that the interannual 

variations in the number of the Cyprus lows explain 50% of the variance in the 

interannual rainfall variation in EM especially in the southern part of the eastern 

coast of the Mediterranean, and Cyprus Lows contribute about 80% of the rainfall 

in Israel between November and March. This spatial variability of precipitation 

regimes has profound effects on water resources, aridity and desertification 

conditions (Xoplaki et al., 2004). 
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4.1.4 Characteristics of the identified subregions 

In order to verify that the identified sub-regions are really characterized by 

different seasonal precipitation regimes, we have considered for each season the 

distribution of the mean annual and seasonal precipitation at five subregions. 

(Table 4.3). 

The Anderson-Darling (A-D) goodness of fit tests has been applied to check 

the null hypothesis that the distributions are the same (Table 4.3). It is the test to 

examine whether the sample data is drawn from a specific probability distribution.  

 

Table 4.3 P values calculated by Anderson-Darling (A-D) test applied to the 

distributions of the annual and seasonal precipitation at the five regions. 

 EOF1 EOF2 EOF3 EOF4 EOF5 

Autumn <0.05 <0.05 0.28 0.14 0.29 

Winter 0.74 <0.05 0.88 0.68 0.06 

Spring 0.07 0.39 0.22 0.52 0.49 

Annual rainfall 0.07 0.85 0.45 0.55 0.62 

 

 According to Table 4.3, it seems that in autumn three subregions are 

characterized by independent precipitation regimes. The first (south Turkey, 

Cyprus, inland Syria and Egypt) and second (Lebanon, Israel and Jordan) 

subregions we cannot reject the hypothesis that the distributions are the same. The 

autumnal precipitation regime in both areas is highly variable and concentrated, 

and the CV values are exceeding 35% (46.6%, 54.9%) in PC1 and PC2, 

respectively. The same occurs in winter for PC2 due to the big irregularity in the 

rainfall seasonal patterns in Israel and long term variation in winter rainfall over 

Israel, which relates to the NAO behavior and to the GCMs greenhouse warming 

prediction (Zangvil et al., 2003). In fact there are large variations from year to year 

in the seasonal rainfall, and particularly in its monthly distribution, so that it is 

difficult to find a season in which each of its months has even approximately 



98 

 

received its average amount. The distributions of spring and annual precipitation 

in all subregions can be considered different and independent. 

4.2 Changes in seasonality precipitation.  

4. 2.1 Seasonality and individual seasonality indices of rainfall regimes  

There is insufficient information on how precipitation distribution has 

changed from one period to another. From the definition of seasonality index, it is 

clear that the lower is the value of seasonality index, the better is the distribution 

of monthly rainfall among the months of a year. From the 𝑆𝐼 ̅̅̅̅  values of the period 

1961-2012, the EM classified the region into five zones ranging from a rainfall 

regime which is “equable with a definite wetter season” (𝑆𝐼 ̅̅̅̅  ranges from 0.20 to 

0.39) to the “most rain occurs in three months or less” (𝑆𝐼 ̅̅̅̅  ranges from 1.00 to 

1.19) (Fig 4.12).  

 

 

Figure 4.12 Rainfall Seasonality Index 𝑆𝐼 ̅̅̅̅ in the whole stations over 1961-2012. 

From 𝑆𝐼 ̅̅̅̅  values of the period 1961-2012, it is observed that 𝑆𝐼 ̅̅̅̅  varies 

between 0.22 and 1.02 (Fig 4.13), and the stations have seasonality index more 

than 1 and that the distribution of monthly rainfall in these areas is mostly 

attributed to 1 or 2 months do not exceed 5% of the regions studied and locate in 

Egypt (Alexandria) and in four other stations in Israel (Beer Tuvia, Jerusalem, Kfar 
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Menachem and Lod Airport), which has the highest values of 𝑆𝐼 ̅̅̅̅  range between 

0.83 and 1.02. The results show that the rainfall distribution in 23.3% of total 

stations is markedly seasonal and is distributed in 3-4 month period with a long 

dry season. 40% of stations have 𝑆𝐼 ̅̅̅̅  values between 0.60 and 0.79, reflecting the 

rainfall in these stations is purely seasonal with rainfall occurring evenly in 

months. Zones have rather seasonal with a short dry season form15.5% of the total 

area. The results indicate that all the stations fit the classification “Equable with a 

definite wetter season” locate at high latitudes and form 16.5% of the total number 

of stations. 

 

 

Figure 4.13 Box-whisker diagram of Seasonality Index (SI) over 1961-2012. 

 

The 𝑆𝐼𝑖
̅̅̅̅   (sum of the absolute deviation of monthly rainfall from the mean 

monthly rainfall of year i divided by the annual rainfall (Ri) of year i.) values are 

significantly higher than 𝑆𝐼 ̅̅̅̅  ones (sum of the absolute deviation of mean monthly 

rainfall from the overall monthly mean divided by the mean annual rainfall) (Fig 

4.14). This is in agreement with Walsh and Lawler (1981), whose results are based 

on similar studies in various regions of the world. 
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Figure 4.14 Mean 𝑆𝐼𝑖
̅̅̅̅  values distribution in whole stations over 1961-2012. 

Fig. 4.14 shows that the classifications start from the third zone which fits 

“Rather seasonal with a short dry season” and indicates an existence of an 

additional one in which the rainfall occurs in one or two months. These results 

reflect a high degree of temporal variability in monthly rainfall through each  

year, which in turns gives a better understanding of how the rainfall in a particular 

district is varying. 

Analysis of 𝑆𝐼 ̅̅̅̅  gives an idea about the rainfall distribution among the 

months and separate the states in different rainfall regimes. In coastal areas, 𝑆𝐼 ̅̅̅̅  

values are greater than continental ones and range between 0.85 and 1 indicating 

seasonal regime with a long dry season and the extreme rainfall regime where 

almost all the rainfall occurs in one or two months. The results also allowed the 

definition of a statistically significant negative linear correlation (r = -0.85) 

between the 𝑆𝐼 ̅̅̅̅  values and geographical latitude  (Fg.4.15). This result agrees 

with other previous studies on rainfall SI in Greece (Livada and Asimakopoulos, 

2005). 
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Figure 4.15 Scatter diagram and linear regression line of seasonality index 𝑆𝐼 ̅̅̅̅   

and latitude (ϕ) 

 

𝑺𝑰 ̅̅ ̅̅ / 𝑺𝑰𝒊
̅̅ ̅̅  “Replicability Index” 

Walsh and Lawler (1981) used the ratio 𝑆𝐼 ̅̅̅̅ / 𝑆𝐼𝑖
̅̅̅̅  as a ‘replicability index’ 

(Bello, 1998) to indicate whether or not the wettest period occurs over a small 

range of months, or whether it may occur in any month during the year. Higher 

values of the ‘replicability index’ indicate that the wettest month of the year 

generally occurs in only the same few months every year, whereas the lower values 

refer that the wettest month of the year tends to be more evenly spread amongst a 

large number of different months.  

Results from ‘replicability index’ illustrate a high degree of variability in 

the rainfall distribution regimes (Fig 4.16). The values range from 0.35 to 0.90. 

When this ratio is high, this means that the month of maximum rainfall occurs over 

a small spread of months and the range of 𝑆𝐼𝑖
̅̅̅̅  values is also small. This leads to a 

high repeatability of the mean rainfall regime and vice versa. 
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Figure 4.16 Box-whisker diagram of the ratio 𝑆𝐼 ̅̅̅̅ / 𝑆𝐼𝑖
̅̅̅̅  in all districts over 1961-2012. 

 

The annual variation of rainfall for four stations was presented in Fig.4.17 

to illustrate these points for three stations in four subregions with high and low 𝑆𝐼 ̅̅̅̅ / 

𝑆𝐼𝑖
̅̅̅̅  values.  

In Methoni and Tel Aviv, two coastal stations in Greece and Israel with an 

elevation of 55 and 32 m, respectively, the maximum rainfall occurs in a short time 

period (October to February) and the replicability index is estimated to be 0.85 and 

0.87, respectively. In contrast, the replicability index ratio in Bolu and Eskisehir 

has the values 0.40 and 0.49, respectively, which reflects a wide variety of rainfall 

distribution over the months and shows a lack of reliability in rainfall and also in 

the appearance and amount of rainfall. Both of these stations are continental 

situated in the western and northwestern parts of Turkey with an elevation of 743 

m and 785 m, respectively. 

 

  

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
Min Mean Median Max



103 

 

 

 

 

 

Figure 4.17 Histogram plots for frequency distribution of monthly rainfall amounts for 

selected stations of the subdiviede regions. 
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Considering that the 𝑆𝐼𝑖
̅̅̅̅  gives more information about rainfall seasonality 

than the 𝑆𝐼 ̅̅̅̅ index, the relationship between them has been evaluated. A statistically 

significant correlation (r = 0.93) between them was detected (Fig 4.18.). 

 

 

 

 Figure 4.18 Scatter diagram and linear regression line of seasonality index 𝑆𝐼 ̅̅̅̅   

and mean individual seasonality index 𝑆𝐼𝑖
̅̅̅̅   
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4. 2.2 Spatio and temporal changes in seasonality index 𝑺𝑰 ̅̅ ̅̅  

Trend analysis has been done on the 𝑆𝐼 ̅̅ ̅̅  for each series over  

(1961-2012). Fig 4.19 depicts the 𝑆𝐼 ̅̅̅̅ trends for all stations over the EM. It is seen 

that the 56.3 % of total stations has an increasing trend and 𝑆𝐼 ̅̅̅̅  index is increasing 

significantly at 95% confidence level over Afyon (Turkey), Thessalonoki Airport 

(Greece), Beer Tuvia, Jerusalem, Lod Airport, Tel Aviv and Gazit (Israel),  

Abu Kamal (Syria) and H-4 Irwaidhed (Jordan). The increased trend in 𝑆𝐼 ̅̅̅̅  values 

reveals that the rainfall distribution in these stations has become asymmetric 

accompanied by changes in rainfall characteristics such as intensity and duration. 

 

 

 

Figure 4.19 Obsorved trend in 𝑆𝐼 ̅̅̅̅  values during 1961-2012 over the EM 

 

A tendency towards increasing seasonality in Western Mediterranean is also 

indicated for much of Catalonia (northeastern Iberia) and in the most regions of 

Andalusia (southern Iberia) and seasonality index increased at a rate greater than 

0.003 per year (Summer et al., 2011). 
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𝑆𝐼 ̅̅̅̅  has showed a decreasing trend in other regions which is statistically 

significant in 8 weather stations at 95% confidence level:  Diarbakir, Gazianteb, 

Yzgat and Urfa (Turkey), Palmyra, Jarablous and TL Abiad (Syria) and Amman 

Airport (Jordan). 

4.2.3 Detection of regime shifts by STARS 

Examining regime changes, in combination with precipitation seasonality 

trends gave a more complete understanding of how this seasonality is changing 

and confirmed the timing of major shifts. 

The regime shift analysis using the STARS method reveals evident break 

points in mean individual  𝑆𝐼𝑖
̅̅ ̅̅ . STARS results determined by Cut-OFF length for 

proposed regimes (L=26) and the Huber Weight Parameters (H=1) indicated that 

abrupt change, mostly occurred in all weather stations in the late of 1970s to the 

end of 2012 (Fig 4.20). The sum of Regime Shift Index (RSI) calculated for each 

of the 103 single stations resulted in highest cumulative values in whole 1990s and 

peaked in the years 1989, 1995 and 2005. The highest RSI value for the  𝑆𝐼𝑖
̅̅ ̅̅  was 

obtained for the year 1998 in Israel (Gazit) and the second strongest shift occurred 

in 1995 in Jordan (H-4 Irwaished) (Fig 4.20). 
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Figure 4.20 Regime shifts in Mean Individual Seasonality Index from selected stations 

over 1961 -2012 (α=0.05; cut-off length= 26; Huber parameter = 1). 
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STARS analyses indicated step changes occurred during the period 1979-

2004 in all stations from 2005 to 2012. It was also observed that not all stations 

show the same synchronous regime shifts due to high rate of interannual variability 

for each station and among all regions. The number of transitions per year ranged 

from 1 to 11, with high increased tendency after 1989 (Fig 4.21). Over the entire 

record, the mean number of transitions was “2.4” with a standard deviation (2.8) 

and detecting a high and the evident increase at last second part (from 1.5 to 4.1). 

Slight differences in the number of regimes between dry and wet years were found; 

with wet years tending to have slightly fewer regimes with a longer length than 

dry ones as shown in the figure above. This means that, in general, regimes are 

similar in length and at the first part and longer compared with the second part 

which tended to be shorter from the beginning of 1990s. 

 

 

Figure 4.21 Summary of all regime shift index (RSIs) in mean estimated by STARS 

for 103 stations during 1961–2012 (α=0.05; cut-off length= 26; Huber parameter = 1). 

  

All these results indicate an increasing of interannual variability of 

seasonality over last several decades implying increasing uncertainty in the 

intensity, arrival and duration of seasonal rainfall in this period. We show that such 

increases in rainfall variability were accompanied by shifts in its seasonal 

magnitude, timing and duration, the matter which considered so important and 
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relevant to several ecological and social processes. The increasing tendency in 

precipitation concentration and seasonality is considered as an important factor in 

determining vegetation dynamics. Moreover, rainfall seasonality is directly related 

to disturbances like forest fires, which have a critical effect on soil erosion. Thus, 

the frequency and extent of forest fires in Mediterranean areas are directly related 

to summer water stress (Green et al., 2007; Guan et al., 2014). Thus, quantifying 

potential regimes, their shifts, and how they change through time will allow for a 

further understanding of the precipitation regime, which in turn will allow for 

observations of trends in its seasonality and variability in a changing climate. 

 4.3.3 Precipitation irregularity over the EM 

The temporal irregularity index (S1) was calculated for each station. The 

results showed a significant relationship with the entropy values (discussed later). 

As shown in Fig 4.22, the spatial distribution of the S1 on an annual scale shows a 

clear growth of the irregularity from the north to the south which has an intensive 

interannual variability.  The same results obtained in a previous study in the other 

Mediterranean region in Catalonia (north-eastern part of Spain) (Lana et al., 2009).  

 

Figure 4.22 Spatial distribution of temporal irregularity index S1 over the EM during 1961-2012. 

 
  

The results showed high variation among the regions, ranged from 0.16 in 

Tokat (Turkey) to 0.74 in Port Saied (Egypt). Highest temporal irregularities are 

detected in the regions with high rainfall variability. The results point to a 
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correlation between variability of annual rainfall and its temporal irregularity. In 

West Mediterranean the coefficient of correlation between CV and S1 for 35 annual 

precipitation series in peninsular Spain was +0.91 (p-value<0.000) (Martin-Vide, 

2011). This relationship becomes stronger and more significant in the regions that 

located at the lower latitudes of the study area (30-–33ºN) and originally 

characterised by high rainfall variability (Fig 4.23, a). Thus, highly temporal 

irregular distribution and a high interannual variability characterize the mean 

annual rainfall in most regions of the EM. The results have also demonstrated an 

inverse and significant correlation between both annual and monthly rainfall 

entropy and their irregularities (Fig 4.23, b and c). 

 

  

Figure 4.23 Scatter diagrams and linear regressions of annual rainfall S1 and CV (a),  

annual rainfall S1 and entropy (b) and annual rainfall S1 and monthly rainfall entropy (c) over 1961-

2012. 
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4.4 Spatial and temporal variability of daily concentration index (CI) 

over the EM 

4.4.1 Spatial distribution of average precipitation CI  

Precipitation CI values were estimated for 70 stations throughout the EM 

from 1961 to 2012. Table 4.4 shows the values of regression coefficients, a and b, 

which were estimated by the least squares method, CI values that calculated using 

the Lorenz Curve approach, the rainfall percentage contributed 25% of the rainy 

days and  Z values which obtained through the Mann–Kendall test.  

Study of daily CI index in the Mediterranean showed that 25% of the rainiest 

days represent at least 75% of the annual precipitation, and the highest values of 

CI (>0.61) which reveal high daily precipitation concentration were detected in the 

eastern part of the Iberian Peninsula (from Barcelona to Almeria) (Martin-Vide, 

2004; Benhamrouche and Martin-Vide, 2011, 2012). CI values ranged between 

0.50 in Sivas (Turkey) and 0.66 in Hellinikon Airport (Greece) with high 

variability interannual values. The highest values of CI were recorded at southern 

parts of the EM which also corresponded to the highest S1 values with an average 

of (0.61). This threshold (0.61) defined by Martin-Vide (2004) to separate most 

Mediterranean parts of the Iberian Peninsula according to CI.  This 0.61 threshold 

is clearly surpassed in most of these south EM areas which are featured by a lack 

of precipitation, especially in summer, which does not exceed (2 mm) as an 

average. In addition to measuring the overall precipitation distribution using Gini 

statistics or CI, analysis of Lorenz Curves may also contribute to an understanding 

of the precipitation distributions. Fig 4.24 presents calculated and observed 

cumulative precipitation percentages for some representative stations: Kastamonu 

and Finike (Turkey), Jerusalem and Tel Aviv (Israel), Limassol (Cyprus), Lattakia 

(Syria), Mytilene and Hellinikon Airports (Greece). The most intense areas of 

rainfall yielded a high precipitation CI values. In these regions, irregularity in daily 

rainfall amounts is mainly due to a high proportion of low rainfall amounts in 

which more than 70% of the total rain falls on 25% of the rainy days. It is clear 

that the extreme rainfall values can be found in Hellinikon Airport (Greece) with 
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75.7%, Har Kanaan (Israel) with 74.4%, Athalassa (Cyprus) with 73.4% and H-4 

Irwaidhed (Jordan) with 73.1%. 

 

 

Figure 4.24 Concentration or Lorenz curves of some meteorological stations over the EM. 

 The maximum daily concentration values are located primarily in the 

southern parts of the EM across Syria, Lebanon, Jordan and Israel, and secondary 

maximum annual values are found in Greece, whereas the lowest values are 

detected in the northern parts of the EM in Turkey (Fig 4.25).  

The precipitation CI reflects different climate types and precipitation regimes, 

from lower values in the northern parts of the EM, to more irregular values (highly 

concentrated rainfall) under across the Mediterranean Sea in the southern and 

northwestern parts of the EM.  
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Figure 4.25 Spatial distribution of annual concentration index (CI) in 

 70 daily rainfall stations over 1961-2012. 

 

 

Table 4.4 Values for constant a and b of exponential curves, the daily concentration 

index (CI), Z statistics and the rainfall percentage contributed by 25% of rainiest days 

for 70 stations across the EM (1960–2010). 

 

 

Station a b CI Z Rainfall % 

Abu kamal (Syria) 0.024 0.036 0.63 -2.25* 72.7 

Alanya (Turkey) 0.037 0.034 0.63 1.85* 73.1 

Adana Incirlik (Turkey) 0.036 0.035 0.62 1.93* 73.1 

Aleppo (Syria) 0.035 0.033 0.56 -2.11* 70.6 

Alexandria (Egypt) 0.045 0.030 0.59 1.90* 71.2 

Amiandos (Cyprus) 0.036 0.033 0.60 7.80*** 70.9 

Amman Airport (Jordan) 0.035 0.033 0.63 0.80 73.5 

Antalya (Turkey) 0.039 0.034 0.56 1.45 68.9 

Ashdod (Israel) 0.034 0.033 0.60 4.22*** 70.1 

Ashdot Ya'akov (Israel) 0.039 0.032 0.58 -3.54*** 69.4 

Athalassa (Cyprus) 0.037 0.031 0.62 0.08 73.4 

Athria (Syria) 0.038 0.032 0.59 -2.08* 65.9 

Beer Sheva (Israel) 0.027 0.035 0.62 2.16* 71.0 

Beirut Airport (Lebanon) 0.023 0.036 0.61 -1.01 71.7 

Benina (Libya) 0.038 0.034 0.67 -1.60* 70.1 



114 

 

Bolu (Turkey) 0.082 0.026 0.57 2.55* 66.9 

Bursa (Turkey) 0.041 0.037 0.56 1.99* 66.7 

Corum (Turkey) 0.091 0.018 0.56 2.25* 66.1 

Damascus-Airport (Syria) 0.034 0.032 0.60 -0.67 71.7 

Daraa (Syria) 0.037 0.032 0.59 -1.68* 70.0 

Deir Ezzour (Syria) 0.031 0.034 0.61 0.54 68.8 

Denizil (Turkey) 0.068 0.025 0.55 0.40 65.7 

Diyarbakir (Turkey) 0.039 0.035 0.53 1.24* 63.2 

Erzincan (Turkey) 0.094 0.021 0.56 2.42* 66.3 

Edleb (Syria) 0.033 0.032 0.59 -1.97* 65.6 

Finike (Turkey) 0.037 0.032 0.60 1.39 70.4 

Gazit (Israel) 0.039 0.032 0.58 0.55 68.4 

H-4 Irwaidhed (Jordan) 0.036 0.035 0.62 2.11* 73.1 

Hama (Syria) 0.035 0.033 0.59 -0.90 69.9 

Har Kanaan (Israel) 0.024 0.037 0.62 2.68*** 74.4 

Hasakah (Syria) 0.031 0.034 0.61 0.11 72.4 

Hellinikon Airport (Greece) 0.016 0.040 0.66 1.44 75.7 

Herakilon Airport (Greece) 0.025 0.036 0.62 1.57 72.8 

Irbid (Jordan) 0.036 0.033 0.61 -1.30 72.8 

Iskandarun (Turkey) 0.039 0.036 0.58 1.34* 67.9 

Isparta (Turkey) 0.068 0.026 0.54 0.42 66.1 

Izraa (Syria) 0.036 0.032 0.59 -1.69* 70.5 

Jarablous (Syria) 0.034 0.033 0.60 0.10 70.6 

Jerusalem (Israel) 0.018 0.040 0.64 3.94*** 74.5 

Kamishli (Syria) 0.031 0.034 0.60 -1.99* 70.4 

Kastamonu (Turkey) 0.081 0.025 0.52 2.51* 62.3 

Kfar Menachem (Israel) 0.047 0.030 0.56 1.20 68.0 

Kharabo (Syria) 0.039 0.032 0.58 1.46* 67.0 

Konya (Turkey) 0.061 0.023 0.57 0.22 67.4 

Larissa Airport (Greece) 0.031 0.034 0.61 0.99 70.3 

Larnaca Airport 0.031 0.034 0.60 6.14*** 70.7 

Lattakia (Syria) 0.024 0.037 0.62 -1.02 73.4 

Limassol (Cyprus) 0.055 0.028 0.56 1.21* 68.2 

Lod Airport (Israel) 0.026 0.036 0.62 1.70 72.4 

Mersa – Matruh (Egypt) 0.047 0.030 0.58 3.90*** 68.6 
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Meslmia (Syria) 0.037 0.032 0.59 0.76 65.8 

Methoni (Greece) 0.029 0.035 0.61 0.61 71.2 

Mytilene Airport (Greece) 0.022 0.038 0.63 0.84 71.6 

Nabek (Syria) 0.036 0.032 0.62 2.09* 70.9 

Nicosia (Cyprus) 0.063 0.027 0.54 4.28*** 67.7 

Palmyra (Syria) 0.032 0.033 0.61 -1.94 62.2 

Polis (Cyprus) 0.055 0.028 0.56 6.43*** 68.2 

Port Saied (Egypt) 0.049 0.033 0.59 0.94 67.8 

Raqa (Syria) 0.033 0.033 0.61 -1.30 72.3 

Salamia (Syria) 0.044 0.031 0.58 -2.28* 65.4 

Sivas (Turkey) 0.098 0.023 0.50 2.47* 57.5 

Swedaa (Syria) 0.038 0.032 0.59 -2.67** 68.1 

Tartous (Syria) 0.029 0.035 0.60 -0.29 70.1 

Tel Aviv (Israel) 0.027 0.036 0.62 1.32 72.4 

Thessaloniki Airport (Greece) 0.027 0.036 0.62 1.22 69.8 

TL Abiad (Syria) 0.035 0.033 0.59 -1.22 68.3 

Tokat (Turkey) 0.080 0.024 0.55 2.50* 67.4 

Trepoli (Lebanon) 0.025 0.037 0.61 -1.03 72.8 

Tripolis (Greece) 0.031 0.033 0.61 1.50 70.4 

Urfa (Turkey) 0.038 0.038 0.62 1.66* 71.7 

 
* Trends statistically significant at  =0.05 
**Trends statistically significant at  =0.01 
***Trends statistically significant at  =0.001 

 

4.4.2 Spatial and temporal distribution of annual precipitation CI  

Annual precipitation CI values exhibited varying temporal trends, which 

can be characterized as spatially heterogeneous among stations  

(Fig 4.26). The results show the number of rain gauges that present trends (positive 

and negative) for three different significance levels (Table 4.4). This table displays 

the regression slope estimates and Mann-Kendall (M-K) test statistics for the 

annual CI values for the entire period (1961-2012).  70% of the stations exhibited 

positive annual precipitation CI trends. About 11% of the stations showed 

significant positive changes at a = 0.001 significance level, which are located in 
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the southeastern parts of the EM especially in Israel, whereas 24% of total stations 

had a significant positive change at = 0.05. Although the stations located in the 

northern parts of the EM have the lowest values of the annual CI, they obtained 

significant positive trends due to the significant decreasing in both annual rainfall 

amounts and number of rainy days. The annual precipitation CI exhibited a 

statistically significant decreasing trend at = 0.05 at 10% of total stations. 

Significant decreasing trend at = 0.01 and = 0.001 was detected in Swedaa 

(south Syria) and Ashdot Ya'akov (Israel), respectively. The distribution of annual 

precipitation CI trends indicates that the significant increasing trend mainly occurs 

in the north, centre and northwestern parts of the EM (Turkey, Cyprus and Greece) 

and some parts of southeastern parts (mainly Israel) which are dominated by high 

precipitation CI values (Fig 4.26). These findings indicate that these areas are at 

risk for extreme precipitation events. 

 

Figure 4.26 Observed trends of annual precipitation CI (1961-2012). Positive trends are 

in red and negative ones in blue. Large tringles represent significant trends, otherwise 

small triangles are shown. 
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Fig 4.27 shows the spatial distribution of the trend sign and summarizes the 

results showing the percentages of stations, which present trends (positive and 

negative) for three different values of significance level. 

 

Figure 4.27 Annual precipitation CI trends at various significance levels as determined 

by the Mann–Kendall test. 

 

A unique trend cannot be detected; however, there are more stations with a 

significant positive trend (37.1 %) of CI than those with a significant negative one 

(15.8%); 47.1% of the rainfall series reveals no significant trend. The spatial 

distribution of trends indicates homogeneity across the EM, with a clear global 

patterns on an annual scale. Generally, the eastern parts of the EM have an overall 

increasing trend of the daily CI; however, several stations located in the eastern 

parts, especially in Syria, showed a decreasing trend. Analysis of the precipitation 

CI demonstrated a widespread distribution of extreme events, and confirmed the 

irregularity and inequality of daily precipitation across this area. The northern and 

northwestern parts of the EM exhibited high levels of temporal variability in 

precipitation CI at the interannual level. Study results demonstrated that 

precipitation CI exceeded 0.70 at some stations for some years with high 

coefficient of variation (Fig 4.28). These areas exhibited inequalities in yearly 

precipitation due to a high percentage of days with low precipitation and a 

tendency toward non-uniform daily precipitation distribution which revealed at 

these stations.  
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Figure 4.28 Temporal changes in the annual precipitation CI between 1961 and 2012 

 for some selected stations. 
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The results show that the annual precipitation CI values in the EM have a 

similar configuration to that of other Mediterranean areas with higher maximum 

CI values in the EM which exceed 0.75 in several years for many areas. For 

example, the annual precipitation CI values in Israel range between 0.50 and 0.77 

(an average 0f 0.60 over the period 1961-2012), 0.47 and 0.77 (an average of 0.57 

over the period 1941-2012). In Cyprus, these values vary between 0.41 and 0.76 

(an average of 0.60 for the period 1961-2012), whereas these values become less 

for the period (1917-2012), and range between 0.36 and 0.76 with an average of 

0.58. In Syria, the CI values vary between 0.47 and 0.73 and average of 0.60 over 

1961-2012. The mean annual precipitation CI values in Greece for the period 

1961-2012 is 0.61 which range between 0.48 and 0.74). The precipitation CI values 

in Turkey were lower than those shown in other parts of the EM and range between 

0.46 and 0.72) with an average of 0.57 during the study period. 

Previous studies in other parts of the Mediterranean region like peninsular 

Spain showed that the concentration index CI of series of precipitation varied 

between 0.55 and 0.70 for (an average of 0.61 over the period 1951 - 1990) 

(Martin-Vide, 2004). In Algeria, these values ranged between 0.57 and 0.70 (an 

average of 0.63 for the period from 1970 to 2008) (Benhamrouch et al., 2015). 

Coscarelli and Caloiero (2012), for a small part of Italy, showed that a very 

inhomogeneous daily rainfall temporal distribution characterizes the eastern side 

of this region with a clear tendency toward a weaker seasonality of the rainfall 

distribution detected by Mann-Kendall test. Cortesi et al (2012) used the CI to 

investigate the statistical structure of daily precipitation across Europe based on 

530 daily rainfall series for the period 1971–2010. The annual CI showed a 

northwest to southeast increasing gradient (excluding Turkey and Greece). 

Moreover, high annual and seasonal daily concentrations of rainfall were detected 

in the western Mediterranean Basin, mainly along the Spanish and French 

coastlands. The range of CI values in the Mediterranean region is clearly lower 

than that presented in China (0.74–0.80) by Zhang et al (2009). This difference 

can be explained on the basis of the different climate systems and precipitation 

mechanisms responsible for rainfall in China (such as a typhoon). 
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 Abrupt changes were detected in precipitation CI in the northwestern parts 

of the EM. Fig 4.29 illustrates that abrupt changes of CI at most stations occurred 

in the late 1970s and early1980s and indicates that interannual precipitation CI was 

uniformly distributed during those years, whereas the abrupt changes in northern 

parts of the EM occurred mainly after 2003. It is evident that abrupt changes of the 

annual CI detected later than in those located in the southern and southeastern 

parts. The abrupt change in precipitation CI might be occurred due to sudden 

highly intensive rainfall in these parts and it can be seen from Fig 4.29 that the 

values of annual CI in most stations that located in northern EM have increased 

after the change point, whereas stations in the other parts have exhibited an 

increasing or a decreasing tendency in CI values after the change point. Three 

representative stations of these two parts (northern and southern EM) were selected 

to demonstrate the abrupt changes that occurred in annual precipitation CI along 

different areas (Fig 4.29). For example, for last four stations which are located in 

Turkey as shown in Fig. 4.29, it can be seen from the time series plots and CUSUM 

charts of the annual precipitation CI a steady rise in CI values since 2004 which 

was statistically significant at =0.001. The results obtained for Beer–Sheva in 

Israel showed also a steady rise in CI values from 1978 till 1992, then detected a 

decreasing trend till 2005 followed by a further rise till the end of the record in 

2012. The analysis in Har kanaan (Israel) detected two changes which occurred in 

1963 and 1997 (Fig.4.29). 
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Figure 4.29 CI precipitation time series data (left) and their abrupt changes (right) between 

 1961 and 2012, as determined by CUSUM charts for some selected stations over the EM. 
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The first and most important change point is estimated to have occurred 

between 1963 and 1965 with =0.01 confidence level. Prior to 1997 mean annual 

CI values were about 0.52 while and after the first change they were 0.6 and, then, 

0.63 after the second change. A significant increasing of mean CI values at =0.05 

confidence level occurred during one subsequent year in both Nicosia (Cyprus) 

and Lod Airport (Israel). The mean CI has increased from 0.57 to 0.64 and from 

0.57 to 0.62 in Nicosia and Lod Airport respectively. In Limassol (Cyprus), the 

analysis of abrupt change detected three steps of change which occurred in 1974, 

1990 and 1998. The first and most important change point is estimated to have 

occurred between 1969 and 1979 at =0.01 confidence level. Prior to 1974 the 

average value of annual CI was found to be 0.63, while after the first change it 

decreased to 0.56. The change point occurred both in 1990 and 1998 occurred at 

the same confidence level (=0.05) with an increasing of mean precipitation CI 

during (1987-1992) from 0.56 to 0.64, while the third change led to another 

decrease till 0.55.    

 

 

 

 

 

 

  



124 

 

4.5 Spatial and temporal distribution of the annual Precipitation 

Concentration Index PCI.  

The spatial distribution of an annual PCI across the study area was computed 

for the 103 monthly stations. The results are mapped in Fig 4.30 

In the northern regions of the EM, the PCI values between 11 and 20 denote 

the seasonality of the rainfall distribution. Differently, the southern and 

southeastern areas have PCI>20, with a steep increasing gradient from north to 

south, denoting a high monthly variability in the rainfall amounts. The highest PCI 

values are observed in the southeastern parts across the Mediterranean Sea (Syria 

and Israel), with PCI ranging from 22 to 55, indicating that most of the 

precipitation in this area falls in only a few months. The water stress is very intense 

in these regions during the hot summer season due to the lack of rainfall.  

 

Figure 4.30 Mean value of the Precipitation Concentration Index (annual scale)  

during the period 1961-2012. 

On an annual scale, PCI in the EM can be described as strongly irregular in 

the south and southeastern parts (more influenced by the Mediterranean). PCI 

values are distributed from high distribution in south and southeastern parts to 

moderate and uniform distribution in the northern parts. During the wet season 

(October to March) PCI is lower and it is distributed according to a clear north to 

south gradient (from uniform precipitation concentration in the northern and 

northwestern parts to moderated seasonal distribution in the southern parts across 
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the Mediterranean coast) (not shown). Therefore, the annual PCI values showed a 

statistically significant and negative correlation with latitude (r=-0.91) (Fig 4.31). 

 

Figure 4.31 Relationship between annual PCI values and latitude. 

 

We applied the PCA to annual PCI values computed for all stations. Based 

on Scree test (Cattell, 1966) to determine how many components should be 

retained, we have selected four principal components for Varimax rotation. The 

idea behind choosing a varimax rotation is to simplify the structure of loadings 

(Jolliffe et al., 2002) by maximising the variance of the squared correlation 

coefficients (such as loadings) between each rotated and original component. The 

four leading PCs explain 63% of the total variance which tallied with Briffa et al 

(1994) recommendation. High loadings indicate good correlations between the 

PCIs variables and the PCs. The PC1 and PC2 loadings explains about 26% and 

20% of the total variance, respectively. They have high positive loadings in the 

northwestern and southeastern parts of the EM (the inner parts of Syria, Greece 

and south and west parts of Turkey). For winter precipitation, the PC1, which 

explains 30% of the total variance, showed positive loadings in Syria, Egypt and 

Libya (Fig 4.32).; while the PC2 showed a high concentration of winter 

precipitation in western Turkey and Greece which means that these parts of the 

EM are characterized by considerable rainfall amount and percentage in winter. 
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The PC1 and PC2 loadings together cover identical extension areas in both annual 

and winter analyses. 

  

 

Figure 4.32 Spatial distribution of the rotated PC loadings  

(EOFs) across the EM applied to annual  PCI values 

 
 

The PC3 loading, with 11% and 16 % of explained variance in annual and 

winter precipitation, respectively, had high positive values on annual and values 

in Cyprus the southeast parts of the EM across the coastal region of Syria, 

Lebanon, Israel, and Jordan. This spatial pattern indicates that these areas are 

characterized by high amounts in winter and high seasonal rainfall regime and 

resulted mainly from passages of extratropical cyclones over the EM (Ziv et al., 

2006). These authors found a negligible correlation between the winter rainfall in 

Israel and the sea-level pressure (SLP) over the EM, but significant positive 

correlations over the other parts of the Mediterranean and over Europe. 

Finally, an analysis of the spatial and temporal patterns in the EM has been 

carried out by means of annual precipitation PC1 and PC2 scores dataset. They 

show a different behaviour between southern parts, with the most critical rainfall 

concentration, and north parts where precipitation concentration was lower 

compared to those of southern parts. The application of the Mann–Kendall test 

EOF1   EOF2   EOF3    EOF4 
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showed a general non-significant trends in annual and winter PCI over those 

stations under EOF1 and EOF2 domains. (Fig 4.33). 

  

  

Annual Winter  

Figure 4.33 Temporal patterns of corresponding EOF1 and EOF2 scores derived from FAC values  

in winter and annual precipitation  
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4.6 The spatial distribution features of entropy over the EM. 

The value of the entropy of a rainfall series is determined by its probability 

distribution. For a given rainfall station, the entropy of the rainfall series reaches 

its maximum when the probability distribution is uniform without any deflection; 

however, it would reduce to zero if any particular value of the rainfall series 

occurred with the probability of one (Maruyama et al., 2005). The variability of 

precipitation is measured using the entropy. In order to investigate the variability 

of annual, monthly and daily precipitation, the mean entropy is calculated for 

individual stations respectively for each time series. The spatial distribution of 

entropy on monthly and daily scales is shown in Fig 4.34. The value of the entropy 

ranges between 5.33 and 6.18 for monthly precipitation, 5.12 and 8.5 for daily 

precipitation, whereas all the stations have similar values of annual entropy 

ranging between 3.8 and 3.9.  

It is clear that the distribution of the entropy values for both monthly and 

daily rainfall series varies between the north and south parts. Overall, the 

variability is high in southern relative to northern parts of the EM. The low values 

of entropy are detected in south and southwestern parts where the highest 

seasonality values represent a big disorder in the rainfall amounts associated with 

high variability in this area.    
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Figure 4.34 Spatial distribution for the entropy of monthly (a) and daily (b) 

rainfall amounts during 1961-2012 over the EM. 

 

It is observed that the spatial variability of monthly series is less than that 

of individual time series (These results agree with those obtained in (Mishra et al., 

2009). The entropy would reach its maximum only when the monthly rainfalls are 

equal at a given station. The entropies in the EM are relatively small, mostly, which 

implies that the distribution of rainfall is discrete in time with interannual 

variations except in the northern parts which might be due to the climatic 

conditions and topographies (e.g., closeness to Black Sea and altitude above 1,000 

m in the center of Anatolian plateau). 
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4.6.1 The relationship between entropies, longitude, latitude and CV. 

The entropy and the coefficient of variation (CV) for a given station can 

both indicate the variability of temporal rainfall distribution. The relationship 

between the entropy and both longitude and latitude is analysed to reveal the spatial 

structure of the precipitation (Fig 4.35). 

  

 

 

Figure 4.35 Relationship between monthly entropies and both longitude and latitude  

over 1961-2012. 

It can be seen in Fig 4.35a that the monthly rainfall entropies are highly and 

significantly correlated with the latitude (r= 0.88) at (p=0.01), i.e., entropy 
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increases with latitude (from south to north); whereas the relationship between 

daily rainfall entropies and latitude was lower (r=0.63) at (p=0.01) due to high 

variability in the daily rainfall amounts (Fig 4.36).  

 

 

Figure 4.36 Relationship of daily entropies and latitude over 1961-2012 

 

No statistical relationship was observed between any temporal entropy and 

longitude. Entropies in the longitude direction or from west to east are widely 

scattered without any correlation (r= -0.24) (Fig. 4.35b), showing great differences 

in rainfall distributions from west to east. The results show that the entropy was 

linearly and positively related to the latitude, but it was not linearly correlated with 

the longitude. It was suggested that the precipitation possesses the latitude 

zonality, which implied that precipitation might increase with the latitude from the 

south to the north. The same results were obtained by Zhao et al (2011), they found 

a significant correlation between the monthly rainfall entropy and latitude with a 

correlation coefficient of 0.8 in Xinjiang, located in an arid area in north China.  

The results show that the correlations between seasonal CVs and entropy 

values are significant at (p=0.01) and these correlations are negative. The highest 

correlation is detected in spring (r=-0.84) (Fig 4.37a) and autumn (r=-0.77) (Fig 

4.37b), whereas the entropy values in winter have a moderate negative correlation 
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with CVs (r=-0.47) (Fig 4.37c). Among others, similar results were observed in 

China (Liu et al., 2013). Sang (2013) has also found that the measures of CV and 

entropy perform differently in describing the complexity of daily precipitation 

processes in and so they also have different performances. Ebrahimi et al (1999) 

showed that both the variance and entropy reflect concentration, but their 

performances are different. The former measures concentration only around the 

mean, while entropy measures diffuseness of the probability density function 

(PDF) but does not consider the location of concentration. They also found that 

entropy may be related to high-order moments of a distribution which could offer 

a much closer characterization of the PDF because it uses much more information 

about the probability distribution than the variance does. Koutsoyiannis (2005) has 

also detected high negative correlation between CV and Entropy values for 

numerous hydrological data sets on several time scales.  

 Therefore, the entropy is more effective than CV for quantifying the 

complexity and variability of the changing climatic systems and it can be an 

effective alternative measure of dispersion and scattering (Mishra et al., 2009; 

Sang et al., 2012), because it can show the impact of urbanizations on the 

variability of both daily precipitation and precipitation extremes.  

In recent years, an Entropy Theory approach has been adopted as a good 

method to evaluate the disorder, which is based on spatial and temporal 

precipitation variability patterns. It has been used in a wide range of applications, 

assessing variability in the hydrological variables (Koutsoyiannis, 2005; Delsole 

and Tippett, 2007; Mishra et al., 2009; Zhao et al., 2011). 
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Figure 4.37 Relationship between entropies and CV in autumn “a” , spring ”b”  

and winter “c” during 1961-2012 over the EM. 
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4.7 Spatial and temporal changes in rainfall frequency distribution 

patterns 

Annual rainfall totals in the EM were analysed to reveal any long term 

changes in their temporal and spatial distribution patterns since the 1960s. We 

investigated the behaviour of the changes in the shape and scale parameters of the 

fitted gamma distribution to the annual rainfall data between two 26-yr periods 

(1961-1986 and 1987-2012). The values of the shape  and size parameters 1/ 

for each of all 103 meteorological stations, separately, are shown in Table 4.5. 

 

Table 4.5 The values of parameters α and 1/β for each station during two 26-yr periods 

(1961-1986 and 1987-2012) and the percent of change over 1961-2012. 

Station 

Period 1 Period 2 

Change% 

1961-1986 1987-2012 

      

Abu Kamal (SYR) 5.22 26.52 3.64 30.16 -30.30 13.71 

Adana Incirlik (TUR) 10.10 66.96 10.32 65.95 2.18 -1.52 

Afyon (TUR) 20.16 19.69 36.21 11.33 79.62 -42.44 

Akhisar (TUR) 18.89 31.72 16.76 31.63 -11.27 -0.29 

Alanya (TUR) 16.82 65.60 11.24 96.86 -33.15 47.64 

Aleppo (SYR) 22.68 14.72 7.01 43.45 -69.07 195.28 

Alexandria (EGY) 9.90 17.65 5.41 36.86 -45.31 108.84 

Alexandroupoli Airport (GRC) 18.65 30.22 13.22 37.23 -29.11 23.21 

Amiandos (CYP) 15.23 68.36 9.12 93.73 -40.10 37.10 

Amman Airport (JOR) 12.61 21.62 3.19 88.96 -74.66 311.58 

Ankra Esenboga (TUR) 26.37 15.65 19.25 20.95 -26.99 33.80 

Antalya (TUR) 12.92 85.67 8.17 131.85 -36.77 53.91 

Ashdod (ISR) 7.05 71.72 5.48 93.47 -22.33 30.33 
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Ashdot Ya'akov (ISR) 23.14 17.59 8.21 45.71 -64.50 159.86 

Athalassa (CYP) 18.88 17.51 8.86 36.13 -53.05 106.40 

Athria (SYR) 15.86 12.43 5.57 31.73 -64.86 155.29 

Aydin (TUR) 27.57 23.61 13.70 43.93 -50.30 86.09 

Balikesir (TUR) 25.20 23.48 18.19 30.48 -27.84 29.84 

Bandirma (TUR) 24.73 29.69 21.41 31.98 -13.44 7.72 

Beer Sheva (ISR) 7.73 27.00 5.78 31.59 -25.20 17.00 

Beer Tuvia (ISR) 8.61 61.78 9.12 58.72 5.90 -4.95 

Beirut Airport (LBN) 16.92 48.06 13.11 52.95 -22.54 10.17 

Benina (LBY) 9.93 27.42 6.60 35.47 -33.57 29.37 

Bolu (TUR) 43.25 12.71 33.59 16.27 -22.35 28.00 

Bursa (TUR) 38.02 18.03 21.15 32.01 -44.37 77.59 

Canakkale (TUR) 19.65 32.33 18.30 30.61 -6.91 -5.31 

Corum (TUR) 30.07 13.18 37.60 11.96 25.03 -9.26 

Damascus-Airport (SYR) 10.02 14.62 4.78 24.67 -52.30 68.83 

Daraa (SYR) 11.20 24.06 5.67 37.64 -49.41 56.46 

Deir Ezzour (SYR) 7.66 20.80 3.30 38.15 -56.95 83.40 

Denizil (TUR) 22.33 25.83 19.06 29.49 -14.63 14.20 

Diyarbakir (TUR) 14.37 34.71 17.02 27.51 18.43 -20.72 

Edleb (SYR) 30.00 16.90 8.90 54.19 -70.34 220.56 

Edirrne (TUR) 32.52 17.96 22.33 25.58 -31.33 42.42 

Elazig (TUR) 16.56 26.81 16.65 23.51 0.60 -12.31 

Eregli / Konya (TUR) 19.32 15.85 22.31 12.97 15.48 -18.14 

Erzincan (TUR) 25.16 14.90 16.75 22.06 -33.40 48.05 

Eskisehir (TUR) 43.94 8.91 29.25 11.59 -33.44 30.10 

Finike (TUR) 10.15 95.28 9.32 102.10 -8.25 7.16 

Gazianteb (TUR) 23.46 32.43 10.69 51.15 -54.43 57.72 
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Gazit (ISR) 22.96 21.38 8.18 57.37 -64.38 168.38 

H-4 Irwaidhed (JOR) 3.68 2.84 22.94 28.76 -22.73 25.47 

Hama (SYR) 23.41 15.28 9.23 33.07 -60.55 116.44 

Har Kanaan (ISR) 14.16 47.28 12.14 45.64 -14.26 -3.48 

Hasakah (SYR) 8.67 33.20 4.35 52.30 -49.79 57.53 

Hellinikon Airport (GRC) 20.77 18.23 11.04 31.63 -46.86 73.51 

Herakilon Airport (GRC) 16.89 30.61 15.73 28.98 -6.89 -5.32 

Hmemiem Airport (SYR) 29.71 29.35 10.61 71.20 -64.28 142.60 

Irbid (JOR) 22.76 21.26 8.93 47.11 -60.76 121.58 

Iskenderun (TUR) 15.99 45.56 34.76 21.52 117.35 -52.76 

Isparta (TUR) 11.22 49.89 15.69 31.73 39.83 -36.39 

Istanbul-Ataturk (TUR) 22.69 30.23 5.60 119.62 -75.33 295.74 

Izmir/Cigli (TUR) 16.59 41.60 11.77 58.40 -29.08 40.38 

Izraa (SYR) 23.31 13.18 6.69 39.38 -71.31 198.84 

Jarablous (SYR) 12.35 26.70 7.85 36.75 -36.41 37.67 

Jerusalem (ISR) 18.91 29.56 8.68 60.02 -54.13 103.09 

Kamishli (SYR) 10.79 40.96 4.86 71.41 -54.91 74.34 

Kastamonu (TUR) 35.38 13.37 22.17 21.08 -37.35 57.71 

Kayseri / Erkilet (TUR) 34.04 10.84 18.66 20.69 -45.17 90.82 

Kfar Menachem (ISR) 9.29 51.24 8.94 56.24 -3.80 9.76 

Kharabo (SYR) 15.58 10.72 5.25 26.04 -66.31 142.91 

Kirsehir (TUR) 25.08 14.73 31.71 11.59 26.43 -21.35 

Kithira Airport (GRC) 22.70 24.07 9.33 49.59 -58.92 106.04 

Konya (TUR) 19.74 17.20 18.55 16.21 -6.03 -5.73 

Kutahya (TUR) 34.50 17.31 34.14 15.16 -1.05 -12.41 

Larissa Airport (CYP) 13.99 29.73 24.52 17.05 75.21 -42.64 

Larnaca Airport (CYP) 12.73 26.67 8.46 41.22 -33.54 54.58 
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Lattakia (SYR) 19.59 40.25 9.08 74.14 -53.67 84.21 

Limassol (CYP) 16.62 25.55 9.99 42.04 -39.92 64.53 

Lod Airport (ISR) 15.58 36.36 6.13 87.58 -60.63 140.87 

Malatya/ Erhac (TUR) 16.49 24.90 26.11 13.85 58.35 -44.38 

Mersa – Matruh (EGY) 8.72 14.73 7.00 21.90 -19.77 48.63 

Meslmia (SYR) 18.53 18.83 9.35 33.88 -49.53 79.89 

Methoni (GRC) 19.02 36.87 19.06 35.65 0.22 -3.30 

Milos (GRC) 22.20 18.61 6.99 57.07 -68.52 206.57 

Mitzpe Roman (ISR) 5.04 15.50 4.41 15.35 -12.49 -0.97 

Mugla (TUR) 18.04 68.77 17.79 60.90 -1.40 -11.44 

Mytilene Airport (GRC) 30.03 23.13 11.36 51.27 -62.17 121.60 

Nabek (SYR) 12.67 9.68 5.01 22.28 -60.50 130.07 

Naxos (GRC) 12.49 30.94 8.42 42.69 -32.61 37.96 

Nicosia (CYP) 19.85 16.70 9.90 31.96 -50.10 91.45 

Nigde (TUR) 20.19 15.72 20.38 16.70 0.90 6.21 

Palmyra (SYR) 6.99 19.27 4.39 26.16 -37.17 35.71 

Paphos Airort 16.49 24.59 7.86 50.41 -52.33 105.04 

Polis (CYP) 15.26 31.90 9.45 44.03 -38.08 38.03 

Port Saied (EGY) 3.90 19.59 0.97 102.60 -75.23 423.63 

Raqa (SYR) 9.18 23.43 3.99 38.03 -56.52 62.29 

Safita (SYR) 20.13 57.48 9.54 102.78 -52.60 78.83 

Salamia (SYR) 17.02 18.17 8.80 31.79 -48.27 74.96 

Silifke (TUR) 16.35 36.81 9.53 56.87 -41.70 54.51 

Sivas (TUR) 29.42 14.16 35.63 13.16 21.11 -7.10 

Souda Airport (GRC) 17.53 38.55 9.40 64.98 -46.40 68.55 

Swedaa (SYR) 19.32 18.86 9.96 29.85 -48.44 58.29 

Tartous (SYR) 18.47 49.04 10.67 77.55 -42.21 58.13 
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Tel Aviv (ISR) 12.54 43.78 6.02 84.23 -52.03 92.36 

Thessalonoki Airport (GRC) 25.67 17.66 19.51 30.97 -24.01 75.34 

Tl-Abiad (SYR) 11.60 24.99 5.89 40.06 -49.23 60.30 

Tokat (TUR) 44.06 9.31 62.39 7.38 41.60 -20.68 

Trepoli (LBN) 18.45 44.18 9.71 77.26 -47.35 74.85 

Tripolis Airport (GRC) 26.07 31.68 14.16 45.45 -45.68 43.50 

Urfa (TUR) 11.58 41.45 8.47 50.77 -26.84 22.49 

Usak (TUR) 28.61 19.21 27.11 19.66 -5.24 2.35 

Yozgat (TUR) 27.59 21.00 34.79 17.13 26.09 -18.42 

 

These values from Table 4.5 have been used to draw the scatter plot 

diagrams in Fig 4.38, which displays distinctively for each of the two periods 

(1961-1986 and 1987-2012), the values of parameters α and 1/β and the percent of 

change. It is apparent that there is a tendency for the points representing α versus 

1/β for two periods to concentrate in distinctively different areas of the scatter plot 

diagram and becomes more concentrated in the second period.  

 

  

 

Figure 4.38. Scatter plot diagram of pairs of shape (α) and size parameters (1/β) for all the 

 rainfall measuring stations, for each of the two 26-yr periods, separately. 

 a) Period 1 (1961–1986), b) Period 2 (1987–2012). 
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The results show a statistically significant correlation at (p=0.01) between 

shape parameter α and latitude in both subperiods, r=0.68 and r=0.64 for the first 

and second period, respectively (Fig 4.39). 

  

 

Figure 4.39 Scatter plot diagram of pairs of latitude and shape parameters for all  

the rainfall measuring stations, for each of the two periods, separately. 

 a) Period 1 (1961–1986), b) Period 2 (1987–2012). 

  

The shape parameter α ranges between 3.7 and 44.1 in the first period (1961-

1986) (Fig 4.40a) and from 0.9 to 62.4 in the second one (1987-2012) (Fig 4.40b). 

It was seen that the values α in 80% of stations range from 20 to 30 in the first 

period and these values decrease to be between 10 and 20 in more than 85% of 

total stations.  
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 ”a” 

 ”b” 

Figure 4.40 Shape parameter distribution for rainfall stations during the two 26-yr periods  

(a) (1961-1986) and (b) (1987-2012) 

 

There are stations with large α values, whereby the distribution approaches 

the normal and at the same time for these stations the most likely value of annual 

rainfall is larger. In the cases where α is small, due to the asymmetry of gamma 

distribution, smaller annual rainfalls are more likely to happen. The scale 

parameter 1/β ranges from 8.91 to 95.28 in the first period and 7.38 to 131.85 in 

the second period with most stations belonging to the extreme higher tail (e.g. more 

than 70 percentile). 
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    The fact that most stations are characterized by large values of 1/β can be 

interpreted as a characterization of increased occurrence of extreme annual 

rainfall, at both tails of the distribution, in this period. It was observed that in the 

second period, both ranges of α and 1/β values are increased considerably. The 

increasing in the scale parameter means that the distribution function covers events 

with extreme rainfall amounts. The clear tendency of the size parameter 1/β to 

decrease in the northern parts (Turkey) by the end of the period under study can 

be interpreted as a tendency for reduced probability of large annual rainfall 

amounts in the most recent years. This is reflected in a severe water shortage in 

this area over the last two decades, which in conjunction with the increasing water 

supply demands.  

The results show a north-to-south decreasing trend of the shape parameter 

which reflects the steep climatic gradients from humid in northern parts, to the 

semi-arid and arid zones in southern ones. During the first period, the scale 

parameter increased steadily from the north to the south, reflecting the increasing 

aridity towards the southern part of the EM. The above drastic changes in the north-

south tendencies of the shape and scale parameters are expressed by the percent 

changes of both distribution parameters during the second period with respect to 

the first one. 

The spatial distribution of the shape parameter of the fitted gamma 

distribution for the two consecutive periods, as well as the percentage change 

during the second period, with respect to the first one, are mapped in (Fig 4.41a) 

and their values were presented in the table above (Table 4.5). As it can be seen, 

the shape parameters show negative trends in most areas, especially in the southern 

and  

southeastern parts in which the shape parameters have such sever significant 

decrease. A similar pattern, though opposite in nature-positive is exhibited by the 

change of the percentage of the scale parameter. The changes in the spatial patterns 

of the shape and the scale parameters during the two consecutive periods may be 

indicative of a variety of factors which led to these patterns of change. We can see 
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an appreciable decrease occurs in the shape parameter, with a concurrent increase 

in the scale parameter in the second period, compared to the first (Fig 4.41b). 

”a” 

 

”b” 

Figure 4.41 Spatial distribution of the shape parameter for (a) the first period (1961-1986)   

and (b) the second period (1987-2012) 

 

The changes of the distribution parameters were statistically tested at the 

two levels, 0.01 and 0.05, of significance. These changes are illustrated by the 

shifting patterns of the PDF curves of the gamma distribution fitted to the annual 

rainfall amounts of some stations for the two periods. The PDF fitted to the annual 

rainfall at some selected stations are plotted in Fig 4.42. In general, the percentile 

changes for this area show an increase in the lower tail and a considerable decrease 

in the upper tail, which was more detected in the southern and southeastern parts, 

also showing a trend towards a normal distribution shape. Fig 4.42 shows more 
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skewed-to-the-left graph in the last period, which reveals significant decreasing in 

the mean annual rainfall and total annual amounts between two periods. 

A parametric statistical analysis of annual rainfall distribution in the 

southern parts of the EM over the 52-year study period, covering the two 26-yr 

subperiods, reveals some significant spatial and temporal changes in the shape and 

scale parameter patterns of the fitted gamma distribution. These changes have 

some important implications regarding the critical values at the upper tails of the 

distributions and consequently, the frequency of extreme rainfall events.  

A similar studies based on temporal changes of parameters α and 1/β was applied 

in some Mediterranean areas such as Nastos and Zerefos (2010) in Greece who 

indicated an increasing tendency in the scale parameter in the western and 

southern-eastern parts of Greece, especially during the last decade 1991-2000, 

which in turn revealed the incidence of extreme daily precipitation values since 

1980s.  Ben-Gai et al (1993, 1998) in Israel have also analysed the annual 

distribution function parameters and found some significant changes in the spatial 

rainfall distribution patterns in the southern, northern and central parts of Israel.  

The results from Michaelides et al., (2009) in Cyprus have also shown that there 

are significant temporal and spatial changes of the annual rainfall amounts, as they 

can be determined by the characteristics of the gamma distribution. 
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(Turkey) (Turkey) 

(Syria) (Syria) 

(Syria) (Lebanon) 
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Figure 4.42 Probability density function (PDF) fitted to the annual rainfall in  

some selected stations during 1961-2012. 

 

 

(Israel) (Israel) 

(Greece) (Greece) 

(Cyprus) (Cyprus) 
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Finally, the rainfall distribution in the Mediterranean is very important 

because this region is at risk of water shortage (Hulme et al., 1999). The 

accumulated rainfall in the period between September and May accounts for more 

than the 80 % of the total annual precipitation (Hurrell, 1995). Spatial and seasonal 

distributions of modern rainfall in the southern parts (Syria, Lebanon, West Jordan 

and Israel) are controlled by the Mediterranean Sea due to its zonal orientation 

between three continents and other water basins of the area It is considered as an 

important sources of heat, water vapour and latent heat for synoptic processes 

(Trigo et al., 1999; Lionello et al., 2006). 

 Without the influence of moderating climatic of this sea, this area would be 

part of the larger northern low middle-latitude warm dry desert extending from 

North Africa into western Asia. 

The possible changes in spatial and temporal distribution patterns and 

temperature regimes may be of crucial importance to the availability of surface 

water resources and thus millions of people who are living in this area and may 

influence governments’ policies too (De Luis et al., 2000; Chenoweth et al.,2011). 

This problem may be enhanced in the Mediterranean because of the constant 

population increase accompanied by increasing in demands for freshwater supply.  

4.8 Long term precipitation trends and variability.  

The results of statistical analysis at = 0.01 and 0.05 confidence level for 

annual and seasonal precipitation data using different techniques were 

approximately similar. Both positive and negative trends were identified by all the 

tests. All negative trends were significant, and only some positive trends were 

significant. The annual precipitation is overall decreasing in the EM, except for 

some stations located in central Turkey, south Israel and Egypt. The most 

outstanding rainfall decreases are concentrated in the west and south Turkey, and 

north Syria. On a seasonal time-scale, Mann –Kendall test showed a general trend 

towards decreasing precipitation in winter and spring which was significant in 

most areas. On the other hand, autumn precipitation is overall increasing, above 
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all, in Turkey. Summer season was not considered in these trend analysis because 

it is almost dry with mean precipitation near 0.0 mm in most of the EM (Fig 4.43). 

  

  
Figure 4.43 Trends in seasonal and annual rainfall over the EM in during 1961–2012. An increase is shown 

by a blue triangle, a decrease by a red one; big and moderate triangles indicate significance at =0.01 and 

0.05, respectively, otherwise small ones are shown. 

  

Fig 4.43 proved that detected trends appeared extremely severe during the 

last 50 years, when they are significant for almost 95% of the meteorological 

stations. Evaluation of long term rainfall series on various time scales (annual, 

seasonal and monthly rainfalls) in some stations showed higher negative trends 

comparing with short ones. The annual precipitation totals appear to be statistically 

and significantly (95% confidence level) decreasing in most of the EM during the 

study period 1961–2012; being much more pronounced during longer periods 

(1887–2012) in Limassol and Nicosia (Cyprus), (1877-2012) in  Beirut Airport 

(Lebanon) and (1861-2012) in Jerusalem (Israel) (Fig 4.44). The mean annual 

precipitation for both examined periods exhibits similar patterns with more evident 
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and significant decrease for the long period. Fig 4.44 depicts the trends of total 

annual precipitation for the period 1961–2012 and other long periods. During the 

long period for each station, it is remarkable that the stations from different regions 

show a statistically significant (=0.05) decrease in the total annual precipitation  

(-0.61, -0.52 and -1.13 mm/year) in Limassol, Nicosia and Jerusalem, respectively, 

which was much more pronounced and significant than within the period 1961–

2012. For example, an evident decrease of annual precipitation in Limassol was 

detected in both periods and was statistically significant only during 1887-2012. 

Decreasing of 15.8% occurred during 1887- 2012, whereas non-less than 10.8% 

of total annual precipitation was reported over 1961-2012. Fig 4.44 also showed 

that the values of annual precipitation obtained by the linear regression equations 

have also decreased in those three stations. For example, in Limassol, 

 a decreasing from 484.1 mm in the long term records (1887-2012) to 446.9 mm 

in the short one (1961-2012) was shown. 

In Nicosia (Cyprus) the mean annual precipitation shows non-significant 

positive precipitation trend (0.045 mm per year) in the shorter period (1961-2012), 

where negative trend (-0.52 mm per year) was observed  during the longer one 

(1887-2012). The annual trends of the two different time intervals in Jerusalem 

(Israel) are quite similar. The annual precipitation trends in this area of the shorter 

period 1961-2012 is generally higher than those of the longer interval 1861-2012. 

The 1940s were quite wet period and thus suppressed the positive precipitation 

trend. 

The current studies assess that the future climate change is likely lead to a 

continuing reduction of moisture availability throughout the whole region 

(Palutikof et al., 1994). Trigo and Davies (2000) suggested that the decadal-scale 

changes which are recently observed in the coupled ocean-atmospheric circulation 

in the northern Atlantic have induced a decline in the intensity of Mediterranean 

cyclones, which represents the local direct forcing of the decline in Mediterranean 

precipitation. 
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Figure 4.44 Annual rainfall linear trends for different periods in some selected stations from the EM with 

long period data. 

 

The same results have been proved by Hoerlin et al (2012) who have found 

a change in wintertime Mediterranean precipitation toward drier conditions for the 

period 1902–2010 and ECSN (1995) demonstrated high regional differences in 

annual precipitation trends in the 20th century detecting a clear general increase 
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for northern Europe, with the exception of Finland, and a decrease for southern 

Europe and the EM. Analysis by Philandras et al (2011) showed that statistically 

significant negative trends of the annual precipitation totals exist in the majority 

of Mediterranean regions during the period 1901–2009, with an exception of 

northern Africa (in Fig 4.43 some positive annual trends are seen in Egypt and 

southern Israel), southern Italy and western Iberian Peninsula, where slight non-

significant positive trends appear. The annual number of rain days significantly 

decreased by 20% in the EM, while the trends are insignificant for west and central 

Mediterranean (Philandras et al., 2011). 

Precipitation patterns for seasons represent significant positive or negative 

at both 0.01 and 0.05 confidence levels over the EM. However, there is a 

considerable amount of precipitation decrease for winter and spring, which is 

statistically significant at = 0.01 and 0.05 confidence during the period of 1961-

2012. On the other hand, autumn showed an overall increasing tendency, above 

all, in Turkey and northern Syria; however, most of these positive trends are not 

statistically significant. 

 The annual decreasing trend of precipitation in the EM was also found in 

EOF1 (Egypt, Israel and Jordan), EOF3 (northeast Syria and southern Turkey) and 

EOF4 (west Turkey and Greece) regions (Figs 4.2 and 4.45), especially in recent 

years, whereas the EOF2 (Cyprus, littoral Syria and southwest Turkey) and EOF5 

(mid and east Turkey) regions have detected a weak insignificant increase. 
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Figure 4.45 Scores time series of the PCs of annual precipitation. Bluee lines denote the fitting linear 

trend, the red ones represent the annual precipitation before and after the regime shift  

found by the STARS algorithm. 

 
 

The time scores associated with the EOFs patterns, presented in Fig 4.45, 

showed a non-significant downward trends in EOF1, EOF3 and EOF4, while both 

of EOF2 and EOF3 detected weak upward trends. The STARS algorithm test (RSI) 

reveals the same shift after 2005 (= 0.05) as found for the individual stations. 

This result leads to the conclusion that the analysis of the PC scores is a powerful 

tool for detecting a climate signal in the data set.  

Results for winter and spring precipitation have revealed an overall 

decreasing tendency in all regions which was statistically significant at  

= 0.05 in both EOF1 (Turkey and North Syria) and EOF3 (western parts of 

-3

-2

-1

0

1

2

3

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

PC_1

-3

-2

-1

0

1

2

3

4

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

PC_2

-3

-2

-1

0

1

2

3

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

PC_3

-3

-2

-1

0

1

2

3

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

PC_ 4

-3

-2

-1

0

1

2

3

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

PC_5



152 

 

Turkey and Greece) and at = 0.01 in EOF4 (eastern and mid parts of Syria) for 

winter and EOF1 (Syria and southeastern parts of Turkey) for spring precipitation 

(Fig 4.2). These changes have been detected by a STARS test during the last ten 

years which reflect the big variability in seasonal precipitation in these regions 

(Fig.4.46). Non-significant increasing in autumn rainfall reported in all regions 

except of EOF3 (east and northeast Turkey) which was significant at = 0.05. 

  

  

Figure 4.46 Time scores series of the significant PCs of seasonal precipitation. Blue lines denote the 

fitting linear trend, the red ones represent the annual precipitation before and after the regime shift found by 

the STARS algorithm. 

 
 

In all sub-regions, the decreased tendency in total annual rainfall is because 

of the decreasing rainfall amounts in winter and spring. These reductions are 

considered as the main factors of the recent droughts, and water supplies and river 

discharge shortage. The results of change point detection indicated that most of the 

negative significant mutation points in annual and seasonal precipitation started 

from 1990s (Fig 4.47).This agrees with the results obtained by (Amanatidis et al., 

1993; Türkeş, 1996; Zangvil et al., 2003; Giannakopoulos, 2010) who found a 

general downward trend over most of Greece, Cyprus, Israel and Turkey with 

abrupt decreases during the last 20 years. 
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Figure 4.47 Abrupt changes in annual precipitation between 1961 and 2012, as determined by 

 CUSUM charts for some selected stations over the EM. 

 

The most important reasons for mutation point in precipitation and series 

include station relocation, change in instruments, changes in observation time and 

methods for calculation of mean and climate changes and changes in atmospheric 

circulation (Smadi, 2006). For example, abrupt changes in the surface circulation 

and water masses have been recognized at decadal time scales in the EM 
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(Malanotte-Rizzoli et al., 1999) as well as Roether et al (1996) and Klein et al 

(1999) demonstrated an abrupt and major change occurred in the oceanography of 

the EM during the late eighties of the last century which affected the climatic 

conditions. A global analysis has shown that abrupt changes of rainfall are more 

likely to occur in arid and semi-arid regions due to the strong positive feedbacks 

between vegetation and climate interactions (Narisma et al., 2007). Recent studies 

have also pointed to the role of rainfall seasonality in abrupt climate change in the 

Mediterranean region (Denton et al., 2005; Dormoy et al., 2009; Pross et al., 

2009). These abrupt changes may be indicative of a transition into another 

climatic/rainfall regime for the sudden and persistent nature of recent drought 

events (Scheffer et al., 2001; Alley et al., 2003). This means that the eastern 

Mediterranean faces a severe water crisis and water supply decreases due to rapid 

and abrupt climate change, while demand increases due to rapid population growth 

(Tielborger et al., 2010). 

In each subregion included in the annual EOFs, long-term changes and 

trends in their monthly precipitation time series data were calculated to evaluate 

long term temporal variability of monthly precipitation in each area. Precipitation 

series for total seasonal time scale in each subregion obtained by seasonal EOFs 

were also analysed to determine the slope of the liner trend in each one. The 

significance of trend for the precipitation amounts was identified by the Mann–

Kendall test for the general period 1961–2012, then the direction and magnitude 

of significant trends were then calculated using the Sen’s slope estimator (Sen, 

1968). 

Table 4.6 shows the results of applying the Mann–Kendall and Sen’s slope 

test values, for all five subregions during 1961-2012. This study showed that there 

is a great similarity between the statistical results from the Mann-Kendall and Sen's 

statistical methods at = 0.05 significant level. A similar conclusion has been 

confirmed by Partal and Kahya (2006), Tabari and Hosseinzadeh Talaee (2011) 

and Gocic and Trajkovic (2013). 
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Table 4.6 Monthly, seasonal and annual results of Mann–Kendall and Sen’s slope tests 

of least square linear fitting for all subregions over the period 1961-2012. 

Month 

EOF1 EOF2 EOF3 EOF4 EOF5 

M K  

Z 

value 

Sen´s 

slope 

M K  

Z 

value 

Sen´s 

slope 

M K  

Z value 

Sen´s 

slope 

M K  

Z 

value 

Sen´s 

slope 

M K  

Z 

value 

Sen´s 

slope 

January -0.53 -0.12 -0.80 -0.46 -1.46* -0.32* -0.96 -0.28 -0.96 -0.28 

February 0.81 0.22 -1.32* -0.54* -1.10 -0.22 -0.50 -0.14 -0.50 -0.14 

March -1.03 -0.16 -1.65 * -0.44* -2.12 * -0.40* -1.29 -0.27 -1.29 -0.27 

April -1.99 * -0.17* -0.61 -0.13 -1.42* -0.24* -0.04 -0.01 -0.04 -0.01 

May 0.61 0.01 -0.34 -0.03 -0.56 -0.05 -0.31 -0.05 -0.31 -0.05 

September 1.16 0.00 0.12 0.01 1.17 0.02 0.50 0.08 0.50 0.08 

October -0.85 -0.08 -0.58 -0.17 0.04 0.00 1.13 0.28 1.11 0.28 

November -0.09 -0.02 0.89 0.34 0.43 0.06 -0.53 -0.17 -0.53 -0.17 

December -1.14 -0.39 -0.99 -0.58 -2.36 * -0.55* -1.63 -0.56 -1.63 -0.56 

Autumn 0.13 0.01 -0.97 -0.01 2.53 * -0.42* 0.23 0.02 -0.45 -0.01 

Winter -0.50 -0.01 -0.92 -0.01 -2.38 ** 0.41** -2.15 * -0.41* 0.54 0.01 

Spring -2.77 
** 

-0.42** -0.99 -0.01 -0.34 -0.01 -0.72 -0.01 0.81 0.01 

Annual  -0.62 -0.01 -0.89 -0.01 -0.73 -0.01 0.29 0.01 -0.07 -0.01 

** Significant trends at a =0.01 significance level 

* Significant trends at a =0.05 significance level 

 

The analysis, including all months from January to December (except June, 

July and August) (JJA) were applied to evaluate the long-term variations and 

trends in monthly precipitation over all subregions (Table 4.6).  

During winter (December, January and February)  and spring (March , April 

and May) seasons, almost all results pointed out to a reduction in monthly 
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precipitation during over all sub regions, which occurred most strongly in the 

months of December, March, April and January. In EOF3 (southeast Turkey and 

northeast Syria), the results are statistically significant at =0.05 in January, 

March, April and December are ranging between 5.5 mm per decade in December 

and 2.4 mm per decade in April. Other trends in monthly precipitation in EOF3 

precipitation series in these two seasons were not significant.  The EOF2 (west and 

south Turkey, Cyprus, Greece, Lebanon and west Syria) has also showed this 

decreasing tendency in all monthly precipitation which was statistically significant 

at =0.05 in both February and March. Reduction in monthly precipitation (1.7 

mm per decade) in April was also detected in EOF1 (Libya, Egypt, Israel, Jordan 

and south and mid Syria). As shown, the majority of the trends in the monthly 

precipitation series in autumn (September, October and November) were positive 

especially in September and all of them were not statistically significant.  

On the seasonal time scale, the significant decreasing trend at =0.01 was 

detected at EOF1 (Syria and southeast Turkey) in spring (4.2 mm per decade) due 

to the high negative tendency of rainfall amount in April, while both EOF3 

(Greece, east and southeast turkey) and EOF4 (Cyprus) were detected significant 

decreasing trends in winter (4.1 mm per decade for both of them) at =0.01 and 

=0.05, respectively. This decreasing tendency in winter precipitation has 

basically resulted from the strongest downward trends in December in these two 

regions. In autumn, the significant increasing trend was found only at the EOF1 

(Syria, Lebanon, Jordan, Israel, Cyprus and south Turkey). The annual trends are 

not statistically significant. This appears to be resulted from the high inter-annual 

variability and differing trends in individual months that make up the various 

seasons. This increase in dry spring seasons, and wet autumn seasons which, were 

observed even in wet years will affect the timing when crops receive water and 

their yields (Ramos, 2001). 

These results agree with previous studies which demonstrated a decreasing 

trend in winter rainfall in the Mediterranean region in the recent decades marked 

by widespread decreases in the Mediterranean area linked to particular changes 

over time in several of the associated circulation patterns. Thus, different regional 
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rainfall changes are integrated into an overall interrelation between Mediterranean 

rainfall patterns and large-scale atmospheric circulation (Jacobeit, 2000; Dunkeloh 

and Jacobeit, 2003). As well as, Kitoh et al (2008) and IPCC (2013) mentioned to 

the projected decrease in precipitation is concentrated in the Mediterranean Sea 

and coastal areas of Southern Turkey, Syria, Lebanon and Israel mainly projected 

in the winter and spring.   

The concomitant changes in the atmospheric circulation, a recent trend 

towards rising pressure, especially since the 1970s, is well documented for most 

of the Mediterranean area (Schonwiese et al., 1994; Brunetti et al., 2002). In 

particular, the strengthening of sea level pressure during the winter months, both 

at the surface and at upper tropospheric levels, is highly significant (Schonwiese 

et al., 1994 Brunetti et al., 2002). This is related to the accumulation of positive 

modes of the NAO in winter during the last few decades (Hurrell and van Loon, 

1997; Jacobeit et al., 2001; Philandras et al., 2011).For instance, Türkeş and Erlat 

(2006) have pointed out that annual and, in particular, long winter precipitation 

amounts in Turkey tended to decrease during the positive NAO phase and to 

increase during the negative one.  

Additionally, in spring, mostly insignificant pressure increases are 

identified in the Mediterranean area, with the greatest enhancement in the 

southwestern and southeastern sector (Schonwiese et al., 1994; Schonwiese and 

Rapp, 1997; Brunetti et al., 2002). Lionello and Giorgi (2007) suggested in their 

study that the reduction in the number of Mediterranean cyclones is a main 

contributor to the projected decline in precipitation in the South and East 

Mediterranean regions in winter. 

The highest decrease of annual mean precipitation occurred in the stations 

up to 250-500 m (-25mm /decade), whereas the stations with high altitude 

(>1000m) detected non-significant trends near zero, (0.002 mm per decade) 

(Fig 4.48.). 
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Number of 

Stations 
51 13 16 14        24 

Figure 4.48 Trend in precipitation over the EM with altitude over the EM 

 Despite the large spatio-temporal variability of precipitation, the large-scale 

circulation changes at different heights can explain a significant part of this 

variability. The advective processes can be considered as an important factor 

which controls the regional change of precipitation especially in winter. 

Furthermore, many shifts in general atmospheric circulation can associate the 

precipitation changes such as jet streams, storms, monsoon circulations, or can be 

accompanied by changes in the thermodynamic structure of the atmosphere 

(Jacobeit 2000; Giorgi, 2002).  

These changes in rainfall direction and rainfall distribution may add to 

existing problems of desertification, water scarcity, crop production and food 

production, while also introducing new threats to human health, ecosystems and 

national economies of countries.  
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4.9 Meteorological drought analysis using several drought indices 

In this study the overall meteorological drought vulnerability in the EM was 

assessed by reconstructing historical occurrences of droughts at varying time steps 

and drought categories by employing several meteorological drought indices. 

4.9.1 Study of observed spatial characteristics of meteorological drought 

using the Standardized Precipitation Index (SPI) 

SPI is a drought monitoring index developed by McKee et al. (1993) to 

quantify the rainfall deficit for multiple timescales. This index uses long term 

rainfall data for a specific period, which will be fitted to a probability distribution. 

The PCA is employed to analyze the spatial variation of drought severity in the 

region. It is an important technique to identify spatially homogenous drought 

regions (Karl and Koscielny, 1982; Bonaccorso et al., 2003; Vicente-Serrano et 

al., 2004)). The loading generated by the PCA can be mapped to show the spatial 

patterns of drought characteristics and the temporal patterns of drought can differ 

due to the temporal succession of SPI values.  

In this study, the SPI used to explore the spatial and temporal features of 

meteorological droughts in the EM by the identification and probabilistic 

characterization of historic drought events on precipitation data during the period 

1961-2012. From the SPI series of EM, we applied fifth PCAs, one for each time 

scale, to examine if there is any change in drought spatial patterns of drought in 

relation to time scales of drought event or they are stable by the changing of the 

time period. Regarding the PCA, the number of components that explain a 

significant portion of the total variance was determined by means of the Scree test 

(Cattel, 1966), then the retained components were rotated using a Varimax 

procedure (White et al., 1991; Serrano et al., 1999). The number of PCA 

components extracted using the SPI series increased as the time scale increased 

(Table 4.7). It can be seen that explained variance was more distributed among the 

components for the longer time scales, than for the shorter ones and the total 

explained variance was greater too.Vicente-Serrano (2006) has also found that the 

number of components increased as the time scale did, which means great spatial 
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complexity in drought analysis and uncertainty in drought classification, especially 

at the 24 month time scale and above. Table (4.7). Results obtained from PCA analyses 

for SPI at different time scales over the EM during 1961-2012. 

Total % of variance Cumulative % Total % of variance Cumulative % 

3month 6 months 

13.84 13.43 13.43 13.34 12.95 12.95 

11.16 10.83 24.27 12.47 12.11 25.06 

9.99 9.70 33.96 10.12 9.83 34.89 

8.88 8.62 42.58 8.93 8.67 43.55 

7.35 7.13 49.72 8.13 7.89 51.44 

3.99 3.87 53.59 4.91 4.76 56.21 

3.98 3.86 57.45 2.85 2.77 58.98 

3.83 3.72 61.17 2.42 2.35 61.32 

   2.16 2.10 63.42 

9 months 12 months 

13.76 13.23 13.23 14.40 13.85 13.85 

13.70 13.17 26.40 13.80 13.27 27.12 

11.32 10.88 37.28 11.42 10.98 38.10 

8.91 8.57 45.85 9.16 8.81 46.91 

8.33 8.01 53.86 8.09 7.78 54.69 

4.64 4.46 58.32 5.13 4.94 59.62 

3.00 2.88 61.20 3.37 3.24 62.86 

2.62 2.52 63.72 2.61 2.51 65.36 

2.35 2.26 65.97 2.50 2.40 67.76 

2.26 2.18 68.15 2.22 2.14 69.90 

2.10 2.02 70.17 2.18 2.09 71.99 

   2.16 2.08 74.07 

24 months    

26.45 25.93 25.93    

15.90 15.59 41.52    

7.40 7.26 48.78    

7.40 7.25 56.03    

4.40 4.31 60.34    

4.11 4.03 64.37    

3.19 3.13 67.50    

3.08 3.02 70.51    

2.98 2.92 73.43    

2.76 2.70 76.14    

2.72 2.67 78.80    

2.30 2.25 81.06    

2.18 2.14 83.19    
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At 3- months scale, 8 components were extracted which explained 61% total 

variance of the SPI series. Using series for 6 month time scale, 9 components were 

extracted which explained 65% of total variance. For 9, 12, 24 months, the number 

of components obtained increased to 10, 12 13, respectively. The percentage of 

total variance explained by these components was 70%, 74 and 83%, respectively.  

This observation can reflect a higher distribution of total variance among the 

components selected. At 12 and 24 months, it is clear that the number of 

components was significantly greater than in the shorter scales (3 and 6 months).  

The first six patterns which explained about 54 %, 56%, 58%, 60% and 64% 

of the total variance in the original SPI series at 3-, 6-, 9-, 12- and 24 month time 

scales, respectively were mapped (Fig 4.49).  

The spatial extent of the first six component series was characterized by 

mapping the values of the factorial matrix (loadings). For a given time scale this 

matrix contains the correlations between each component and the SPI series 

loadings at the 103 rainfall stations. We considered the representative region based 

on loadings larger than 0.5 (White et al., 1991; Lopez-Bustins et al., 2015). 

.  
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Figure 4.49 Spatial distribution of the first sixth PCs loadings (EOFs) for SPI series at 

different time scales. 

 

For a 6-months’ time scale, spatial drought patterns were similar to the 

shorter ones (3 months’), although the spatial pattern of first component was 

replaced by the second and the third by the fourth. In spite of these small 

differences, the patterns were consistent with those obtained for shorter time 

scales, and their spatial order was also similar. 
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At 24 months’ time scale, we can see that the spatial distribution of drought 

caused by higher number of components extracted was greater comparing with 

those in shorter time scales (1, 3, 6 or 9 months’). On this time scale, the area 

represented by each component was smaller and it can be found that some areas 

represented by a single component at 1, 3, 6 or 9 months’ time scale were divided. 

For example, Turkey was represented by only two components (3 - 4 for SPI-3) 

and (3-5 for SPI-9 and SPI -12) at all short time scales, whereas at 24 months, it 

was represented by three components (1and 2 and 4) (Fig.4.49). The southern and 

southeastern parts of the EM were also represented by two components (1-2) at 

shorter time scales, where at 24 months, this area was represented by three 

components (1-2 and 3). It can be seen that at 24-month time scale the areas 

represented by each component had small surfaces comparing with those obtained 

in  shorter periods, and new components for smaller areas were also presented and 

identified, which indicated more complexity in the spatial distribution patterns of 

drought over the EM. 

Fig 4.49 shows that between the first three components PC1, PC2 and PC3, 

the regions with significant correlation (higher than 0.6) do not overlap, being 

clearly spatially disjunctive. They explain between 10% and 25% of total variance. 

For all SPI time scales, except for 24 months SPI, both first and second 

components highlight  areas located in the south and southeastern parts of the EM 

across Syria, Lebanon, Jordan, Israel, southeast Turkey and northern parts of Egypt 

and Libya. For the SPI at the 24 month time scale, it can be seen that the first 

component highlights the eastern parts of the EM (Syria, Lebanon and east Turkey) 

and the second one covers the western parts of Turkey. They explain 26% and 17% 

of total variance respectively. The third component covers whole Israel. In all time 

scales, the sixth component covers Greece and explains about 4% of total variance.  

In these classifications, the first component, which explained the highest 

percentage of variance (about 13% for 3, 6, 9 and 12 months’ time scale) and (25% 

for 24 time scale) represented a drought evolution in a big area in the southern 

parts of the EM (Syria, Lebanon, Jordan, Israel and south Turkey), north Egypt 

and north Libya. These results detected that the shortest time scales produce clear 
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spatial patterns of drought evolution and the spatial distribution in these regions 

showed an evident coherence due to the big homogeneity in this area. These results 

agree with those obtained by Vicente-Serrano (2006) in Iberian Peninsula using 

different time scales for SPI. The spatial loadings are almost positive having higher 

values in these two areas, and the correlations among the values of this component 

and of the SPI series are higher than 0.80 which means a clear individualized 

pattern. Thus, the fluctuating time series scores of these particular regions give a 

clear idea about the dry and wet conditions. The PC3 explains between 10 and 11 

% of the total variance for 3, 6, 9 and 12 months’ SPI and only 7% of the total 

variance is explained for SPI-24. The EOF4 explained between 4-9% of the total 

variance with higher values of loadings in the northern parts in mid and north east 

Turkey for SPI-6, Cyprus for SPI 9 and 12 which have the highest rainfall rates 

compare with other parts of the EM. The spatial difference between the first four 

EOFs may be caused by a difference in seasonal precipitation regime. The south 

and southwestern parts of the EM do not receive precipitation in summer and 

almost has a long dry season (as mentioned before) and more rain falls over this 

region in winter. On the other hand, Cyprus receives between 2% and 4% of their 

rainfall in summer, while the north and northwestern parts (Turkey) can receive 

between 5-16% of their annual rainfall in summer. 

The previous results indicated that with these main components a spatial 

classification is achieved, with many well-defined regions (EOFs) which differed 

depending on the time scale. They are located in the south, south east, northwest, 

northeast and the intermediate region (Cyprus) which promotes the transition from 

the wet north to the arid and semiarid south. The spatial classification was similar 

for all the time scales used.  

4.9.1.1 Temporal variability of meteorological drought using the 

Standardized Precipitation Index (SPI) 

The temporal evolution of the main PCs using their score values is shown 

in Fig 4.50. This figure shows that most areas of the EM suffered several extreme 

droughts, starting at the beginning of the 1970s, mid 1980s, 1990s, and end 2000s 
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which enhance with an increasing of the time scale. Some of those droughts were 

particularly severe as they were prolonged in time such as the one in the end 2000s.  

In general, the north and northwestern parts of the EM have fewer drought events 

compared with other parts of the EM. Two extreme droughts are quite clear: one 

in the mid-1970s and the other in the beginning of the 1990s. The first episode was 

short and the second one more prolonged in time, which were closely linked to the 

positive anomaly phase conditions of the NAO dominating in those years  

(Türkeş and Erlat, 2003).  

It can be seen that several dry episodes were detected having larger negative 

values, yielding critical situations for several years. Consecutive severe and 

extreme dry periods were detected, especially by 12 and 24 months. For example, 

for a 12- month time scale, the longest and most extreme drought periods were 

detected in (1989-1993), (1999-2001) and (2007-2012) for EOF1, (1991-1994), 

(1999-2001) and (1985-1991) for EOF2, (1986-1991), (1999-2011) and (2006-

2009) for EOF3, (1995-1999), and (2005-2007) for EOF4, (1972-1975) and (2002-

2008) for EOF5, and (1989-1991), (1991-1996) and (2004-2007) for EOF6. 

  



166 

 

SPI 12 SPI 24 

 
 

  

  

-4

-2

0

2

4

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

6

1
9
9

9

2
0
0

2

2
0
0

5

2
0
0

8

2
0
1

1

PC1

-4

-2

0

2

4

1
9
6

2

1
9
6

5

1
9
6

8

1
9
7

1

1
9
7

4

1
9
7

7

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

6

1
9
9

9

2
0
0

2

2
0
0

5

2
0
0

8

2
0
1

1

PC1

-4

-2

0

2

4

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

6

1
9
9

9

2
0
0

2

2
0
0

5

2
0
0

8

2
0
1

1

PC2

-4

-2

0

2

4

1
9
6

2

1
9
6

5

1
9
6

8

1
9
7

1

1
9
7

4

1
9
7

7

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

6

1
9
9

9

2
0
0

2

2
0
0

5

2
0
0

8

2
0
1

1

PC2

-4

-2

0

2

4

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

6

1
9
9

9

2
0
0

2

2
0
0

5

2
0
0

8

2
0
1

1

PC3

-4

-2

0

2

4

1
9
6

2

1
9
6

5

1
9
6

8

1
9
7

1

1
9
7

4

1
9
7

7

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

6

1
9
9

9

2
0
0

2

2
0
0

5

2
0
0

8

2
0
1

1

PC3



167 

 

  

  

  

Figure 4.50 Evolution of the 12- and 24-month SPI from the scores series representing  

for the first six components PC1, PC2, PC3, PC4, PC5, PC6 
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Very extreme and long drought periods were detected at time scale for 24 

months. For EOF1, the most extreme drought period was recorded in (2005-2012) 

with SPI average -1.4 in 94 consecutive months. Two long extreme periods were 

shown in EOF2, (1984-1995) and (2004-2010) with values of SPI -1.1 and -1.5, 

respectively. Very long and extreme drought period was also detected in EOF3 

(1970-1977) with a severity of -1.29 for 84 consecutive months. The most severe 

drought periods for EOF4, EOF5 and EOF6 were detected in (2005-2010), (1995-

2000) and (1992-2007), respectively.    

 Depending on the MK test, decreasing trends of SPI values at different time 

scales were detected at both 95 % and 99% confidence levels (Fig 4.51). In this 

respect, according to the SPI values at the regional level, during the second half of 

the twentieth century and the first decade of the twenty-first century, the driest 

years (from most dry to least dry) were 2008, 2007, 1999, 2000, 1989, 1997, 2001 

and 2012. By contrast, the wettest years were 1980, 2003, 1967, 1963, 1968, 2002, 

1978, 1996 and 1971. These results also emphasize that the persistence of lower-

than normal precipitation is the primary cause of drought in the EM, whereas other 

meteorological factors, such as temperature, wind, and humidity usually contribute 

to the intensification of the impact of drought. 

According to the SPI values characterising the categories of dry and wet 

conditions, the temporal evolution of the monthly SPI during the wet season 

(September to May) showed the periods of drought (from most dryer to least dry): 

1999–2001, 1972-1973, 1989-1991, 2005-2012, 1983-1986 with an average 

ranges between -0.21 and -0.61 during these periods (Fig 4.52 a and b).  
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SPI-3 SPI-6 

SPI-9

 

SPI-12 

 

SPI-24 

 

Figure 4.51 Observed trend of SPI at different time scales. Positive trends are in blue and negative 

 ones in red. Large and medium-sized triangles represent significant trends  

at =0.01 and 0.05. Otherwise small triangles are shown. 
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Figure 4.52 Temporal evolution of the averaged SPI over the wet period (September–May) at various 

 time scales (9, 12, and 24 months) for some selected stations. 
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Figure 4.53 Evolution of the SPI index of observed rainfall records in some  

stations at different time scales over 1961-2012 
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Fig 4.53 shows an aggregated picture of monthly SPI at five time scales 

during the period 1961–2012 in several stations located in different regions. The 

figure emphasises the evolution of moisture characteristics as quantified by the SPI 

at 3- to 24-month time scales. It can be seen that the severe and extreme drought 

events were more frequent after 1990 and the drought severity has increased by 

time scale increasing. At longer time scales (e.g., 12 and 24 months) the dry 

(SPI<0) periods show a high temporal frequency, whereas when the time scale 

decrease the frequency of dry periods decreases. This result was very clear in all 

some stations such as Hasakah and Safita (Syria), H-4 Irwished (Jordan), Tel Aviv 

and Ashdod (Israel), Athalssa (Cyprus) and Alexandria Airport (Egypt). At the 

time scale of 12 and 24 months the most important and severe dry periods (as 

mentioned above) were recognised in 1972-1976, 1989-2000 and 2005-2012, and 

the average duration of the dry periods (SPI<0) has evidently changed as by 

changing of time scale. At the time scale of 3 months, the average duration is 4.3 

months, at the time scale of 12 months is 10.4 months and the longest mean 

duration is recorded at the time scale of 24 months with an average duration of 

16.5 months. 

Abrupt changes in annual SPI values have occurred in the last twenty years 

between the late of the 1980s and 1990s in the southern and southwestern parts of 

the EM, which reflect the most extreme drought episodes in this period. This might 

be a result of the rapid decrease and the abrupt change in the annual precipitation 

detected around the same period. The northern parts of the EM had several changes 

during 1961-2012 starting in 1970s at confidence levels range between 90 and 

99.9%. Table 4.8 shows the results of a change-point analysis of the annual SPI 

values (12 month) in the EM and gives a level associated with each change; the 

level is an indication of the importance of the change. 
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Table 4.8 Significant abrupt changes in the annual SPI values during 1961-2012. 

Station Country 
Point of 

change 

Confidence 

level 

From To Level 

Abu kamal Syria 2009 92% 0.173 -0.201  1 

Alexandroupoli Greece 1989 99.9% 0.450 -0.524  1 

Amiandos Cyprus 1989 98% 0.354 -0.373  3 

Amman Airport Jordan 

2002 97% -0.210 1.558  1 

2008 92% 1.558 -0.17  2 

Balikesir Turkey 1982 97% 0.371 -0.252  1 

Bandirma Turkey 1982 99.9% 0.358 -0.317  3 

Beirut Airport Lebanon 

1963 94% -0.635 1.007  3 

1972 92% 1.007 0.098  3 

1989 98% 0.098 -1.005  1 

2000 92% -1.005 0.125  1 

Damascus Airoprt Syria 1995 98% 0.335 -0.629  1 

Daraa Syria 1993 98% 0.372 -0.592  1 

Deir Ezzour Syria 2007 92% 0.223 -1.682  1 

Eskisehir Turkey 1982 99.9% 0.533 -0.415  1 

Hama Syria 1989 96% 0.394 -0.458  1 

Hasakah Syria 2007 97% 0.185 -1.410  1 

Kamishli Syria 2007 99% 0.202 -1.535  1 

Kharabo Syria 1995 90% -0.128 -0.666  2 

Lattakia Syria 1989 95% 0.351 -0.409  1 
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Hmemim Airport Syria 

1980 92% 0.351 -0.409  4 

2004 98% 0.481 -0.128  2 

Istanbul -Atatork Turkey 

1979 99% -0.006 1.340  4 

1983 96% 1.340 -0.521  3 

1991 90% -0.521 2.563  2 

1994 93% 2.563 -0.405  5 

Kithira Airport Greece 2005 97% 0.226 -1.234  5 

Kutahya Turkey 

1982 99.9% 0.614 -0.698  5 

1995 97% -0.698 0.241  5 

2004 98% 0.241 -0.663  4 

Malatya Turkey 1989 94% 0.378 -0.387  5 

Mytilene Airport Greece 1985 94% 0.445 -0.378  3 

Polis Cyprus 1989 99.9% 0.363 -0.422  1 

Raqa Syria 2005 99% 0.223 -1.210  1 

Tartous Syria 1989 91% 0.635 -0.170  1 

Thessaloniki Airport Greece 1988 91% 0.333 -0.358  1 

TL Abiad Syria 2008 94% 0.174 -1.580  1 

Tokat Turkey 1985 94% -0.467 0.401  1 

Tripolis Airport Greece 1989 99.9% 0.450 -0.524  1 

Usak Turkey 

1982 95% 0.220 -0.547  4 

1997 98% -0.547 0.005  6 

2012 96% 0.005 2.930  6 
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This analysis detects one change in several regions and more than two 

changes in others, such as Istanbul Ataturk in Turkey (1979, 1983, 1991 and 1994), 

Usak (Turkey) in three years (1982, 1997, and 2012), Beirut Airport in Lebanon 

(1963, 1972, 1989 and 2000), Hmemim Airport in Syria (1980 and 2004) and 

Amman Airport in Jordan (2002 and 2008).  

Associated with each change is a confidence level indicating how confident 

the analysis is that the change actually occurred. For example, the first change in 

Amman Airport (Jordan) occurred with 97% confidence, whereas the second 

change occurred with 92% confidence. We are much more confident about the first 

change than others. Table 4.8 also gives a level associated with each change. The 

level is an indication of the importance of the change. The level (1) is the first 

change detected and that is most visibly apparent in the plot. Level (2) is detected 

on a second pass through the data. Any number of levels can exist depending on 

the number of changes. Change-point analysis is more powerful at detecting 

smaller sustained changes and it better characterizes such changes (Taylor, 2000 

a, and b).   

As it can be seen, the most important change is estimated to have occurred 

during 1989-2000 with 95-99.9% confidence level and high change levels in the 

southern and southwestern parts of the EM, whereas the change was detected 

earlier in the northern parts (Table 4.8 and Fig 4.54). 
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Figure 4.54 Abrupt changes in annual SPI values between 1961 and 2012, as determined by 

 CUSUM charts for some selected stations over the EM. 
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The SPI is comparable in both time and space, but it is not affected by 

geographical and topographical differences (Lana et al., 2001). 

This versatility makes SPI as one of major drought indices and allows it to 

monitor short term water supplies, such as soil moisture, important for crop 

production and long term water resources such as low flows, ground water supplies 

and Lake Reservoir levels (Hayes et al., 1999). Kitoh et al (2008) concluded a 

decreasing tendency in most of rivers in the East Mediterranean region, For 

example, the annual discharge of the Euphrates River will significantly decrease 

by 40% (Nohara et al., 2006) as well, the stream flow in the Jordan River 

 (82-98%) (Kitoh et al., 2008). The percentage decrease in river discharge is larger 

at the Ceyhan River region in Turkey (39-88%). 

The combination between the decreased precipitation and increased 

temperature in the EM may lead to extended periods and frequencies of drought 

(IPCC, 2013) which would result in a prolonged reduction in agricultural output. 

This could possibly lead to economic, environmental and social impacts. 

Additionally, the weakening of winds that bring moisture-laden air from the 

Mediterranean and hotter temperatures that cause more evaporation can together 

put this area under a great response to the recent increased of  greenhouse gases  

emissions.    
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4.9.1.2 Drought frequency distribution using SPI  

Drought occurrence is investigated on the basis of the frequency distribution 

of the SPI values in their seven classes (Table 3.2). The frequency was calculated 

as the ratio between the number of occurrences in each SPI category and the total 

number of events counted for all stations in a given region and for a given SPI 

calculated for various time scales (3, 6, 9, 12 and 24 months). The aim was to 

identify the spatial patterns of frequency distribution of moderate, severe and 

extreme droughts (Table 4.9) over the EM for various SPI time scales based on 

individual station frequency distribution. The frequency distribution of the SPI 

values was calculated at each station, and the frequency distribution of the three 

drought categories (moderate, severe and extreme) was then plotted at the regional 

level (Fig 4.54). The occurrence of these drought categories according to SPI 

classes at various lags was also analysed on a regional basis to highlight the 

drought characteristics of the five climatic regions (Table 4.9).  

In Table 4.9, the percentage of drought and wet occurrence is expressed in 

seven classes of moisture and dryness categories (in percent) (Table 3.2)  based on 

the SPI series calculated at 3, 6, 9, 12 and 24 months for each individual region for 

the period 1961–2012. The normal conditions represent between 64.1 and 85.8 % 

of the total values of the SPI for all timescales in all five regions. Moderate drought 

conditions are distributed approximately between 4.5% and 9.2%, whereas the 

moderate wet conditions are highly occurred (7.9 to 15.3%). The differences in 

extremely dry conditions compared with extremely wet conditions increased with 

increasing SPI time scales; for example, the percentage of extreme drought for the 

SPI at 3 and 24-month lag in the first region was 2.1% and 6.2%, whereas the 

percentage of extreme wetness was 0.6 % and 1%, respectively. 
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Table 4.9 Frequency distribution (in percent) of the annual SPI values in seven classes 

of moisture /dryness categories for the SPEI at 3-, 6-, 9-, 12-, and 24-month time scales 

in first six EOF regions. 

 

 EOF 

region 

Extreme 

drought 

Severe 

drought 

Moderate 

drought 

Normal 
Moderate 

Wet 

Severe 

wet 

Extreme 

wet 

SPI-3 

1 2.0 2.7 9.0 63.7 15.3 4.9 2.4 

2 1.9 3.8 7.5 66.4 13.5 4.6 2.3 

3 2.8 4.5 8.6 68.0 10.0 4.4 1.7 

4 2.3 4.4 8.6 69.9 8.5 4.3 2.0 

5 2.0 4.4 7.9 69.6 10.1 4.2 2.0 

6 2.7 4.4 7.5 68.9 9.9 4.5 2.1 

SPI-6 

1 3.4 4.4 8.0 68.3 9.0 4.5 2.4 

2 3.0 3.9 8.7 69.4 7.9 4.5 2.6 

3 2.9 4.2 7.6 68.6 10.1 4.1 2.6 

4 3.2 4.3 6.1 68.7 10.2 4.1 3.5 

5 3.0 4.4 7.9 68.4 10.3 3.8 2.3 

6 3.4 3.6 8.0 68.9 9.8 4.5 1.9 

SPI-9 

1 3.8 4.7 7.6 68.1 9.1 4.3 2.4 

2 3.9 3.9 8.6 68.5 8.3 4.5 2.3 

3 3.9 4.6 8.0 68.1 9.8 3.8 1.8 

4 3.0 4.0 8.0 67.9 9.6 4.2 3.3 

5 2.9 4.6 5.8 68.8 10.3 4.2 3.5 

6 3.5 3.8 8.8 68.7 9.0 4.5 1.8 

SPI-12 

1 3.5 4.6 7.4 68.6 8.9 5.2 2.0 

2 3.5 3.9 8.9 69.0 8.6 3.8 2.4 

3 2.8 4.7 7.7 69.0 10.2 3.9 1.7 

4 3.2 4.2 8.2 69.1 9.5 4.1 1.7 

5 2.6 5.2 9.0 67.6 8.3 4.5 2.7 

6 2.9 4.1 8.6 69.3 9.1 4.1 2.0 

SPI-24 

1 4.0 4.2 7.0 68.6 9.0 5.1 2.1 

2 1.5 5.5 9.5 67.3 9.2 5.3 1.7 

3 2.7 4.4 7.6 70.4 8.3 4.1 2.5 

4 2.8 3.5 8.2 69.4 10.1 4.0 2.0 

5 3.8 3.8 8.8 68.8 8.5 4.1 2.2 

6 3.3 4.6 4.5 68.5 12.3 4.2 2.7 
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The results presented in Table 4.9 indicate that the occurrence of extremely 

dry conditions (SPI value lower than −2) tended to prevail over the occurrence of 

extremely wet conditions (SPI value higher than +2), mostly for all time scales and 

more evident in the SPI calculated for longer accumulation periods (12 and 24 

months). The occurrence of extreme drought has the lowest values for 3 months 

timescale ranging between 1.9% in EOF2 and 2.8% in EOF3, whereas the EOF1 

region has the highest percentage for SPI (4.0%) at the 24 month time scales. 

As it can be seen in Fig 4.55., the highest percentage of the SPI values falling 

into the moderate drought category tended to occur in regions with relatively low 

precipitation in southern parts of the EM. The moderate drought frequency ranges 

between 1.6% and 10.6% for short-term drought. As the lag increases from 6 to 12 

months, no major changes are observed in the distribution of maximum frequency 

(16.6 % for SPI-12). At a 24- month time scales, moderate drought tends to occur 

more frequently. The frequency of drought occurrence ranges between 0.5% and 

13.6%, and the maximum frequency lies southwestern parts of the EM (Israel, 

Syria and Lebanon) and western parts of Turkey (Fig 4.55.). 

The occurrence of severe drought at short time scales (3 months) and for 6 

and 9 months was detected in the regions in southwestern parts of Turkey and 

northern parts of Syria (6-8%). According to the spatial distribution of the 

frequencies of the SPI values, the highest occurrence of severe drought (9–10%) 

was detected for the long term (12 and 24 months, hydrological drought) in the 

western and southeastern parts of the EM (Israel and Jordan). The highest 

frequency of severe drought occurrence ranges between 6.3% and 9.8%, whereas 

on average, at the regional level, it was 4.2% for all SPI lags. 
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Figure 4.55 Spatial distribution of the frequency (in per cent) of the SPI values falling into the category of 

moderate, severe and extreme drought based on the station values of the SPI  

at various lags (3, 6, 9, 12 and 24 months). 
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The areas affected by extreme drought expand gradually as the time scale 

of the SPI increases from 3 months (meteorological drought) to 12 and 24 months 

(hydrological drought). The highest percentage of extreme drought occurrence is 

7 % at the short time scale (SPI-3), whereas at longer time scales (SPI-12, SPI-24), 

the highest percentage of extreme drought increases and ranges between 12 and 13 

% and it was recorded in northern Egypt. It can be seen that as the time scale 

increases, drought occurs at higher frequencies at the coastal stations while the 

inner stations experience longer-duration droughts at lower frequencies, indicating 

that seasonal droughts are more common in the coastal areas while the interior 

parts suffer from prolonged droughts. These results agree with the results of 

Komuscu (1999) in Turkey who found that for the 3- and 6-month time scale 

coastal stations suffered more often from moderate droughts than the inland 

stations, but the differences between these frequencies were, probably, not 

statistically estimated. However, on 3- and 6-monthly time scales, the Greek, 

Syrian and Lebanese coastal stations experience more severe drought events than 

inland ones, while on a 12-month time scale severe droughts have almost the same 

frequency at all stations. In all cases these, events were related to cases of high 

persistence of drought conditions. Drought frequency at 12 and 24 time scales 

detected high values in some agricultural regions (especially in Turkey and Syria). 

This region has massive projects for developing agricultural sectors and water 

resources on the Turkish side of the Euphrates and Tigris river basins. This region 

receives very little rainfall in the summer, creating very dry conditions coupled 

with high temperatures, which make the goals of the project are the irrigation of 

large areas to reduce the impact of severe droughts. 
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 4.9.2 Drought analysis using the Modified China Z Index (MCZI) 

and Statistical Z –scores and Deciles. 

The median precipitation was used in place of the mean precipitation in the 

calculation of the CZI, which is now called the Modified CZI (MCZI), attempting 

to reduce the differences between the SPI and MCZI. MCZI values have detected 

several dry periods during 1961-2012. On the other hand, there are four extremely 

dry peak points (2008-1999-1973-1991) with MCZI values lower MCZI <-2 in 

most regions.  

  

  

  

Figure 4.56 Temporal evolution of the averaged MCZI over the wet period (September–May)  

for some selected stations during 1961-2012. Red columns indicate extreme drought (MCZI ≤ -2), and green 

columns indicate extreme wet conditions (MCZI  2) 
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 We can see only one or two peak points with MCZI >2 in the whole period 

before 1990s (between 1967 and 1980) in the southern and southwestern parts of 

the EM, whereas some other years have recorded extreme MCZI values between 

1990 and 2000 (Fig 4.56). For example, in Lattakia (Syria), there are two points 

peak of extremely wet (1969, 1975) with MCZI values 2.49 and 2.12, respectively, 

but we can see one peak point in Athalassa and Laranaka Airport in Cyprus (1969). 

Both of Amman Airport (Jordan) and Ashdot Ya'akov (Israel) have the same peak 

year (1980) with MCZI values of 2.03 and 2.08, respectively, whereas Benina in 

Libya detected the peaked value 1978 with a 2.03 MCZI value. It can be concluded 

that the driest years are 2007, 1989, 2001 and 2012 in most stations over the EM. 

Percentage of years affected by various drought severity levels in the EM during 

the period 1961–2012 is illustrated in Fig 4.57a. Approximately 70%, or precisely 

67.4%, of the frequency of drought belongs to the near normal drought category. 

The frequency of drought was 14.4%, while the frequency of wet periods was 

18.2%. The percentage of the EM affected by drought during the period 1961–

2012 is presented in Fig 4.57b. The results reveal a deterioration of drought 

conditions after 1990, especially, in 1999 and 2008. 
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Figure 4.57 Percentage of years affected by various drought severity 

 levels according to MCZI index (a) and percentage of the EM area  

affected by drought categories (b). 

 
 

It can be seen that 20 % of the EM had extreme droughts during the 1973, 

17 % in 1999, 11% in 2008 and 8% in 2007. Furthermore, the majority of the EM 

had severe and extreme droughts during the years 1973, 1999, 2008 and 2012. 

By applying the PCA for the MCZI index during the wet period (September 

to May), five distinct sub-regions were identified, representing high coherence 

with SPI spatial distribution (Fig 4.58).  

The cumulative total explained variances of the five retained PCs are 62%. 

The first component explains the highest percentage of variance around 15% of 

the total variance, and has the highest positive loading over the eastern part of the 

EM (Syria and east Turkey). 
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 The second component, PC2, highlights an area located in the southern 

parts of the EM (Egypt, Libya, Israel, Jordan, Lebanon and the coastal region of 

Syria) and it explains about 14% of the total variance. The first and second 

components coincide with the dry sub-humid and semi-arid areas in the EM. The 

PC3 is mainly representative of the western parts of the EM (west Turkey and 

Greece) and explains 13% of the total variance. 11% of the total variance was 

explained by PC4 and its loadings which are found over Cyprus.  

 

 

Figure 4.58 Spatial distribution of the PCs loadings for MCZI series in  

wet period over 1961-2012. 

 Apparently, PC5 coincides relatively well with the humid areas in the north 

EM (northern Turkey). Figure 4.58 shows that between all components, the regions 

with significant correlation (higher than 0.5) do not overlap, being clearly spatially 

disjunctive. These results indicate that with the five main components a spatial 

classification is achieved, with five well-defined regions. 

The percentage of drought and wet occurrence expressed in seven classes of 

MCZI in the wet period for each individual region for the period 1961–2012 is 

illustrated in Fig 4.59  
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Figure 4.59 Frequency distribution of the MCZI values in the wet period for each individual 

region during the period 1961–2012. 

 

 

 

 

The frequency of moderate drought ranged between 5.93% in EOF2 and 

8.55% in EOF5 and the near normal situations were recorded in the same rates in 

all regions and ranged between 66.22 and 68.99%. The highest frequency of severe 

drought occurrence was 5.35%, which was located in the region EOF1 region. The 

average of severe drought occurrence at the regional level was 4.2%. According to 

the spatial distribution of the frequencies of the MCZI values, the highest 

frequency of extreme drought (3.37%) was detected in the south and southwestern 

parts of the EM (EOF2 region) ranging between 1.92 and 2.88% in other regions 

(Fig 4.58). It is found that the seasonal MCZI observational time series of area 

under drought shows a significant negative trend in both winter and spring and was 

more evident in winter at a significance level of 0.05 due to the significant decrease 

in seasonal rainfall amounts in these areas. 

Mann–Kendall statistical test was also employed to analyse the trends for 

MCZI of each season. 84% stations were characterized by decreasing MCZI trends 

in spring, which were statistically significant at 33% of these stations at =0.05 

(Fig 4.60). These trends can also be identified in winter. Figure 4.60 shows that 

the major parts of the EM were characterized by decreasing MCZI trends in the 

winter (85% of stations). Most stations located in south and southeastern parts of 
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the EM show a significant drying tendency at =0.05 (35% of total stations). These 

decreasing trends in winter and spring indicate that a drying tendency dominates 

in the large majority of the EM areas. The results also indicate that a large majority 

of the EM had a positive trend of MCZI in autumn which was significant in several 

areas in the northern parts (Fig 4.60) Showing the same behaviour of SPI index 

(shown in Fig 4.51). Very high pair-wise correlation (>0.90) was obtained between 

MCZI and SPI for the same time steps. Linear regressions between the monthly 

values of the SPI and Z-Score, and MCZI 1961 to 2012 indicate a high relationship 

between the SPI and MCZI. This is resulted from using the median precipitation 

instead of the mean precipitation in calculation MCZI which makes SPI and MCZI 

values are closer and the difference between the values of these two indices is 

small.  

  

 
Figure 4.60 Observed trend of seasonal MCZI. Positive trends are in blue and negative ones in red. Large 

triangles represent significant trends at =0.05 otherwise small triangles are shown.  

(No significant trends at =0.01 were obtained). 
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Nevertheless, these relationships depend on the period, timescale and 

climatic region. The strongest relationship was found between SPI and MCZI 

especially in rainy months in the coastal areas (Fig 4.60).This figure shows the 

linear regression between the values of the SPI and MCZI from 1961 to 2012. It 

indicates that the two indices generally have a strong relationship, particularly 

during the rainy season (Fig 4.61), and the coefficient of correlation ranges 

between 0.85 and0.99). Using MCZI instead of CZI reduces all the discrepancies 

which can be found during drier months, as the SPI tends to have larger negative 

values than the CZI, which in turn considered as a strong point of MCZI index. 

For example, high correlation coefficient between SPI and MCZI values in autumn 

was detected over the EM which ranges between 0.80 and 0.98). 
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“a” “b” 

Figure 4.61 Scatter diagram for the SPI-3 and MCZI for the selected stations for 

 winter (a) and autumn (b) from 1961 to 2012 

 
 

The results indicated that the MCZI tended to have lower negative values 

than the SPI especially in the southern parts of the EM which are drier comparing 

with the northern ones, which means that MCZI can express very dry conditions 

that do not show in the SPI. For example, MCZI values in Ashdod (Israel) fall 

between −3.1 and −1.1 when corresponding SPI (Fig 4.62). 
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Figure 4.62 Histogram plot of the SPI and MCZI distribution in winter for  

some selected stations over 1961-2012. 
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In other words, since SPI and MCZI are distributed normally as stated in the 

assumptions associated with these relationships, the left tail of the MCZI 

distribution curve shifted away from the normal curve (Fig 4.61), creating the 

observed increasing differences between the SPI and MCZI in extremely dry 

conditions. Also, in wet periods (winter and spring), MCZI detected higher values 

than SPI in all the EM. Wu et al (2001) and Morid et al (2006) reported that MCZI 

showed larger negative values compared to SPI, which totally agree with our 

results in whole regions over the EM (Fig 4.63).  

 

  

  

Figur 4.63 Comparisons of the SPI-9 and MCZI-9 in the wet period for 1961–2012 for  

some selected stations in several areas in the EM 
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Figure 4.64 Histogram plot of the SPI-9 and Z-Score-9 (wet period) distribution for  

some selected stations over 1961-2012 

 

Very Similar results were found in an intercomparison of SPI and  

 Z-score. It can be seen that the Z-Score tends to have lower values than the SPI 

during drier periods (Fig 4.64). This Fig 4.63 illustrated that both of SPI and Z-

Score matched the same distribution and the Z-Score generally appears more 

positive (or wetter) than the SPI in both extremely wet and dry conditions. For 

example, when the SPI is +2.18 in Larissia (Greece) the corresponding Z-Score is 
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+3.21, and when SPI is +2.7 in Iskenderun (Turkey) the corresponding Z-Score 

+3.5 (Fig 4.65). The Z-Score, on the other hand, has a wet bias compared to the 

other two indices in extreme wet and dry conditions, and may not detect serious 

drought conditions as shown in previous charts.  

 

 

Figure 4.65 Time series of drought indices and rainfall at two Stations (Palmyra),  

time steps 9 months, and Jerusalem (Israel) 3 months. 

 

This figure showed how MCZI has the most negative values comparing with 

both SPI and Z-Score, whereas the Z- score has the most positive values comparing 

with others. For example, in Jerusalem (Israel), the 3-month MCZI for May 2008 

was -4.45 when the annual precipitation was 58% of the mean (355.9 mm), while 

the corresponding SPI and Z-Score values were −3.0 and -1.79, respectively. 

Contrary, Z-score detected the highest positive value in 1971 (+3.18), whereas 

MCZI and SPI values were less (+2.44 and +1.99), respectively. Except in 
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extremely dry or wet conditions, the MCZI and Z-Score provide the same measure 

of conditions as the SPI. In certain situations, the MCZI and Z-Score can be 

considered more appropriate tools for monitoring droughts and floods than the SPI 

because they are easier to calculate (Wu et al., 2001).  

Compared with the relationship between the SPI and MCZI, the SPI has a 

closer correlation with the Z-Score. The results show that the SPI is highly 

correlated with both the MCZI and Z-Score at all-time scales. In addition, in wet 

events these indices have a higher correlation than in dry events due to the high 

variability of precipitation amounts in the EM in dry periods. This evaluation 

showed similar behaviour of the MCZI and Z-Score with the SPI. For the Z-score, 

the frequency of dry periods differs from that of the SPI and MCZI, especially in 

the humid areas. The magnitude of this class in the Z-Score is higher than in the 

MCZI between 1.25 times (arid areas) to 2.6 times (humid areas) (Fig 4.66). 

This study shows that the SPI, MCZI and Z-Score are good tools to define, 

detect, and monitor droughts and floods and manage of water resources or 

precipitation anomalies at different time scales. The MCZI and Z-Score are very 

similar to the SPI for 3-, 6-, 9-, 12- and 24 -month time scales. The major 

advantages of the MCZI and Z-Score against the SPI are that the calculations of 

these two indices are simpler than the SPI. The MCZI is more responsive to 

precipitation deficits than the other two indices in extremely dry conditions. When 

the actual precipitation is much lower than the mean precipitation for a period, the 

MCZI could reach large negative values compared to the other two indices. The 

same results were obtained by Wu et al (2001) and Shahabfar and Eitzinger (2013).  
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Figure 4.66 Monthly drought risk occurrences (%) according to Z-score and MCZI 

 for the humid period  in some selected stations over 1961-2012 

 

Results from Decile Index (DI) showed that it can capture some of the 

drought events of 1970, 1989, 1990, 1999, 2007, 2008 and 2010 especially in the 

southern parts of the EM. The figure shows that the Rainfall DI, at regional scale, 

also captured some of the drought events. Those years whose precipitations are 

below the D line are the years with “much below normal”, which significantly 

increased after 1990. The results demonstrated the period 1989–2008 as the most 

extreme and long-lasting drought event, especially in whole regions over the EM 

(Fig 4.67). 

These environmental stresses such as the prolonged severe drought periods, 

worsened by a warming climate, were an overlooked factor in creating the recent 
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crisis in Syria. These situations lead to increase poverty and relocation to urban 

areas and helped spark a bloody civil war in Syria, All these factors, combined 

with high unemployment and bad government, helped tip Syria into violence. This 

civil war and other environmental problems contributed to the displacement of 1.5 

million Syrian farmers with subsequent impact on political stability (Gleick, 2014).  

FAO and World Food Program (WFP) reported that up to 60 % of lands in Syria 

experienced one of the worst long-term droughts in modern history during 2008-

2012 and the recent conflict will exacerbate the dangerous throughout whole 

ecologic and socioeconomic systems in the absence of drought risk management 

investments and programs. The United Nations estimates that half of the country 

22 million people have been affected, with more than six million hav been 

internally displaced. The recent precipitation variability and decrease and 

subsequent environmental stresses in the EM and Middle East might play a big 

role in the new Middle East situations such as the Syria revolution. The second 

look at Egypt and Libya addresses the role that climate change in North Africa, as 

well as related stress like droughts, which likely contributed in re-establish a new 

Libya, highlighting the possibility of action on climate change and water security 

as a tool for conflict resolution and peace building. 

 

 

 

 

 

  

http://www.unhcr.org/53ff76c99.html
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Figure 4.67 Annual rainfall variability in five stations representing  five 

 regions in the EM over 1961-2012. Red circles are the precipitation amount below  

the D line “much below normal”. 

 These results showed that the lowest DI values were detected in EOF1 

(Libya, Egypt, Israel, Jordan and south and mid Syria) with high variability in the 

144.1
109.3 119.5

139.6184.1

0

100

200

300

400

500

600

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

A
n
n
u
al

 P
P

Aleppo (Syria) 

241.6 216.8315.0 315.0

315.0

315.0 315.0

315.0

0

200

400

600

800

1000

1200

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

A
n
n
u
al

 p
p

Tel Aviv (Israel)

215.0 243.0

422.5

315.7297.3
297.3150

250

350

450

550

650

750

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

A
n
n
u
al

 P
P

Elazing (Turkey)

240.5 360.5 304.2
318.4

437.6

200

400

600

800

1000

1
9
6

1

1
9
6

4

1
9
6

7

1
9
7

0

1
9
7

3

1
9
7

6

1
9
7

9

1
9
8

2

1
9
8

5

1
9
8

8

1
9
9

1

1
9
9

4

1
9
9

7

2
0
0

0

2
0
0

3

2
0
0

6

2
0
0

9

2
0
1

2

A
n
n
u
al

 P
P

Mytilene Airport (Greece)

267.0 247.0 258.5 254.8281.3 281.3 281.3
200

300

400

500

600

700

1
9
6

1

1
9
6

3

1
9
6

5

1
9
6

7

1
9
6

9

1
9
7

1

1
9
7

3

1
9
7

5

1
9
7

7

1
9
7

9

1
9
8

1

1
9
8

3

1
9
8

5

1
9
8

7

1
9
8

9

1
9
9

1

1
9
9

3

1
9
9

5

1
9
9

7

1
9
9

9

2
0
0

1

2
0
0

3

2
0
0

5

2
0
0

7

2
0
0

9

2
0
1

1

A
n
n
u
al

 P
P

Erzincan (Turkey)

Annual PP D1 D10



202 

 

same region too (CV=36.7%) then in EOF3 (Libya, Egypt, Israel, Jordan and 

south and mid Syria) (Fig 4.2), whereas CV values in the EOF5 was the lowest 

one (CV= 30.5%) (Fig 4.68). 

 

 

Figure 4.68 Box-Whisker diagram of DI values in five regions over 

 1961-2012 in the EM. 

 

In other hand, the minimum values of DI ranged between 1.0 in EOF1 and 

2.3 in EOF4, whereas the highest value ranged between 10 in EOF5 and 8.6 in 

both EOF3 and EOF5. 

The same evaluation has been used for the DI (Fig 4.69). The frequency of 

dry and wet cases differs from that of the SPI, especially in the “normal and near 

normal classes” which is from 3 (in the northern parts) to 3.5 (in the southern parts) 

times higher than in the DI (Fig 4.69). 
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Figuer 4.69 Histograms of the drought frequency classes of the SPI, MCZI, Z score and DIs 

 for the some selected stations over 1961–2012. 
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Fig 4.69 shows the histogram of the relative frequency of the dry classes 

according to the SPI, MCZI, Z-score and DI. This evaluation showed similar 

behaviour of the MCZI and Z-Score with the SPI in all classes and different 

behaviour for DI in the “near normal” period. These indices have detected between 

65-77% of the months in the ‘near normal’ situation, but the DI have been more 

responsive to the dry situation. The DI detected only 25-29% of the period in the 

‘near normal’ class. These results agree with Dogan et al (2012) in Turkey and 

Morid et al (2006) in Iran who found that the SPI detects between 63.8-77.7% of 

the months in the near normal situation whereas the DI detects only 13.8-38.8% 

for the same class.  

4.9.3 Assessment drought severity using daily Effective Drought Index 

(EDI).   

4.9.3.1 Analysis of EDI values. 

In order to unveil any patterns in drought occurrence behaviour in the 

observed data, EDI values are plotted in function of the year (y axis) and the day 

of the year (x axis) for some selected stations representing all previous sub regions 

(Fig 4.70). Thus, a qualitative assessment of any seasonal patterns as well as the 

inter-annual variability can be made. From the plots, it can be seen that droughts 

seem to occur more often in Sivas and Kastamonu (Turkey) than in Thessaloniki 

Airport (Greece) and Lattakia (Syria). This figure reveals that drier (low EDI) and 

wetter (high EDI) periods seem to span over multiple years in whole regions 

represented by these four stations.  

It is obviously seen that the severe and extreme droughts in the period from 

(June to October) have a lower frequency of occurrence than this during the period 

from November to May, that includes both wet seasons (winter and spring) 

especially in Jerusalem (Israel) and Amiandus (Cyprus). These areas have low 

precipitation amounts in summer and autumn which explains the absence of 

extreme drought events (red colour) during these two periods. In figure 4.70, we 

can also see the interannual variance of the EDI for all data sets. The intra-annual 

variances for the Sivas, Kastamonu and Thessaloniki Airport are higher than those 
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for Lattakia and which means that, on average, the EDI values obtained from the 

first three stations time series fluctuate more throughout the year than those derived 

from observed rainfall series. 

Sivas  (Turkey)  

 
Kastamonu (Turkey) 
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Jerusalem (Israel)  

 

Lattakia (Syria)  
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Thessaloniki Airport (Greece)  

 

Amiandos (Cyprus) 

 

 

Figure 4.70 Evolution of the EDI index of observed rainfall records in some  

stations  over 1961-2012 
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It can be seen that the extreme dry events stop in May in Amiandos, Lattakia 

and Jerusalem, which have different mean annual precipitations (948.1mm, 730.8 

mm and 539.9 mm, respectively). Nevertheless, all of them have originally long 

dry periods with very low precipitation amounts (between 0.0 mm and 25 mm) 

covering 5 months (from the first June till the end of October) with some variability 

between each other. Other stations like Thessaloniki Airport (Greece), Sivas and 

Kastamonu (Turkey) showed a continuous moderate and severe periods without 

interrupt in summer, which relatively has high precipitation amounts comparing 

with those in the southern parts of the EM; the mean summer precipitation in 

Kastamonu, Savis and Thessaloniki airport is 129.8 mm, 55mm and 70mm, 

respectively.   

The run-sum method (Yevjevich, 1967) was utilized to calculate the sum of 

the drought severity over the period in which the EDI values fall below the 

standard ones. In this research, we considered the classification proposed by Morid 

et al (2006) who defined an extremely dry to moderately event as the dry period 

in which the EDI index is continuously less than −0.7. When this method is applied 

to the EDI, the sum total of continuous negative EDI values is called the 

Accumulated EDI (AEDI). By applying the AEDI and calculating the sum of all 

the negative EDI values using an annual unit, we can express drought severity on 

an annual basis. This method is used for a comparative analysis of severity between 

drought events and for the estimation of the accumulated damage by representing 

the accumulated negative values of EDI which in turn can characterize an 

accumulated rainfall and real water shortage because droughts depend not only on 

the absolute quantity of the precipitation shortage, but also on the temporal 

distribution of precipitation. For instance, annual precipitation for the year 1974 in 

Lattakia (Syria) was recorded as 1096.8 mm, 150% of the average annual 

precipitation over 1962-2012 period (730.77mm). 1974 had the third highest 

precipitation during 1961-2012; however, the year was determined to be very 

severe drought with prolonged drought 6 months. This means that there was an 

extremely poorly-balanced distribution of precipitation in 1974. Therefore, when 

we viewed this from a simple annual precipitation perspective, this year could be 
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classified as a ‘‘flood” period. However, when you use the YAEDI, it is 

categorized as a severe drought year, thus showing the practicability of the 

YAEDI. Depending on AEDI and from the previous figure we can define the 

droughts that had occurred in several regions and the most severe droughts were 

selected (Table 4.10). Within the 52-year period, droughts were more severe from 

1990 to 2010.  

 

Table 4.10 Top 10 drought cases based on the AEDI values for 52 years in three stations 

represented to four different regions over the EM 

Station Rank Onset date AEDI Dry duration 

(Day) 

Severe drought 

(%) 

 

Savis 

 (Turkey) 

1 11/06/1984 -107.6 173 23.1 

2 02/04/1989 -103.3 159 38.4 

3 11/03/1994 -100.5 143 40.6 

4 05/11/2000 -84.6 48 80.0 

5 21/02/2007 -83.3 106 69.8 

6 11/10/1982 -76.9 109 63.3 

7 14/06/1998 -75.9 137 13.9 

8 22/02/1986 -70.0 81 51.8 

9 11/08/1993 -63.5 100 44.1 

10 22/06/2007 -61.2 117 9.4 

Thessaloniki Airport   

(Greece) 

1 05/04/1985 -139.4 232 46.2 

2 27/04/2006 -127.7 164 9.1 

3 15/11/1991 -104.6 147 83.0 

4 16/07/1965 -96.2 135 44.4 

5 20/12/1989 -91.4 111 67.6 

6 01/07/1993 -81.5 138 34.1 
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7 26/12/1988 -71.6 88 78.5 

8 09/05/1984 -67.7 98 48.1 

9 15/04/1981 -60.9 103 32.1 

10 04/07/2010 -60.8 94 42.6 

Lattakia 

 (Syria) 

1 29/02/2008 -111.7 209 100.0 

2 25/05/1993 -105.8 226 100.0 

3 19/02/1985 -102.7 208 100.0 

4 29/05/1980 -102.6 222 100.0 

5 06/02/2004 -93.2 199 100.0 

6 30/03/1974 -91.7 235 100.0 

7 14/10/2000 -81.2 130 98.5 

8 29/11/1972 -78.0 97 100.0 

9 17/02/2005 -72.0 124 100.0 

10 17/11/2009 -62.8 104 100.0 

Jerusalem  

(Israel) 

1 01/07/1998 -79.4 201 16.1 

2 01/07/2010 -76.3 214 12.2 

3 19/03/2012 -69.1 195 7.73 

4 10/11/2008 -65.5 103 48.5 

5 29/02/2008 -62.7 113 32.1 

6 01/07/1999 -61.4 188 7.0 

7 26/02/2004 -58.6 116 33.1 

8 20/02/2005 -54.4 120 20.0 

9 07/02/2002 -52.1 134 10.5 

10 23/01/2006 -46.1 67 61.2 
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 In particular, the drought that began after 1998 (shown in Table 4.10) was 

the most severe drought within the 52-year period in Syria (represented by 

Lattakia) and Israel (represented by Jerusalem). This drought was distinguished 

from the other droughts by its AEDI of -111.7 in Lattakia and -79.4 in Jerusalem, 

rather than by the minimum EDI of -2.47 in Lattakia and -3.1 in Jerusalem. Severe 

and moderate drought percentages were more consistent and high in all top ten 

drought events in Lattakia (98-100%) and occurred in the wet periods which in 

turn would affect water availability in reservoirs substantially and the recurrent 

extreme drought events could lead to potentially dramatic emergencies in terms of 

water quality and availability in the next decades. As it is shown from the table, 7 

out of 10 most severe droughts occurred after 1989 in Sivas (Turkey) with the 

highest frequency 80% for the fourth rank which started in the 5th of November 

and lasted only for 48 days, but with very low EDI values during this period which 

proved that the severity of droughts did not solely depend on the values of drought 

indices. That is, some droughts have low intensity, but are maintained for a long 

period of time. Some droughts have high intensity, but are of short duration. 

The same case was shown in Jerusalem (Israel) which detected the highest 

extreme drought frequency (61.2%) during 67 days for AEDI (-46.1) in winter. It 

can be seen that the highest frequencies of extreme drought occurred during the 

winter in all previous stations or started in autumn and extended till winter or 

spring. 

For more explanation, a comparison between frequency distributions of EDI 

values of the wet period (September to May) and the dry one (June to August) in 

Lattakia (Syria) and Sivas (Turkey) is shown in Fig 4.71.  

Fig 4.71 showed that Lattakia has detected lower EDI values in the first period 

(January to May) than Sivas with higher frequency for the values less than -1 in 

Sivas, (7.1% in Lattakia -13.8% in Sivas). In the second period (June to October), 

lower values of EDI were shown in Sivas comparing with Lattakia and the ratio of 

drought - wetness showed that the probability of severe and extreme 

drought/wetness (-1.0 > EDI > 1.0) was higher in Sivas (2.9% vs 0% in Lattakia) 
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and the frequencies of severe and extreme drought decreased from the first period 

to the second one. 
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Figure 4.71 Comparison between frequency distributions of EDI values in two periods in 

 Lattakia (Syria) and Sivas (Turkey) over 1961-2012. 

 

 

 

These results are coherent with those proved by Oikonomou et al (2008) 

who expected a long dry spells over whole regions of the EM and will be longer 

in its southern parts in winter and spring. Extreme wet spells are getting shorter 

everywhere during all seasons, except autumn, due to the high reduction in 

seasonal precipitation amounts in winter and spring. The greatest reduction (1.3 

days) was noticed in Turkish coast and southern continental Greece (Holt and 

Palutikof, 2004). The maximum increase of dry spell length is expected in winter 
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in the southern part of the EM basin, as well as in spring, reaching up to about 7 

days (Oikonomou et al., 2008). Thus, the frequencies of dry spells (EDI<0) in the 

dry areas of the EM are larger than those detected in the northern parts, but the 

frequencies of severe and extreme ones are less.  

Fig 4.72 demonstrates these results in 16 stations representing most regions 

over the EM for EDI<-1 and EDI<0. 

  

Figure 4.72 Frequency distribution of the daily EDI values in some selected stations 

 during the period 1961–2012.  

 
 

For example, the frequency of negative EDI values (dry spells) in 

Tel Aviv (Israel) is 78.3% of total days, but 3.7% of them is extreme. The same 

case of Deir Ezzour (Syria) in which the EDI has the lowest rate of extreme (1.9%) 

but a high rate of dry days (77.3%). On the other hand, both Savia and Kastamonu 

(Turkey) showed moderate rates of dry days (61.5%) accompanied by high rates 

of extreme drought frequency (8.6% and 9.3%, respectively). The correlation 

between EDI<0 and EDI<-1 values showed a strong negative relationship with a 

correlation coefficient (R=-0.75). 
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It can be seen that several droughts were concentrated between the 1961 and 

2012. In particular, the 2008, 1973 and both 1999 and 2012 droughts were the 

severest ones. Fig 4.73 shows the histograms of the frequency of drought durations 

whose EDI is less than −1.0 (drought duration) and less than 0 (dry duration) for 

the month of the year and for whole year indicated for some stations over the EM.  
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Figure 4.73 Histograms of the frequency of drought duration corresponding to EDI<0 and EDI<-1 in 

some selected stations over the1961–2012 period.  
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The results showed a general increase in severe drought frequency in the 

wet period (December, January, February and March) in most areas which 

extended to May and June in the northern parts of EM as shown in 

Fig 4.73. The frequency of extreme drought (EDI<-1) ranges between 0% in 

summer and (10-25%) in the rainy season for all representative stations which 

means that 60% of severe drought occurred in the wet period. 

For drought characteristics at annual scale, the frequency of long term- 

drought with durations of about 270 days was the highest one. The second 

frequency peak occurs in the drought of about 280–290 days (Fig 4.74). 

  

“a”  “b” 

 

Figure 4.74 Observed frequency of long term drought durations (a) and monthly frequency of dry periods (b).  

Droughts are defined by EDI from 70 daily stations during 1961 -2012. 

 
 

Fig 4.74 showed that 21% of all droughts occurred during the summer (June 

–July- August). Droughts also occurred in autumn (17.8%) and 15 % of droughts 

occurred in winter and spring. The average number of dry days in summer is 77 

days, whereas this number decreases to 63 days in autumn. The drought duration 

in spring and winter is 65 and 55 days, respectively. 

Maps of the spatial distribution of total dry days (EDI<0) and severe dry 

days (EDI<-1) trends for 70 weather stations across the EM can be seen in Fig 4.75 

a, b, respectively. 
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“a” 

 

“b” 

Figure 4.75 Observed trend of total dry days EDI<0 “a” and severe dry days EDI<-1 “b”. Positive 

trends are in red and negative ones in blue. Large and medium triangles represent significant trends at  

=0.01and 0.05, respectively;  otherwise small triangles are shown 

 

This figure indicates that major parts of the EM are characterized by positive 

significant trends of severe drought periods at the 0.05 significance level with a 

few exceptions which detect a significant trend at 0.01. Severe drought periods 
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showed an evident increasing trend comparing with total dry periods which no 

significant decrease in several stations over the EM. As a result, the number of 

drought periods and drought duration were increased over the last decade of the 

20th century. 

4.4.3.2 Drought event and its return period 

A drought event was defined as the period in which the minimum EDI value 

is less than -1.0 (Kim et al., 2011). The onset of drought was defined as the date 

on which the EDI first drops below 0, and the secession of drought was defined as 

the date on which the EDI last has exceeds this value while maintaining a negative 

value after the onset. The duration of drought was defined as the period between 

the onset and secession date. The frequency analysis of the drought events based 

on the EDI, calculated using daily precipitation data over 70 stations from 1961 to 

2012, indicated that about 20% of the droughts were temporarily relieved within a 

week and redeveloped thereafter. An example of temporary relief from drought is 

presented in Fig 4.76. 

In 2008, Mytilene Airport (Greece) experienced a long drought period 

because the precipitation during the latter part of January 2008, February 2008 and 

March 2008 due to less precipitation during this period which was 35% less than 

an average year. This drought continued for a long time (till April 2008) because 

the precipitation during March 2008 was not enough to end the drought. On 15th 

January 2008, an exceptional precipitation of 40.4 mm occurred and the EDI rose 

rapidly to a positive value. The precipitation shortage continued again, however, 

and eventually the precipitation during the January in 2008 was 67.7% less than 

the mean annual precipitation for that year. 
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Figure 4.76 Time series of daily precipitation and EDIs calculated for the same period from two 

selected stations: Mytilene Airport (Greece) (2007-2008) and Kamishli (Syria) (1973-1975).   

  

In Kamishli (another example) on 18th November 1974, a precipitation of 

13.4 mm could change the long period of severe drought, which lasted from 21st 

April 1974 into a wet period rapidly and the EDI values became positive. Since 

the Period of Return to Normal conditions (PRN) is defined as one day’s 

precipitation needed for a return to normal conditions, the statistical return period 

in this case, for example, shows that only 7.2 mm is enough to return to the normal 

conditions. As a consequence, the drought began on 21st April 1974 and it was 

temporarily relieved for a few days on 18th November 1974, and continued until 

20th February 1975. This example illustrates well that even though an exceptional 
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one-day precipitation could bring temporary relief, if no or low precipitation days 

continue after that, the water resource generated by the precipitation is lost over 

time because of outflow and evaporation and drought aggravates rapidly again.  

Use of the Available Water Resources Index (AWRI), which represents the 

total amount of currently available water resources, as supplementary information 

for determining the drought status can overcome these limitations to a certain 

extent. The AWRI is an alteration of the Effective Precipitation (EP) and 

represents currently available water resources based on total precipitation over the 

previous 365 or 15 days (here we applied it for previous 15 days for several 

stations). For example, the AWRI was applied to 2006 in Thessaloniki Airport 

(Greece), when the most severe droughts out of the most recent 10 years occurred 

(Fig 4.77). When the EDI was used, the period from April to early May was 

deemed to be a moderate drought, the months of January and early March to the 

end of May, September and early October to the end of December were deemed to 

be a severe drought. SPI12 detected severe droughts that occurred from June to 

December with a mean value of -1.44. The AWRI value is much lower in spring 

and summer than in autumn For example, the value of 160.3 mm, corresponding 

to a severe water shortage, was recorded on spring due to the severe water deficit 

in May.  On the other hand, depending on EDI values in this same year, the 

meteorological drought was more severe in autumn than in spring (EDI were -0.32 

and 0.43, respectively).  
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Figure 4.77 Scatter plot EDI, 12-month SPI and AWRI  

for the years 2006 (a) and 1986 (b) in Thessaloniki Airport (Greece). 

 
 

However, the AWRI confirms that the shortage of available water was more 

severe in the spring. In a normal year, such as 1986, we can see that the AWRI 

value is lower in summer and autumn than in winter (272.6, 283.9 and 344.4 mm, 

respectively) related to low effective precipitation amounts in April and March, 

but the lowest EDI values were recorded in winter  (-0.22 vs 1.07 and 0.33 in 

summer and autumn) (Fig 4.77). 
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4.9.3.3 Comparison between the SPI and EDI. 

EDI had greater total drought percentages (22-27%) than for any timescale 

of SPI. Therefore, it means that EDI resulted in more values indicating any drought 

classes than did SPI (Fig 4.78).  

 

Figure 4.78 Drought class percentages by EDI and SPI time scales as an average of  

daily 70 stations in the EM for the 1961–2012. 

 

On the other hand, severe droughts were underestimated by EDI (5.1%) and 

ranged between 6 and 8% for SPI at different timescales. The highest rate of 

extreme drought was detected by both SPI-6 and SPI-9. EDI detected 5.1% 

extreme drought, while SPI-3, SPI-6, SPI-12 and SPI-24 detected 6.3%, 7.9%, 

7.9%, 7.0% and 7.7%, respectively. SPI-3 was less consistent on detecting extreme 

drought, and it obtained a 39.2% as severe and moderate drought. Both extreme 

and severe drought percentages increased from SPI-3 to SPI-24.  

As the EDI is effectively a non-parametric index, with a daily timescale, it 

was necessary to average daily values for computing the monthly EDIs. Fig 4.79 

shows the scatter plot of the index versus the SPI in some selected stations. 
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“a” “b” 

Figure 4.79 Scatter diagram for the SPI and EDI for some selected stations for 12 months (a)  

and 3 months (b) from 1961 to 2012 

 

It is evident that the correlation is stronger for SPI-12 than SPI-3 at (p=0.01) 

in all stations. For more accurate relative frequencies of the dry classes identified 

by the two indices were compared for the 52 year-long period. The histogram of 

the dry and wet classes is shown in Fig 4.80.  

The figure indicates that the two indices generally have a good relationship, 

particularly at 12 month timescale. This means that SPI-12 responded very 

similarly to EDI within drought period evolution and also responded with high 

sensitivity to monthly rainfall deficiency.  
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Figure 4.80 Histograms of the drought frequency classes of the SPI and EDI for some   

 selected stations in 1961–2012. 
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Both indices in Fig 4.79 have a bell-shaped histogram, but the ‘normal class’ 

of the SPI is much larger than that of the EDI. Conversely, other classes in the EDI 

are higher than those in the SPI. This fact points to a larger sensitivity of the EDI 

to changes in precipitation, compared to the SPI. 

Analysis of monthly EDI values show that EDI is more sensitive to monthly 

rainfall changes with respect to multi-monthly cumulative rainfall changes. 

Resemblance between the sensitivity of EDI and that of others increases from 3-

month to 12-month timescales, that was proved before by Morgan et al (2012). 

DIs were evaluated to see how they responded as time series to monthly 

rainfall data to better distinguish their responses by the change of rainfall. (Fig 

4.81) shows a dry spell of the year 2010 in Raqa (Syria) by using index values of 

SPI, MCZI, Z-Score and rainfall variables at 3, 6 and 12 month timescales for the 

first three indices and the average monthly values of EDI for this year.  Multi-

monthly cumulative rainfall data was also involved to understand the response of 

these DIs. There were four rainfall variables involved: monthly rainfall (the rainfall 

received in that month), monthly rainfall average, moving cumulative rainfall 

representing the sliding sum of rainfall of preceding months relevant to timescales, 

and multi-monthly rainfall average (the average of the sum of particular months).  

As it can be seen, DIs values, in this year, went below -1 on January 2010 

and the negative values continued for 12 months till December 2010. This year 

was one of the longest and most severe dry periods that affected this station and 

most of other stations that are located in the southern parts of the EM.  
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Figure 4.81 Time series of drought indices (DIs) and rainfall in Raqa (Syria).  

for 3 months (a), 6 months (b), and 12 months (c) 
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Fig 4.81 shows an important and essential difference between EDI and SPI-

3, MCZI-3, ZScore-3 series. The monthly rainfalls received in January 2010 were 

less than the monthly averages (85% below the average of this month), but 3-

month cumulative rainfalls were well below the 3-months rainfall averages (9.4 

mm of rainfall, 89.6% of the average, received in 3 months while the 3-month 

average was 90.9 mm for March), so EDI was not able to detect 3-month rainfall 

deficiency very well for this month. Monthly rainfall (45.4 mm) was again above 

its average value (18.3 mm) in November 2010; this led 6-month cumulative 

rainfall (48. 5 mm) to its 6-month average (32.1 mm). SPI-6, MCZI-6 and Z-Score-

6 responded as initiation of recovery from the deficiency, but EDI could not reach 

it. The same case was detected for the 12-month timescale in November 2010, 

which means that EDI was not able to detect 6 and 12-month rainfall increasing 

very well in this month. For 6 and 12-month timescales, all DIs have detected very 

low values in September 2010 and responded in the same way to the high rates of 

water deficiency. Only 4.8 and 46.2 mm were received in 6 and 12 months, 

respectively; whereas the rainfall cumulative averages were 64.3 and 182.9 mm 

for the same period which, in turn, affected all DIs values in this month, except for 

EDI value. EDI almost recovered its average value and recorded a positive value 

(0.52). In June 2010, all DIs responded decreasingly to the high decreasing of the 

6-month cumulative rainfall comparing with the average (6.9 mm to its average 

90.5 mm). EDI showed less responding to this decrease in this month because of 

the monthly rainfall which just had met its average (0.1 mm to its average 0.7 mm). 

The cumulative average for the 12-month timescale for all months was the same 

and ranged between 182 mm and 184 mm, whereas all the monthly cumulative 

amounts were less by 52-74% leading to very low values for all DIs ranged 

between -1.70 and -2.29. It can also be seen that EDI and all DIs had the highest 

negative correlation with cumulative rainfall amounts at 3-month timescales. SPI-

6 and SPI-12 detected this dry spell as an extreme drought by the excess of 

threshold level within this year, in March (-2.2,-2.1), April (-2.1,-2.2), May (-2.3,-

2.1), June (-2.7, -2.2), July (-2.5,-2.3), August (-2.4, -2.1) and both September and 

October had also detected an extreme drought period for 12-month timescales with 
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SPI values -2.4 and -2.2, respectively. SPI-6 had also recorded high negative 

values (-1.8 and -1.3), in September and October, respectively detecting a severe 

drought period. MCZI-6 and Z-score-6 had also showed the same results in this 

dry spell (Table 4.11). 

 

Table 4.11 Pearson correlation coefficients of indices with same time scales for 

2010 dry spell in Raqa (Syria). 

 

Time Scale (Month) 

3 6 12 

EDI-SPI 0.78 0.54 0.40 

EDI-MCZI 0.85 0.51 0.40 

EDI-Z-Score 0.81 0.50 0.40 

SPI-MCZI 0.94 0.85 0.98 

SPI-Z-Score 0.92 0.96 0.98 

MCZI-Z-Score 0.94 0.82 0.97 

 

From the Table 4.11, EDI was highly correlated with lower time steps than 

other DIs, except Z-Score-3 which had much higher correlations than EDI for 3 

and 6-month time steps. The same results were detected previously by Dogan et al 

(2012) who found that median time steps (5-month to 18-month) had better 

correlations (>0.5) with other time steps 

To compare between several DIs, a correlation matrix was created for all 

timescales and for all considered DIs. All calculations were made for each station 

and then relevant results were averaged to obtain the final result to represent the 

whole EM. Fig 4.82 shows the distribution of correlations by timescales. Four 

different indices (EDI, SPI, MCZI and Z-Score) were combined for each timescale. 

The median timescales (6 and 9 months) showed better correlation (>0.6), while 

lower and higher timescales showed less correlation. This can be explained by the 

fact that the median timescales obtained better correlation with both lower and 

higher ones (longer range was correlated), while lower/higher timescales were 



230 

 

only correlated with nearby ones and the strength of the relationship between 

median timescales with closer ones was stronger (shorter range was highly 

correlated). However, EDI showed higher correlations with most of the timescales, 

and this made EDI the best correlated DI overall. 

 

 

 

Figure 4.82 Correlation of drought indices for five time scales. Each time scale 

consists of four different indices (EDI, SPI, MCZI and Z-Score)  

during 1961-2012 over the EM. 

 
 

As it can be seen from Fig 4.82 there is not much difference between DIs 

correlations at the same time scale. This means that the average correlation of a DI 

with particular timescale against all DIs time steps has similar average correlation 

with the other DIs of the same timescale (EDI, SPI, MCZI and Z-Score1. They 

were all similar). Timescale is also very important when comparing the robustness 

of DIs. It is clear that the least correlation is for short and long timescales. It would 

be beneficial to not only use lower timescales, but to involve at least 6-month and 

9-month time scales of any DI when studying short or long term drought in arid 

and semi-arid areas. 

On the other hand, a drought is an accumulation of water deficiencies by 

time, so the analysis of drought at different timescales would be a better indicator, 

especially for semi-arid and arid regions because short-term water deficiencies are 
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common in these areas. A 1–month timescale was used by some researchers in 

their DIs comparative studies (Keyantash and Dracup, 2002; Morid et al, 2006). 

Finally, our results demonstrated two long dry periods (1998-2001) and 

(2007-2012) over the EM with a significant increase detected in dry period length 

especially in the southern parts of the EM. This result expands on previous 

drought studies (Kutiel et al, 1996; Tolika et al, 2004) that also found a general 

future tendency towards drier EM with reduced rainfall intensity. Longer dry spells 

are expected in all seasons, except autumn, with the largest increase in the southern 

part of the study area. Recent studies have shown an increasing tendency of dry 

spell length during the last two decades in the EM (Oikonomou et al, 2008; 

Hatazaki et al, 2008; López-Franca et al, 2013). On other hand, concerning dry 

periods, a long-term trend of drying was already evident over the Mediterranean 

area from 1900 to 2008 (Dai, 2011), and the risk of these events is likely to increase 

in the future.  Furthermore, Weiß et al (2007) assess that 100-year droughts will 

occur more frequently in the future over large parts of the Mediterranean area. 

Table 4.12 summarizes the relative strengths and weaknesses of drought indices.  
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Table 4.12 Summary of the commonly used DIs and their strong and weak points. 

Index Description and use Strengths Weaknesses 

Standardized 

Precipitation 

Index (SPI) 

McKee et al. 

(1993). 

(Monthly) 

Calculated depending on 

the probability of 

precipitation for any time 

scale basing on the 

concept that precipitation 

deficits over varying 

periods or time scales 

influence ground water, 

reservoir storage, soil 

moisture and streamflow. 

-Computed for different time 

scales. 

-Provides early warning of drought 

and help assessing drought 

severity. 

-Used as an approximation of 

streamflow and groundwater 

droughts. 

-Its values are well comparable in 

quite different climate locations 

(Guttman, 1999) 

 

-Precipitation is the only input 

data and it requires a long time 

series of observed data. The 

minimum precipitation record 

for calculating the SPI is 30 

years, but it is recommended to 

use ≥50 years of data (Wu et al., 

2005). 

-The SPI is strongly influenced 

by record length (Wu et al., 

2005). 

-The SPI is strongly influenced 

by the presence of missing data 

and the replacement of these 

missing data (Guttman, 1999). 

Modified 

China Z 

Index 

(MCZI) Wu 

et al. (2001). 

(Monthly) 

Calculated based on the 

Wilson–Hilferty cube-

root transformation 

assuming that 

precipitation data follow 

the Pearson Type III 

distribution to monitor 

drought conditions. 

- Computed in a simple way at 

different time scales for detecting 

drought severity at monthly time 

step. It can be preferred over SPI 

when some rainfall series have 

gaps. 

- Highly correlated with SPI. 

-More efficient and has a better 

performance than SPI in the arid 

and semi-arid areas in detecting 

and measuring drought conditions. 

Precipitation is the only input 

and needs long series data.  

Z- Score 

Palmer 

(1965). 

(Monthly) 

Calculated to indicate 

how many standard 

deviations a rainfall value 

is above or below the 

mean. 

-It is a good indicator for 

meteorological and agricultural 

drought. 

-Provides spatial and temporal 

representations of historical 

droughts. 

Drought is declared more often 

with shorter duration of the 

drought spells. 
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Deciles (DI) 

Gibbs and 

Maher 

(1967). 

(Monthly) 

A simple calculation by 

grouping precipitation 

into deciles distributed 

from 1 to 10. The lowest 

value indicates conditions 

drier than normal and the 

higher value indicates 

conditions wetter than 

normal. 

-Accurate statistical measurement 

of drought.  

-Simple calculation  

-Provides uniformity in drought 

classifications. 

Accurate calculations require a 

long climatic record of 

precipitation data. 

Effective 

drought 

Index (EDI) 

Byun and 

Wilhite 

(1999). 

(Daily) 

Calculated using daily 

precipitation data and it 

was designed for 

detecting the onset and 

termination of drought 

events and monitor the 

duration and severity of 

drought on daily time 

steps. 

- EDI is more sensitive to monthly 

rainfall changes with respect to 

multi-monthly cumulative rainfall 

changes. 

- EDI is found to be a good choice 

for the assessment of drought 

characteristics and monitoring of 

drought conditions, because of its 

ability in detection the drought 

onset and quantification of 

severity of drought events 

especially in arid and semi-arid 

regions (Jain et al., 2015; Dogan et 

al., 2012). 

-EDI was found to be able to 

describe spatial and temporal 

developing of drought conditions 

and more responsive to the 

emerging drought conditions 

compared with other drought 

indices (Morid et al., 2006). 

 

- It is relatively unknown so its 

ability to accurately monitor 

drought conditions remains 

largely untested (Morid et al., 

2006). It needs a long 

continuous daily precipitation 

record. 

- Using only precipitation data 

and the methodology for 

calculating the EDI is not 

straightforward. 

- It lacks the nice statistical 

properties of some of the other 

precipitation-based indices 

(SPI, deciles, etc.). For 

example, Morid et al (2006) 

demonstrated that the EDI is not 

normally distributed. 
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  - EDI can thus measure both long-

term and short term droughts, and 

it is superior to SPI in determining 

the accumulated water resources 

which are important for drought 

monitoring (Byun, 2009). 

- The EDI was the best index in 

assessing drought severity 

worldwide and the PRN was 

the best suited for limited areas in 

a timely manner (Byun and 

Wilhite,1999). 

- EDI is found to be well correlated 

with other DIs for all time steps 

and coherent with many time steps 

of other DIs (Jian et al., 2015; 

Dogan et al., 2012). 

 

 

 

In such arid and semi-arid environments, changes in precipitation have one 

of the greatest impacts on ecosystem dynamics more than the singular effects of 

the rising CO2 concentration or temperature (Weltzin et al, 2003), because the 

spatio-temporal availability of water will directly affect plant recruitment, growth 

and reproduction, nutrient cycling and net ecosystem productivity (Knapp et al, 

2002). Therefore, alterations in precipitation regimes could significantly affect the 

functions of desert plant, soil communities and ground water through their effects 

on overall ecosystem carbon and water balance (Huxman et al, 2004). For 

example, in a period of 33 years, a decrease of 14.3 meters in the groundwater 

level in Konya Basin (Turkey) has taken place, with 80% of this fall during the last 

10 years and after 1980’s almost all groundwater levels in Central Anatolia have 

begun to decrease year to year (Dogdo and Sagnak, 2008).They have also 

announced that the big cities in Turkey that are most vulnerable to droughts are 

Ankara, Istanbul and Izmir. These cities depend on fresh water storage in 

reservoirs. This is because of the NAO has detectible influences on the hydrology 

of the EM area with different magnitudes. Kahya (2011) illustrated the NAO 
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influence on the formation of streamflow homogenous region and on the 

probability distribution functions of critical droughts. The results have also showed 

that NAO during winter was found to influence both precipitation and streamflow 

patterns in Turkey. Positive significant correlation values was also found between 

the NAO index and total precipitation in central and south Israel and with some of 

the rainfall categories due to the role of NAO in controlling the Atlantic heat and 

moisture fluxes into the Mediterranean region (Turkes, 1996) which in turn can 

explain the relationship between the EM and Atlantic sector.  

Sirdas and Sahen (2008) demonstrated that high level sunshine duration and 

solar irradiation ratios correspond to moderate, severe and extreme drought levels 

in Turkey. They concluded that the the variation of precipitation can also be 

depicted according to solar irradiation and sunshine duration. Cullen and de 

Menocal (2000) found that the decreasing trend in rainfall associated with long dry 

periods and long term trend in the NAO index have strongly affected crop yields 

and have contributed to high level political disputes on water withdrawals from the 

rivers between Turkey, where most of the rain falls, and Syria, a downstream 

riparian neighbour.  The balance between precipitation and evaporation influences 

the circulation and the quality of the waters in the Mediterranean Sea (Mariotti and 

Struglia, 2002). The variability of precipitation during the wet period affects the 

hydrological budget in this region and considered as an important factor in 

managing the regional agriculture, water resources, ecosystems, environment, 

economics and social development and behaviour. 

Finally, many states in the EMME will see growing competition and conflict 

between urban and rural water needs and these conflicts may lead to social and 

political unrest. Moreover, there is the possibility that growing water scarcity, 

severe and frequent drought events and other effects of climate change could 

exacerbate existing political tensions and conflicts in this region. 

New analysis by NOAA scientists and colleagues at the Cooperative 

Institute for Research in Environmental Sciences (CIRES) found that the climate 

change from greenhouse gases explained roughly half the increased dryness of 

1902-2010 which contributed to increasing drought frequency in the 
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Mediterranean region. They assessed that winter drought has emerged as a new 

normal that could threaten food security. All of these factors have demonstrated 

that drought was one of reasons of recent conflict in some sensitive areas such as 

Syria that has experienced the worst drying in the region (Mohtadi, 2012). Femia, 

and Werrell (2012) have assessed that severe drought from 2006 to 2010, coupled 

with the Syrian government's failure to mitigate its negative impacts on farmers, 

water and agricultural sectors, were possible drivers of the civil unrest and big 

crisis that happened in Syria in 2011.  
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4.10 Observed changes in daily precipitation extremes.  

The results of trend analyses of 10 daily precipitation indices’ time series 

(presented in Table 3.8) for the period 1961–2012 are summarized in Table 4.12 

and Fig 4.83. Table 4.13 gives the percentage of precipitation stations that had 

positive/negative trends in annual precipitation indices calculated individually for 

the 70 stations with daily data and the corresponding percentage of statistically 

significant results at 0.05 level. Fig 4.83 shows the trends in annual regional 

precipitation indices and the corresponding 95% confidence intervals.  
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Figure 4.83 Spatial patterns trend in the annual indices of precipitation (RX1day, RX5days, R10, R20, 

R95p, R99p, SDII, PRCPTOT, CDD and CWD) for the 1961-2012 in 70 stations with daily data over the 

EM. Statistically significant (=0.05) positive trends are in blue and negative ones in red. The green and 

yellow triangles present non-significant positive and negative trend, respectively. Positive indicates wet 

trends and negative indicates dry trends (it is the opposite for the CDD).  

 

 

Figure 4.84 Frequency of the 10 extreme precipitation indices trends shown in Fig 4.83  

 over the EM during 1961-2012. 
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20.00%
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Table 4.13 Percentages (%) of the daily 70 precipitation stations with linear positive (+) 

and negative (-) trends in annual precipitation indices (RX1day, RX5days, R10, R20, 

R95p, R99p, SDII, PRCPTOT, CDD and CWD). (Positive indicates significant wet 

trends and negative indicates significant dry trends; this is the opposite for the  

CDD index). 

  Sig (-) Non-sig (-) Sig (+) Non-sig (+) 

Non-thresholds 

indices 

RX1day 62.9 20.0 11.4 5.7 

RX5days 50.0 17.1 31.5 1.4 

SDII 32.9 28.6 17.1 21.4 

PRCPTOT 45.7 30.0 20.0 4.3 

Fixed-thresholds 

indices 

R10 41.4 37.2 21.4 0.0 

R20 38.6 25.7 35.7 0.0 

CDD 44.3 1.4 52.9 1.4 

CWD 62.9 15.7 20.0 1.4 

Station-related 

thresholds indices 

R95p 48.6 18.6 31.4 1.4 

R99p 74.3 1.4 20.0 4.3 

 

Table 4.13 gives the percentage of precipitation stations that had 

positive/negative trends in annual precipitation indices calculated individually for 

the 70 stations’ data and the corresponding percentage of statistically significant 

results at the 0.05 level. 

The overall analysis of extreme precipitation indices reveals that decreasing 

trends are more frequent than the positive ones (except CDD index). The results 

show statistically significant decreasing trends in extreme precipitation indices 

ranging between 32.9% and 74.3% of total stations, indicating significant dry 

trends.  

Negative trends in very heavy or intense rainfall which measured by the 

RX1day (Max 1-day precipitation amount) and RX5day indices (Max 5-day 

precipitation amount) were found in 83% and 67% of the stations, respectively. 

63% and 50% of total stations exhibited a statistically significant decrease, 

respectively. 

 



240 

 

The SDII monitors precipitation intensity on wet days and presents 

decreasing trends in 61.5% of total stations, about 40% of these stations were 

statistically significant. SDII takes into account not only the total amount of 

precipitation throughout the year but also reflects changes in daily rainfall.  

 Frich et al (2002) stated that SDII has showed significant positive trends 

over Italy but negative ones over the EM.  

The annual total wet-day precipitation (PRCPTOT) is probably the most 

important index reflecting rainfall variations over the entire year. The regional 

average series indicate a significant decrease in this index (PRCPTOT) of 3.1% 

per decade over 1961–2012. Most stations (about 50%) show significant 

decreasing trends ranging from −6 to −18% per decade. Significant increase in total 

precipitation was detected in 20% of stations (1-3.4% per decade) (Table 4.13 and 

Fig 4.84).  

The persistence of intense precipitation which was measured by the number 

of cases of daily rainfall exceeding the 10mm, 20mm and 25mm limits have been 

defined by means of R10mm and R20mm indices. Both of them showed negative 

trends in 78.6% and 64.3%, respectively. This decreasing was significant in 37.2% 

and 25.7 at =0.05 significant level, respectively. These results are compatible 

with those obtained by Fritch et al (2003) who indicated a negative trend in the 

number of days with precipitation greater than 10mm over the EM. Kostopoulou 

and Jones (2005) and Kioutsioukis et al (2010) have also assessed a significant 

decreasing trend affects the annual number of events with daily precipitation 

greater than 10 mm over the EM. In winter the amount of precipitation due to these 

events has also exhibited a negative trend in Greece by 74.2 mm/50 year over 

1950-2000 (Norrant and Douguédroti, 2006). 

The trend for consecutive dry days (CDD) showed a positive tendency in 

54.3% of total stations. The trend is significant in 53% of the stations at =0.05 

significant level. The CWD (Consecutive wet days) showed a decreasing tendency 

for the majority of stations, 78.6% of total stations, significant decreasing trends 

were detected in 62.9% of these stations at =0.05.   
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The stations’ percentile-based R90p and R95p indices showed consistent 

trends. High percentage of total stations reported a significant decreasing in very 

wet days (R95P) and in the extreme wet days (R99p) by 48.6 % and 74.3%, 

respectively. Precipitation variation is characterized by strong interannual 

variability without any significant trend in any of the precipitation indices 

analysed.  

4.10.1 Trends in seasonal precipitation indices 

Trends observed for seasonal precipitation are, in general, statistically 

significant. Only two out of all precipitation indices, RX1day and RX5day, have 

data available for sub-annual timescales. On a seasonal basis, extreme precipitation 

amount and its relation to total precipitation were expressed by the indices RX1day 

(monthly maximum 1-day precipitation) and RX5days (monthly maximum 

consecutive 5-day precipitation). The statistical downscaling results for both 

R1Xday and R5Xdays yielded widespread increase in extreme precipitation over 

the northern parts of the EM (especially in Northern and Western costs of Turkey) 

(Fig 4.85). In these areas, the increase in extreme precipitation is visible across all 

seasons but tends to be more statistically significant during autumn (Fig 4.85). 
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Figure 4.85 Spatial patterns trend in the seasonal R1Xday and R5Xday indices for the 1961-2012 in 70 

stations with daily data over the EM.  

Statistically significant (=0.05) positive trends are in blue and negative ones in red. The green and 

yellow triangles present non-significant positive and negative trend, respectively. Positive indicates wet 

trends and negative indicates dry trends. 
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Other areas of the EM displayed significant decreasing trends in extreme 

precipitation across the seasons, particularly in winter (DJF) (Fig 4.85). These 

results are in line with previous ones which concluded that extreme wet spells in 

the EM will become shorter in all seasons, except in autumn (Oikonomou et al, 

2008). In summer, reductions of RX5 days were assessed over the southern parts 

of the EM and increased in the northern parts.  

In autumn, between 5.2% and 11.4% of the stations reveal statistically 

significant increasing and decreasing trends of RX5days respectively; in winter, 

32.9% of the stations have statistically significant decreasing trends whereas 

22.9% of the total stations showed statistically non-significant increasing trends. 

In spring, statistically significant increasing trends of very wet days were detected 

in 41.4% of stations and only some stations (18.6%) reveal significant decreasing 

trends (Fig 4.86) 

 

RX1day RX5day 

  

Figure 4.86 Frequency of seasonalRX1 day and RX5 day trends type in the EM over 1961-2012 

 

 

 

  

 

0% 20% 40% 60%

Negative Significant

Negative non Significant

Positive non-significant

Positive Significant

Frequency %

Autumn Winter Spring

0% 20% 40% 60%

Negative Significant

Negative non Significant

Positiv non-significant

Positive  Significant

Frequency %

Autumn Winter Spring



244 

 

The spatial pattern of RX5days and total seasonal precipitation changes 

show large similarities in the whole regions in autumn and winter and high 

correlation coefficients were also detected. The highest values were found in 

autumn (0.75-0.93). In spring, non-significant increases of RX5days can mainly 

be found over Greece, the north eastern parts of Turkey and many parts of Syria 

and Israel. Regarding changes in  RX1day, an increasing tendency in autumn has 

been detected, the issue that has been proved by several RCMs which also 

displayed a strong increase of RX1day values in autumn and a small change in 

winter with a general tendency towards decreases over the Mediterranean region  

(Frei et al, 2006). RX1day decreasing also dominated in almost all regions of the 

EM in winter and spring but in a lower correlation with the total precipitation in 

these seasons comparing with RX5days (Fig 4.87) which illustrates the average 

correlations for all the stations between the RX1day and RX5day indices and total 

precipitation. 

   

 

Figure 4.87 Mean correlations between the RX1day and RX5day indices and total 

precipitation for three rainy seasons (autumn, winter and spring) over the EM during 

1961-2012 (green dashed horizontal line indicates where the 95% level starts)  

 

It can be seen in Fig 4.87 that there is a significantly high correlation in 
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autumn, 0.60-0.74 in winter and 0.30 and 0.67 in spring for RX5days. In spring, 

the correlations are lower than in winter and autumn, but they are stilling 

statistically significant. For spring, the highest correlation values can be found in 

the northern parts of the EM (in Turkey) in which small values of precipitation 

variability can be detected in this season comparing to whom found in the other 

parts of the EM (not shown). Correlations between RX1day and total seasonal 

amounts of precipitation were coherent with the results obtained from RX5days, 

but they were weaker and not statistically significant in spring.  

4.10.2 Indices of maximum length of dry and wet periods 

As it can be seen from Table 4.12, the consecutive dry days (CDD) showed 

a significant positive dry trend in 52.9% of all stations, 1.4% of them exhibited a 

statistically non-significant increase, whereas 44.3% of stations reported a 

significant decrease wet trends.  

The positive slopes of CDD are concentrated especially in the northern parts 

of the EM as well as in North Africa (coastal regions of Egypt and Libya) and 

Cyprus (Fig 4.88). The annual CDD index presents the maximum increase in the 

northern parts of the EM and the maximum values being found mainly in west 

Greece (17-31 days per year) in Thessaloniki Airport and Souda Airport, 

respectively, and southwest Turkey (13 days per year) in Finike. In Cyprus the 

highest increasing was detected in Limassol Airport (26 days per year), whereas 

the maximum increasing of CDD values was small in the southern parts of the EM 

and did not exceed 5 days per year in Tel Aviv (Israel) and in some other stations 

in Syria.  

The positive trend of CDD is in accordance with the projections for the 

increase in dryness for the Mediterranean area and central Europe (IPCC, 2012). 

Additionally, these results support the previous ones which were reached by 

Oikonomou et al, 2008 who reported the same increasing of CDD values in the 

same regions. Hertig et al (2013) proved that the overall change pattern of CDD is 

characterized by shortening of the period of consecutive dry days over the southern 

parts of the EM, particularly over Israel with values up to 11 days.  Brandt and 
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Thornes (1996) have also pronounced positive trends for the islands of Cyprus 

highlighting the fact that southern Mediterranean areas and especially the islands 

are threatened by future drought and desertification. The results from Kostopoulou 

and Jones (2005) demonstrated significant positive trends of CDD in many 

southern stations in the EM during the period 1958-2000.  

  

  

 

Figure 4.88 Interannual variability of CDD in some selected stations over 1961-2012. 

These results agree with Sillmann and Roeckner (2008) who assessed 

significant increases of the CDD index in regions around the Mediterranean Sea, 

especially along the African coast. This finding is in accordance with a study of 

Oikonomou et al (2008). Tebaldi et al (2006) and Gibelin and Deque (2003) have 

also found a statistically significant increase in dry days (defined as the annual 

maximum number of consecutive dry days) in this region. Consecutive wet days 

(CWD) index showed a decreasing tendency for the majority of stations (78.6%) 
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which was statistically significant in 15.7% of the total stations. A very small 

percentage of stations have statistically positive significant trends (only 1.4%). The 

highest increasing was detected in the last ten years especially in 2008 and also in 

1999. The CWD annual indices take the lowest values (<6 days) between 2004 and 

2010, that also correspond to the largest absolute values of the negative anomalies 

(Fig 4.89).  

  

  

  

  

Figure 4.89 Annual anomalies for CWD index (right) and trend lines (left) calculated for the period  

1961-2012 for some selected stations in different regions. 
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For example, CWD decreases by 0.11 day per decade in Amiandos 

(Cyprus), and 0.54 day per decade in Soda Airport (Greece). A decreasing with 

0.03 day per decade was detected in both Har kanaan (Israel) and Kastamonu 

(Turkey) (Fig 4.89). 

4.10.3 Daily precipitation absolute threshold indices 

Regional indices’ time series indicate fewer days with precipitation above 

10, 20 and 25 mm (R10, R20, respectively, heavy, very heavy daily events) in 2008 

and 2010 than in 1974 and 1988. Values of R10 distressed to less than 4 days in 

more than 57% of the total stations in 2008 and 34% in 2010. Regionally, the 

results showed that the highest values of R10 were observed in 1974 and 1988 (Fig 

4.90). 

 

  

  

Figure 4.90 Histograms of the R10 frequency values in different periods for the 70 daily  

meteorological stations throughout the EM during 1961-2012. 
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The frequency of heavy and very heavy precipitation daily events in the data 

of the station generally followed the tendency of their respective regional average. 

Decreasing trend excited at 78.5 % of the meteorological stations for R10 and at 

64.3% for R20. The statistically significant trends are found in more than 37.1% 

and 25.7% of these stations, respectively during the 52-yr study period. In some 

stations, the percentages of change in the precipitation amount and number of wet 

days have opposite signs (i.e. negative/positive; when one decreases the other 

increases). 

4.10.4 Indices of extreme precipitation events of 1- and 5-day durations 

RX1day index displayed decreasing trends in 80% of the total stations, 

which were statistically significant in 62.9% of them and the highest decreasing 

was reported in Raqa (Syria) with 4.7 mm per decade. RX5days values have a 

decreasing trend in 67.1% of the total stations, 50% of the stations showed a 

statistically significant trend. The highest decreasing was also detected in Raqa 

(Syria) with 7.5 mm per decade. The most statistically significant negative trends 

were observed in spring and winter in all regions, the matter which was reported 

by Hertig et al (2012). They concluded that total and extreme precipitation 

decreases prevail over the whole Mediterranean area in spring. Total and extreme 

precipitation decreases mostly come along with increases of the maximum dry 

period length. The northern parts of the EM have evident statistically significant 

positive trends in RX5days with 31.4% frequency. This conclusion is consistent 

with others which were reached in the Western Mediterranean regions by Ramos 

and Martínez-Casasnovas, 2006 who found that many stations in Catalonia 

(northeast Iberia) have statistical significant increasing trends in RX5days. Both 

RX1day and RX5days showed the highest increasing in Greece with 4.1 

mm/decade and 6.6 mm/ decade, respectively.  
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4.10.5 Daily precipitation percentile threshold indices and simple daily 

precipitation intensity (SDII) 

Percentile-based R95p (very wet days) of the stations and R99p (extreme 

wet days) indices showed consistent trends except in the regions located in the 

northern parts of the EM. For R95p, 48.6% of the daily stations showed statistical 

decreasing trend, whereas 31.4% of total stations detected statistical increasing 

trends. 27.1% of the stations which showed this significant increased tendency to 

be located in the northern parts (Turkey). This result confirms the concentration of 

precipitation in single events or a higher concentration in shorter time periods.  

  This percentage was relatively higher for R99P since 74.5% of the total 

stations displayed a statistical decreasing trend showing a predominance of 

negative trends in the majority of the stations, and only 20% of stations detected 

an increasing statistical trend. 

The results showed a statistically significant decrease in the amount of 

extreme precipitation (R99P) in whole parts of the EM and in heavy events (R95P) 

in the southern parts.  These decreasing trends in both R99P and R95P are 

accompanied with a decrease in total precipitation amount (PRECTPT), and a 

significant increase in daily intense precipitation events (SDII) in the northern 

parts of the EM. 

In general, the regional average series of these indices show negative trends 

that accompany the PRCPTOT (Annual total wet-day precipitation) trend. 

Nevertheless, the statistically significant negative trends of frequency in the R99p 

and PRCPTOT have different values (45.7% for PRCPTOT vs 74.3% for R99p), 

whereas both of them have the same frequency rate (20.0%) for statistically 

significant increasing trends (Table 4.13). The highest decreasing for R95p and 

R99p was detected in Kamishli (Syria) with 18.7 mm per decade and Lattakia 

(Syria) with 6.9 mm per decade. 

The contribution of very wet precipitation (R95p) to total precipitation 

(R95p/ PRCPTOT) represents the percentage of the annual total wet-day 

precipitation due to events with precipitation above the 95th percentile; it can be 

used to analyze the possibility of having a relatively larger variation in extreme 
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precipitation events than in the total amount (Groisman et al, 1999; Albert et al, 

2002; Kioutsioukis et al, 2010; Brugnara et al, 2012). 

The (R95p / PRCPTOT) has significantly increased in the northern parts of 

the EM, this increasing was more evident in Turkey. Many stations (in the northern 

parts of the EM) detected a statistically significant increasing trend in the 

contribution of very wet days (R95p) to the total precipitation amount averaged 

with 25% (ranged from 20% and 30%). Similarly, the average contribution of 

extreme precipitation wet days (R99p) was 7.5% (ranged between 5.0 % and 10%) 

(Fig 4.91), which had a non-significant decreasing trend in more than 80% of the 

total stations. The spatial pattern for R95 values demonstrated that increasing trend 

occurred mainly in the northern parts of the EM, especially in Turkey. In contrast, 

these northern parts had a decreasing trend for R99p values. 
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Figure 4.91 The average contribution of extreme and heavy wet days to total precipitation in some 

selected stations over 1961-2012. 

(Left) very wet days (R95p) and (right) extremely wet days (R99p) in some selected stations 

 (The red line is the linear trend). 
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The Simple daily intensity index (SDII) is the index that takes into account 

not only the total amount of precipitation throughout the year but also reflects 

changes in daily rainfall. It combines the total amount of annual precipitation and 

the number of days when rainfall is greater than 0.1 mm. The mapping of the trends 

in the SDII is shown above with other maps of extreme precipitation indices trend 

(Fig 4.83). The lowest SDII values (<9.0 mm) occurred after 1990 especially in 

the years 1999, 2008 and 2010 (Fig 4.92), which were the driest on record, and 

these occurrences coincide temporally with the lowest PRCPTOT values (<300 

mm) in Syria and (<150 mm) in Israel. 

The highest values of SDII (>9.0 mm) were recorded in 1988, 1994, 1969 

and 1974 (ordered from highest to lowest values), and of PRCPTOT (>600 mm) 

happened in 1988 and 1969 and exceeded 1000 mm in many stations in Turkey 

(Fig 4.91). More than 60% of the stations showed negative trends in this index that 

were statistically significant in 32.9% of the total stations (see also Table 4.13 

above) whereas 38.5% of total stations showed increasing trends which were 

statistically significant in only 17.1% of the total stations. 
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Figure 4.92 Interannual variability of SDII in some selected stations over 1961-2012 

 

 

 

 

 

 

4.10.6 Correlations between extreme and mean precipitation indices 

Analysis of correlations between precipitation indices was used here as an 

additional tool to inspect the data closely; the analysis was undertaken for mean 

conditions indices (wet-day total precipitation (PRCPTOT) and simple daily 

precipitation intensity (SDII)) and all the other indices listed in Table 4.14, which 

were calculated site-by-site, for all 70 daily precipitation stations. The correlations 

were calculated using the linear Pearson (product moment) correlation coefficient 

R, their statistical significance was assessed at the 0.05 level. The correlations 
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between extreme precipitation indices and total precipitation were listed in Table 

4.14. 

 

Table 4.14 Correlation coefficients between precipitation extremes indices over 

the 1961-2012 

 PRCPTOT SDII 

RX1 

day 

RX5 

days 

R95 R99 R10 R20 CDD CWD 

PRCPTOT 1.00          

SDII 0.66a 1.00         

RX1 day 0.53 a 0.63 a 1.00        

RX5 days 0.55 a 0.68a 0.77 a 1.00       

R95 0.72a 0.74 a 0.72 a 0.73a 1.00      

R99 0.50 a 0.57 a 0.82 a 0.70 a 0.70 a 1.00     

R10 0.82 a 0.59 a 0.31 a 0.44 b 0.52 a 0.27 1.00    

R20 0.74 a 0.66 a 0.45 a 0.53 a 0.72 a 0.42 b 0.80 a 1.00   

CDD -0.15 0.06 -0.05 -0.01 -0.06 -0.05 -0.12 -0.07 1.00  

CWD 0.51 a 0.04 0.08 0.20 0.15 0.07 0.50 0.18 -0.18 1.00 

 

a Significant at the 0.01 level. 

b Significant at the 0.05 level 

 

Except for CDD (consecutive dry days), the other precipitation indices have 

positive correlations with annual total precipitation, and they are statistically 

significant at the 0.01 level. The total precipitation (PRCPTOT) and extreme 

precipitation indices are positively correlated and the correlation coefficients 

exceed 0.7, including very wet day precipitation (R95), heavy precipitation days 

(R10 mm), and very heavy precipitation days (R20 mm), others also exceed 0.5 

which means that the indices selected in this study have good indicative functions 
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to the changes of annual total precipitation. These results agree with previous 

studies which reported that the majority of extreme precipitation indices are well 

correlated with the annual total precipitation (You et al, 2010; Wang et al; 2013). 

It is also notable that the PRCPTOT correlations are strong for the number 

of heavy and very heavy precipitation days (R10 and R20) and moderate when 

we focus on the tail of the precipitation distribution (in particular, for the 

precipitation amount on extremely wet days, R99p). The correlation coefficients 

obtained between PRCPTOT and the RX1day and RX5days indices range, on 

average, between 0.53 and 0.55, with the highest values being in both Syria and 

Israel. 

The correlations between PRCPTOT and R95p (r=0.72) are greater than 

PRCPTOT and R99p (r=0.50). This is certainly related to the character of the EM 

climate which has a long dry season in summer and the seasonal lowest 

precipitation occurs during this season. Only 2-3% of the annual precipitation and 

less than 0.5% in some areas can be received during summer, especially, in the 

southern parts and with a small number of wet days. As a consequence, the R99p 

index tends to be zero in many years while the PRCPTOT index varies from year 

to year with large inter-annual variability. These results are in line with the findings 

of Santo et al (2014) who proved the same tendency and correlations in western 

Mediterranean (mainly in Portugal).    

In addition, there are statistically significant correlations among the 

precipitation indices. On average, the correlations between SDII and the extreme 

precipitation indices are in general strong and statistically significant at the 0.05 

level (except CDD and CWD) ranging from 0.57 and 0.74. In regional scale, SDII 

did not show correlations with both CDD and CWD. The correlations between 

SDII and the RX1day, RX5days, R95p and R99p indices are, on average, stronger 

than the correlations between PRCPTOT and those same indices. For instance, the 

correlation coefficients between the SDII and both RX1day and RX5days indices 

range with an average between 0.50 and 0.85, with the highest values being found 

in Syria for RX1day, and in Syria, Cyprus and Israel for RX5days. Strong 
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correlations (R>0.7) are found between the SDII and RX1day for 40 % of the 

stations, and between SDII and RX5D for 60 % of the stations. 

The average correlation coefficients between SDII and the number of very 

heavy and extremely heavy precipitation days (R10 and R20 ,respectively) ranged 

between 0.59 and 0.66 and increased with the change from very heavy to extremely 

heavy precipitation days, this issue contrasts with the results obtained for the 

PRCPTOT index. Likewise, the correlation coefficients between SDII index and 

the percentile indices (R95p and R99p) at regional scale were stronger with R95p 

(0.74) than with R99p (0.57). For all 70 daily stations, the correlation coefficients 

between the SDII and the R95p fall in the interval 0.65–0.93 with very high values 

(R>0.8) for more than 45% of the stations (Fig 4.93). Like the correlations between 

PRCPTOT and the indices for precipitation extremes, the correlations between 

SDII and those indices decrease as we approach closer to the tail of the 

precipitation distribution, in particular for precipitation on extremely wet days 

(R99p) (Fig 4.93). 

Isabel et al (2014) found that the average correlations between SDII and 

R10and R20 were strong (R>0.7) in mainland Portugal.  The same results obtained 

by Zhang et al (2015) who found a strong significant correlation between 

precipitation on wet days (SDII) and total precipitation (PRCPTOT) (R=0.84). 

They have also detected strong correlation between SDII and other extreme indices 

such as R10 (R=0.85), R20 (R=0.83), R95P (R=0.83) and R99P (R=0.68). Several 

studies have reported that the majority of precipitation indices are correlated with 

the annual total precipitation, indicating a high correlation between annual total 

precipitation and extreme precipitation (Han and Gong, 2003; Wang et al, 2013). 

SDII is considered one of the indices which describe moderate climate 

extremes; they are relevant for the management of water resources and land use, 

modelling of erosion, and other applications for ecosystem and hydrological 

impact modelling (Costa and Soares, 2009). 
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Figure 4.93 Spatial distributions of Pearson correlation coefficients between both R95p, R99p and PRCPTOT 

 and SDII for the 1961-2012 in 70 stations with daily data over the EM.  
 

All correlation coefficients between SDII and R99p are smaller than 0.7 

except in some coastal stations in the southern parts of the EM like Lattakia in 

Syria (0.77) and in the northern parts such as Isparta in Turkey (0.71). 22 % of the 

stations show correlation coefficients smaller than 0.5. Among the stations, the 

spread of correlation coefficients between SDII and R99p indices is notably larger 

than R90p.  

Both RX1, RX5 and R95p and R99p are highly and significantly correlated 

(R ranged between 0.70 and 0.82). The CWD index is moderately related to the 

PRCPTOT index with a correlation coefficient (0.51) which is statistically 

significant at 0.05. 

Finally, the results showed that percent trends in precipitation extremes are, 

in general, highly and spatially correlated with the percent trend in PRCPTOT; 

moreover, all the correlations are statistically significant. This is particularly true 
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for the number of heavy to extremely heavy precipitation days (R10 to R20) and 

precipitation on wet and very wet days (R95p and R99p). 

  The absolute slope of the line of the best fit for both R95p and R99p is high 

(between 0.7 and 2.2) in the majority of stations indicating enhanced variability in 

the trends of precipitation extremes compared to the mean trends. Although 

extreme rainfall is generally not as spatially coherent as mean rainfall, we have 

shown that a spatial analysis of the interannual variability of indices of extremes 

can reveal interesting behaviour in the indices. Overall, it can be concluded that 

the EM tends to be drier in future and with reduced rainfall intensity. 

Several studies discuss the relationship between extreme rainfall events and 

the presence of cyclones modulation local humidity advection (Duffourg and 

Ducrocq, 2011). The association of intense precipitation events with the intensity 

or position of cyclones can depend on the location of extreme event and its 

environment characteristics especially the orography (Reale and Lionello, 2013). 

The employment of previous indices to study the behaviour of extreme 

precipitation events seems to be useful, since they represent persistent dry and wet 

spells and heavy and extreme rainfall days for each station without using different 

threshold values for each station. Moreover, this way can be transferable across 

many different climatic regimes and make the results in the EM comparable with 

those in other regions. Finally, the increases in extreme precipitation regimes 

(more intense rain events or severe drought) which are predicted for arid and 

semiarid regions (Easterling et al, 2000; IPCC, 2007, 2013) and increased inter-

rainfall dry intervals can significantly impact grassland productivity even when 

precipitation event size is increased to maintain total rainfall amount (Fay et al, 

2003; Heisler-White et al, 2008). Extreme climate events are often more important 

to natural and human systems than their mean values (Katz and Brown, 1992; 

Aguilar, 2009), for example, most social infrastructure is more sensitive to extreme 

events. They may have many impacts on the distribution of wild plants and 

animals, climate-induced extinctions, phenological changes, and both range and 

rates of the shifts of the species (Easterling et al, 2000). 
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Chapter Five 

Conclusions
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Main conclusions 

 

The present thesis examines the spatial and temporal variability of annual, 

seasonal and daily precipitation amounts and the drought patterns for the Eastern 

Mediterranean (EM). It also explains the distribution of daily precipitation 

extremes for the EM. We can summarize the main conclusions by following: 

1- The results of PCA applied to annual and seasonal precipitation and drought 

indices explained the general characteristics of precipitation and drought pattern 

over the EM and the influences of the major physical geographical features, such 

as the latitude and altitude, on the spatial and temporal variability of precipitation 

and drought.   

2- The annual precipitation series during 1961-2012 displayed negative trends 

within the five decades over all the EM regions. This downward trend in 

precipitation was uniform in space and time. The southern parts of the EM showed 

the highest significant decrease due to the greatest decrease in precipitation in 

winter and spring. The highest decrease of annual mean precipitation occurred in 

the stations up to 250-500 m (-25 mm /decade), whereas the stations with high 

altitude (>1000m) detected non-significant trends near to zero, and the large part 

of this decreasing occurred after the 1990s in whole regions. 

3- Both negative and positive trends were observed in seasonal precipitation. 

The trends in the spring and winter series were mostly negative and statistically 

significant. Trends in autumn were generally increasing, while the summer is 

almost dry season over the EM. 

4- The gamma distribution has been found to provide the best model for 

describing monthly and annual precipitation over most of the EM. A parametric 

statistical analysis of annual rainfall distribution over a period of 52 years, 

covering two 26-yr periods, reveals some significant spatial and temporal changes 

in the shape and scale parameter patterns of the fitted gamma distribution. The 

detected increasing in the scale parameter (rate parameter) means that the 

distribution function covers events with extreme rainfall amounts. In the northern 
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parts of the EM (in Turkey), a clear decrease has been shown in the size parameter 

1/β which can be interpreted as a tendency towards reduced probability of large 

annual rainfall amounts in the most recent years. 

5- The rainfall seasonality 𝑆𝐼 ̅̅̅̅  is a very accurately expression about interannual 

rainfall variability and gives an idea about the distribution of the rainfall among 

the months and divide the EM region in different rainfall regimes. A non-

significant statistical trend of seasonality was indicate in most of the stations. 8% 

of total stations showed a statistically decreasing trends of seasonality whereas 5% 

of them showed a statistically increasing ones. Thus, it can be concluded that the 

observed rainfall regimes have not changed in the last five decades despite the 

observed negative trend in the annual rainfall amounts. 

6- The daily analysis of precipitation confirms that high to moderate 

irregularity and rainfall concentration are the two very characteristic features of 

rainfall in the EM. Highest values of daily CI were detected in the southern parts 

of the EM. Distribution of annual precipitation CI trends indicated a significant 

increasing trend mainly occurring the northern and north western parts of the EM 

(Greece and Turkey) and some parts of southeastern parts (Syria and Israel) and a 

statistically decreasing trend at in 10% of total stations which are particularly 

located in south Syria and Israel.  

7- Entropy theory is very effective in studying the spatio-temporal distribution 

of daily, monthly and annual rainfall and more efficient than CV for quantifying 

the complexity and variability of the changing climatic systems. The results 

showed that the entropy was linearly and positively related to the latitude, but it 

was not linearly correlated with the longitude. 

8- Studying of spatiotemporal characteristics of meteorological drought events 

using different meteorological drought indices (DIs) showed that most areas of the 

EM suffered several extreme droughts, starting in the beginning of the 1970s, mid 

1980s, 1990s, and end 2000s which enhance with the increasing of the time scale. 

In general, the north and northwestern parts of the EM have fewer drought events 

comparing with other parts of the EM. Abrupt changes of annual SPI and MCZI 
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detected two extreme droughts quite clear: one in the mid-1970s and the other in 

the beginning of the 1990s which was longer than the first one.  

9- A comparative analysis of different drought indices (SPI, MCZI, Z-Score, 

Deciles and EDI) indicated that all these indices are highly correlated for same 

time steps and the correlation increases at higher time step with highest 

correlations at 6 and 9 month time scales. On the other hand, EDI is found to have 

high correlation with other DIs for all time scales. 

10 - Comparisons showed that both SPI and EDI performed better in detecting 

the onset of drought, and these were recommended to the area drought 

monitoring system. However, EDI was more responsive to the initiation of a 

drought and more realistic than other DIs in studying the drought conditions due 

to its capability in detecting the exact time of drought onset and realistic 

quantification of severity of drought events in study area. This variety in 

responses of different DIs points to the need of using several indices for drought 

monitoring, thus it is recommended that at least EDI and SPI to be included into 

a drought monitoring system. 

1- Analysis of climatic extreme indices recommended by the joint World 

Meteorological Organization (CCL/CLIVAR/JCOMM) and Expert Team on 

Climate Change Detection and Indices (ETCCDI) showed in general many regions 

of coherent change, with many stations showing statistically significant changes 

in most of these indices. The pattern of trends for the extremes was generally the 

same as that for total annual rainfall, with a change to drier conditions with a 

significant decreasing trend in the annual total precipitation amount (PRCPTOT) 

in 46% of total stations (3.1% per decade) in Syria, Israel, Jordan, north Libya and 

north Egypt. Significant increasing trend in the maximum number of consecutive 

days (CDD index) in 53% of total stations was also detected especially in north 

and northwest Turkey, Cyprus, Greece, north Libya and north Egypt. 

2- The EM has experienced many and frequent drought events during last 

thirty years especially its southern parts. For example, four Syria consecutive 

droughts has affected since 2006, with the drought in 2007-2008 being 

particularly devastating. The losses from these frequent droughts had 
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significantly affected the population in the north and northeastern parts of Syria 

(Aleppo, Hasakah, Kamishli, Deir Ezzor and Raqa) because of the 

socioeconomic instability, Health problems, food insecurity, water resources 

shortage and crop failures. All these impacts led to the migration of 1.5 million 

farmers to the cities, and then to poverty and civil unrest (Gleick, 2014). These 

severe droughts, worsened by a warming climate, contributed to the outbreak of 

civil war and helped Spark Syrian War which has killed hundreds of thousands 

of people. 

  



267 

 

Limitations of the study and recommendations for further works: 

The research team faced several limitations. Among them were the following: 

1- The lack of stations in Jordan and Libya restricts our understanding of 

precipitation variability over these two areas and were not sufficient for 

spatial representation, which means that the determination of spatial rainfall 

distribution over large areas of these two countries needs more stations to be 

more represented. Besides, data of these stations is very expensive, which 

prevented us from obtaining more stations.  

2- There are some limitations due to data inhomogeneities. Even if many of the 

ECA series were subjected to homogenization by the National 

Meteorological and Hydrological Services (NMHSs), there are certainly 

non-climatic influences and some artificial shifts in the time series that have 

to be corrected. Hence, with the information available in this research, there 

are some difficulties to know the accurate conclusions to what extent 

inhomogeneities affected the trends in the investigated extreme indices. 

3- The comparison of drought indices was only undertaken between drought 

indices which are based on precipitation data. More comparisons are 

necessary between these indices and others which are designed to take into 

account both precipitation and potential evapotranspiration such like SPEI 

(Vicente-Serrano et al., 2010) and RDI (Tsakiris, 2007).These comparisons 

are necessary to understand the impact of temperature on water demand and 

moisture availability, especially in regions where the temperature is more 

influential than precipitation such as arid lands in Syria and Israel. Although, 

the SPI has more popularity than any other DIs, it is not strong enough to 

define and explain the wider drought conditions since many other important 

hydro-meteorological variables which affect droughts (e.g., streamflow, soil 

moisture condition, evapotranspiration and reservoir storage volume) were 

not considered in SPI (Keyantash and Dracup, 2004; Smakhtin and Hughes, 

2004). The characterization of droughts for different regions is difficult when 

only a single variable is used (Hisdal et al., 2004) 
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4- The incomplete gamma distribution (Gamma with 2 parameters) was used 

for calculating the SPI at all locations so that they are comparable. This 

normalized gamma distribution causes problems in climates with low 

precipitation, or climates with a very distinct dry period of several months 

per year. Under these conditions the procedure is unable to give a good 

estimate of the two shape parameters (α and β) of the gamma distribution. 

However, the most suitable function may vary from location to location. For 

example, some studies have recommended using of the Pearson type III 

distribution within the calculation SPI algorithm in some regions (Kumar et 

al., 2009; Blain, 2011). 

5- There are many homogeneity tests that could be applied to the 

dataset used in this study in order to improve the consistency of precipitation 

data. Some new robust homogeneity software packages were developed 

during the last years. It will be interesting to test them together with the 

SNHT. This experiment would probably provide more reliability on drought 

results. Further, research using a wider set of drought indicators on a global 

scale, could provide more knowledge on the performance of drought 

indicators.  

This study could be complemented analyzing various kinds of drought 

(agricultural and hydrological drought) because only the meteorological drought 

is considered and assessed here. This could be figured out using different time-

scales on drought index computation. This experiment could provide more 

information about the behaviour of long-term and mid-term droughts over the 

region of interest. Furthermore, it wold be interesting to analyse all main drought 

parameters (severity, duration and magnitude) together to get a real 

characterization of droughts. This multi-variate analysis could be achieved using 

Copulas Model to estimate the return periods for various categories of drought 

taking into account a given magnitude and/or duration using the severity-

frequency-duration curves. 

It will be good achieving to analyse the drought conditions over the EM 

across the 21st century, taking into account various IPCC climate change scenarios. 
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The temporal evolution of the main variables that explain drought could be 

analyzed using drought indices from different Regional Climate Models across the 

21st century to give us a good idea about drought variability and change in the 

future. 

We recommend that future studies should consider more climatic indices in 

order to investigate the possible impacts of some teleconnection patterns, such as 

NAO, which affect the interannual variation of the frequency of days with extreme 

precipitation over the EM. More specifically, correlation analysis can be explored 

between the teleconnection indices and monthly mean precipitation and 

frequencies of days with extreme values.
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