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ABSTRACT: A long-term (1960-2013) assessment of the variability of continentality and 16 

aridity conditions over the Middle East and North Africa (MENA) region was undertaken. 17 

Monthly gridded temperature and precipitation data from the Climate Research Unit (CRU) 18 

(TS3.22 version) were used to compute the Johansson Continentality Index (JCI) and the Marsz 19 

Oceanity Index (MOI). In addition, the De Martonne index and the Pinna index were employed 20 

to assess recent changes in aridity conditions. All indices revealed a statistically significant 21 

increase in the continental influences over the region, particularly in the Nile Basin and the 22 

Fertile Crescent. For aridity, the results suggested a generally statistically insignificant increase, 23 

with the most rapid changes occurring over the most humid regions (i.e., the Ethiopian 24 

Highlands and the Fertile Crescent). In order to explain the observed changes in the 25 

continentality and aridity conditions, we assessed the relationship between aridity and 26 

continentality indices and a wide range of large-scale circulation patterns. Results indicate that 27 

the spatial variability of continentality (as well as aridity) was closely coupled with the Atlantic 28 

modes of variability, e.g., the Eastern Atlantic pattern and the Atlantic Meridional Mode, 29 

compared to those of the Mediterranean Sea and the Indian Ocean. The results of this work 30 

highlight change processes in two important climate features in one of the hottest regions on 31 

Earth. Improving our understanding of the spatio-temporal characteristics of climate 32 

continentality and aridity has implications for a diversity of socio-political, economic, 33 

hydrological and ecological activities in the MENA region. 34 

  35 
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 40 

1. INTRODUCTION 41 

The global climate has warmed over the past few decades, as a consequence of both natural 42 

processes and anthropogenic factors (Trenberth, 2011, Bindoff et al., 2013). Previous studies 43 

have referred to the Mediterranean and the Middle East region as a "hot spot" in terms of climate 44 

change, with more rapid increases in surface temperature relative to the global mean (e.g., 45 

Nasrallah and Balling, 1993, Giorgi, 2006, Tanarhte et al., 2012). For example, Nasrallah and 46 

Balling (1993) reported an increase in temperature records over the Middle East during the 47 

period 1945-1990 at an average rate of 0.07°C/decade, which is higher than the corresponding 48 

linear trends for global land areas (0.05°C/decade). Using a range of gridded data sets, Tanarhte 49 

et al. (2012) found a generally upward trend of temperature and a downward tendency in 50 

precipitation over vast areas of the Middle East. The largest changes in temperature mostly 51 

occurred in the Mediterranean countries (Morocco, northern Algeria and Tunisia) and the 52 

Arabian Gulf, while the least warming was evident over northern Iraq, Jordan and Iran. 53 

Numerous studies confirm the temperature rise at a sub-regional scale over the Middle East and 54 

North Africa (MENA) region (e.g., Hassanean and Abdel Basset, 2006, El Kenawy et al., 2009, 55 

Kafle and Bruins, 2011, Almazroui et al., 2012). 56 

 57 

The recent observed changes in climate variables (e.g., temperature and precipitation) raise the 58 

question of how continentality and aridity might respond to climatic changes over the MENA 59 

region: a region that is subjected to different types, frequencies, and magnitudes of climate and 60 

weather events (Donat et al., 2014). Aridity (the opposite of humidity) refers to the degree to 61 

which a climate lacks effective and life promoting moisture over a region (Maliva and Missimer, 62 

2012), while continentality provides an indication of the degree to which a point on the Earth's 63 

surface is subject to the influence of a landmass (Glickman, 2000). Given the roles of 64 

temperature and precipitation in describing the characteristics of continentality and aridity, 65 

variability of these indicators over space and time can be seen as an indicator of changes in 66 

http://press.uchicago.edu/ucp/books/author/G/T/au8670116.html
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various climate variables (e.g., cloudiness, pressure and humidity). In addition, in areas of 67 

limited water resources and high population growth like the MENA region, recent climate 68 

warming may increase the frequency and severity of climate extremes related to continentality 69 

and aridity. Bannayana et al. (2010) have addressed the effect of aridity on rainfed crop yields in 70 

northeastern Iran, suggesting an inverse and strong correlation between aridity and crop yield. In 71 

the same context, continentality and aridity conditions can exert significant influences on fauna 72 

and flora through certain physiological thresholds of temperatures and water availability (Pal and 73 

Eltahir, 2016). From a socio-political perspective, Burke et al. (2009) found that regions 74 

suffering from rapid climate changes are more likely to experience civil wars and political 75 

instability.  76 

 77 

While previous studies of climatic variability in the MENA region have focused mainly on an 78 

analysis of air temperature (e.g., El Kenawy et al., 2009, Almazroui et al., 2012) and 79 

precipitation (e.g., Nazemosadat and Cordery, 2000, Raziei et al. 2012, El Kenawy et al., 2014, 80 

Deng et al., 2015), more attention to other related meteorological indicators, such as 81 

continentality and aridity, is required. Recently, a number of studies focusing on assessment of 82 

changes in continentality and/or aridity were conducted over Europe (e.g., Brázdil et al., 2009, 83 

Croitoru et al., 2013), China (e.g., Qian and Zhou, 2014) and the northern Mediterranean (e.g., 84 

Baltas, 2007, Deniz et al., 2011, Andrade and Corte-Real, 2014). A representative example is 85 

Baltas (2007) who described the continental and arid conditions in northern Greece during the 86 

period 1965-1995 and identified a superior performance of particular indices (e.g., Johansson 87 

and De Martonne indices) compared to other indices (e.g., Kerner and Pinna indices). Likewise, 88 

Brázdil et al. (2009) analyzed changes in continentality over the Czech Republic during the 89 

period 1961–2005, suggesting an increase from the late 1960s.  90 

 91 

In the MENA region, where climate characteristics are strongly influenced by the proximity of 92 

oceans and seas (e.g., the Atlantic Ocean, the Indian Ocean, the Mediterranean Sea, the Red Sea 93 

and the Arabian Gulf) as well as large extensions of land masses across Asia and Africa, 94 

characterization of continentality and aridity regimes is largely lacking. This is primarily due to 95 

the lack of a network of observatories with long, homogeneous and spatially dense climatic 96 

records, which makes the region poorly represented in global perspectives of climate changes. A 97 
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limited number of studies have examined continentality and aridity changes over the region, 98 

albeit with a particular focus on Iran (e.g., Shifteh et al., 2013, Tabari and Aghajanloo, 2013, 99 

Tabari et al., 2014). One example is Tabari et al. (2014), who analyzed the spatial and temporal 100 

variations of the De Martonne and Pinna aridity indices over Iran based on observational 101 

temperature and precipitation data for a 40-year period (1966-2005). 102 

 103 

Recalling that the spatial and temporal variability of climate has been described as being driven 104 

by the atmospheric-oceanic circulation in many areas across the MENA region (see, for example, 105 

Nazemosadat and Cordery, 2000, Rahimzadeh et al., 2009, Raziei et al., 2013, El Kenawy et al., 106 

2010, 2014), it is interesting to explore the dependency between continentality and aridity 107 

conditions and circulation patterns. While the climate of the MENA region is transitional, with 108 

both mid-latitude and sub-tropical configurations influencing the region, the associations 109 

between continentality and aridity changes and teleconnections have not yet been 110 

comprehensively approached, either at the level of the whole region or at a sub-regional scale. 111 

Investigating the association between climate aridity and continentality and the variability of  112 

circulation patterns is not only informative when examining climate model simulations, but also 113 

in advancing our current understanding of the implications of changes in these climatic 114 

indicators for both humans and natural systems across the region (e.g., water resources 115 

agriculture, human health,….etc.) (Vicente-Serrano et al., 2015).  116 

 117 

The main aims of the present study are (1) to investigate recent spatial and temporal changes in 118 

the continentality and aridity characteristics over the MENA region during the period 1960-2013 119 

by using a set of indices, and (2) to analyze the possible large-scale circulation configurations, 120 

summarized by a range of teleconnection indices, behind the observed regional variability of 121 

continentality and aridity. Overall, this research provides the first comprehensive attempt to 122 

characterize long-term (1960-2013) changes in continentality and aridity conditions in the 123 

MENA region, allowing for the definition of its different sub-regional response to recent climate 124 

warming. 125 

 126 

2. STUDY AREA 127 
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The MENA region extends over 24 countries in Africa and Asia, representing approximately 128 

10% of the world’s total land area (approximately 14.5×106 km2) and ranging from the latitudes 129 

of 1° 39'S and 39° 48'N and longitudes from 17° 06'W to 63° 20'E (Fig. 1). In addition to the 130 

large landmass, the region incorporates a variety of topographic conditions, with a relatively low 131 

and uniform flat terrain, surrounded by a range of mountains (e.g., Atlas, Zagros, Alborz, Assir 132 

and the Ethiopian Highlands).  133 

 134 

Due to its geographical location, wide altitudinal range and topographical features, the climate of 135 

the MENA region is transitional, with a considerable influence of both mid-latitude and sub-136 

tropical configurations. As illustrated in Fig. 2, the study domain presents considerable regional 137 

variations in terms of climatic regimes. Generally, total annual rainfall can vary between 65mm 138 

in the Sahara and 770mm in the Ethiopian Highlands. Peak rainfall over the Ethiopian highlands 139 

and the Nile Basin occurs in late summer and early autumn, while rainfall for the majority of 140 

other regions mostly occurs during winter and early spring. Overall, the rainiest areas are located 141 

in the main mountain sectors due to orographic precipitation (e.g., the Ethiopian Highlands). In 142 

accordance with rainfall variability, temperature is also characterized by markedly high intra-143 

annual variability, with the annual mean temperature ranging from 17.3°C in Iran to 26.9°C in 144 

the African Horn, depending on latitude and elevation.  145 

 146 

3. DATA AND METHODS 147 

3.1. Climate data 148 

In the MENA region, observational data are sparse in both space and time: a result of both the 149 

cost of equipment installation, maintenance and archiving, combined with historical instability 150 

and the continuity of meteorological agencies (El Kenawy and McCabe, 2015). With the 151 

availability of good quality gridded climate data, it is possible to characterize continentality and 152 

aridity conditions in the region without solely relying on in-situ networks. In this analysis, we 153 

employed two gridded monthly temperature and precipitation gauge-based data sets, compiled by 154 

the Climate Research Unit (CRU) at the University of East Anglia (UK) 155 

(http://www.cru.uea.ac.uk/cru/data/hrg/cru_ts_3.22/). CRU (v.3.22) is a global product produced 156 

at a 0.5∘ grid resolution for the period 1901–2013 (Harris et al., 2014). The relatively high spatial 157 

resolution ensures a robust representation of regional behavior and variability of climatic 158 

https://climatedataguide.ucar.edu/climate-data/cru-ts321-gridded-precipitation
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conditions. CRU (v.3.22) has been assessed for potential data inhomogeneities and detection and 159 

elimination of anomalous data (Harris et al., 2014). In our domain, CRU (v3.22) has previously 160 

been validated against in situ data in some provinces and is considered as a representative and 161 

reliable source of data (e.g., Almazroui et al., 2012, Tanarhte et al., 2012, El Kenawy and 162 

McCabe, 2015). Here, we used the monthly total precipitation (mm) and mean temperature (°C) 163 

data sets for the grid points over the MENA region (N=5718). Given that climatic data from 164 

meteorological land stations are unevenly distributed over space and time in the earlier decades 165 

of the 20th century, we restricted our analysis to the period from 1960 to 2013. Bhowmik and 166 

Costa (2015) discuss the impacts of the number and representativeness of climate data on 167 

accuracy and precision in their spatial interpolation.   168 

 169 

3.2. Continentality and aridity indices 170 

Since the release of the Köppen and Geiger climate classification in 1928, climatic indices have 171 

frequently been used as diagnostic tools to characterize and classify climate conditions (e.g., 172 

Baltas, 2007, Deniz et al., 2011, Qian and Zhou, 2014). Most continentality and aridity indices 173 

are based on meteorological or hydrological variables. Recalling that the distribution of 174 

temperature over the Earth is highly dependent on variations in radiation and heat, which are 175 

largely controlled by the distribution of incoming solar radiation, continentality indices explicitly 176 

rely on temperature data. A comprehensive review of continentality indices is given in Minetti 177 

(1989). Aridity has commonly been defined using a range of indicators to better reflect the 178 

potential impacts of climate change on different disciplines (e.g., water resources, agriculture, 179 

crop yield etc.). While some indices rely mainly on temperature and precipitation data, such as 180 

the De Martonne and Pinna indices (Zambakas 1992), other indices included more complex 181 

methods of aridity estimation (e.g., dryness index and the UNEP index [1997]) for an accurate 182 

quantification of the atmospheric evaporative demand. However, these latter methods require a 183 

much greater amount of climatic data (e.g., wind speed and relative humidity), which are not 184 

routinely available in many regions worldwide, but especially in the MENA region.   185 

 186 

3.2.1. Continentality indices 187 

Here, we employ the Johansson Continentality Index (JCI) and the Marsz Oceanity Index (MOI) 188 

to characterize continentality conditions. While other indices (e.g., the diurnal temperature 189 
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range) could provide an informative indicator of continentality variations, the access to daily 190 

observed climate records is not possible over vast areas of the MENA region. Recalling that 191 

continental climates are typically associated with larger intra-annual temperature ranges 192 

compared with maritime climates, continentality indices are generally formulated as a function 193 

of two physically-related components: the amplitude of temperatures of the warmest and the 194 

coldest month and the geographical latitude (Deniz et al., 2011). The values of each of the 195 

investigated indices were computed on a yearly basis over each grid box in the region for the 196 

period 1960–2013.  197 

 198 

Following Gavilan (2005) and Baltas (2007), the continentality indices were formulated as: 199 

𝐽𝐽𝐽𝐽𝐽𝐽 = 1.7 ∆𝑇𝑇
sin(φ)

− 20.4                                                                                                                   ... (1) 200 

𝑀𝑀𝑀𝑀𝐽𝐽 = 0.731𝜑𝜑+1.767
∆𝑇𝑇

                                                                                                                   ... (2) 201 

        where ∆𝑇𝑇 is the annual range of monthly mean air temperatures (°C), and φ is the 202 

geographic latitude (degrees) of each grid box. The climate types corresponding to the index 203 

values of JCI and MOI are summarized in Table 1.  204 

 205 

3.2.2. Aridity indices 206 

In this study, the definition and characterization of aridity were undertaken using two widely 207 

used indices: the De Martonne aridity index and the Pinna index. These indices provide a direct 208 

measure of the temperature and precipitation forcing in the study domain. Recalling that the 209 

definition of the wet season varies among the different sub-regions over the MENA region (see 210 

Fig. 2), we calculated the aridity indices on an annual rather than seasonal time scale. This 211 

primarily impacts the De Martonne index, given that the Pinna index cannot be calculated for 212 

shorter than annual time scales. 213 

  214 

• De Martonne aridity index  215 

The De Martonne index is among the more widely used aridity indices in the literature, due to its 216 

efficiency and relevance with respect to identification of dry/humid conditions in different 217 

climate zones worldwide (e.g., Baltas 2007, Shahid, 2010, Zarghami et al. 2011). The index was 218 

calculated, as: 219 
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𝐷𝐷𝐷𝐷 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐷𝐷 = 𝑃𝑃
T+10

                                                                                                               ... (3) 220 

     where P is the annual total amount of precipitation (mm) and T is the mean annual air 221 

temperature (°C). 222 

 223 

• Pinna index 224 

The Pinna index is another common approach that determines aridity conditions based on 225 

temperature and precipitation data (Deniz et al. 2011). In addition to the annual mean 226 

temperature and precipitation, this index also accounts for air temperature and precipitation of 227 

the driest month in the year, as follows: 228 

𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 = 1
2
� 𝑃𝑃
𝑇𝑇+10

+ 12𝑃𝑃𝑑𝑑
′

𝑇𝑇𝑑𝑑
′+10

�                                                                                                        ... (4) 229 

     where P and T are the multi-annual mean values of precipitation and air temperature, 230 

respectively, and 𝑃𝑃𝑑𝑑′  and 𝑇𝑇𝑑𝑑′  are the mean values of precipitation and air temperature of the driest 231 

month, respectively. The classification of aridity degrees, according to the Pinna index, is shown 232 

in Table 1. As noted, a region is characterized as dry when the values of the index are lower than 233 

10, as semi-dry when they range between 10 and 20, and denotes as humid when above 20.  234 

 235 

3.3. Temporal evolution of continentality and aridity indices 236 

In this study, we used the ordinary least squares (OLS) regression method to detect temporal 237 

trends in the investigated continentality and aridity indices. The aim was to investigate 238 

continentality and aridity trends in a region that has a large latitudinal range, with different 239 

climate regimes. The OLS procedure allows for defining whether the detected changes were a 240 

consequence of a long-term trend or just an oscillation. The significance of the trend was 241 

assessed using the Mann-Kendall tau test at the 95 % significance level (p-value<0.05). The 242 

Mann-Kendall statistic is a rank-based non-parametric test, which is robust to outliers and does 243 

not assume any underlying probability distribution of the data series (Zhang et al., 2001). 244 

 245 

3.4. Links of continentality and aridity indices with circulation patterns 246 

In order to explore the extent to which circulation patterns determines spatial patterns of 247 

continentality and aridity over the MENA region, we employed a set of 19 atmospheric-oceanic 248 

circulation patterns, based on data obtained from the NOAA/NCEP Climate Prediction Centre 249 
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(http://www.cpc.noaa.gov/data/teledoc/telecontents.shtml) and the Climate Research Unit of the 250 

University of East Anglia (http://www.cru.uea.ac.uk/cru/data/pci.htm). A list of these circulation 251 

patterns and their definitions is provided in Table 2. Further details on the calculation and 252 

geographical domain of the investigated circulation patterns can be found via 253 

http://www.cpc.noaa.gov/data/teledoc/telecontents.shtml. While the climate of the western parts 254 

of the MENA region is influenced by the Atlantic Ocean and the position of the Icelandic low 255 

and Azores high pressure regions, the eastern region is mainly influenced by the maritime 256 

tropical air masses (monsoon type), polar fronts and central Asian air masses (Raziei et al., 2013, 257 

Almazroui et al., 2015). For this reason, we believe that the chosen patterns are likely important 258 

in explaining the climatology of continentality and aridity across the MENA region, as they 259 

represent the dominant modes of multi-annual variability in the atmosphere that summarize the 260 

Atlantic, Indian, Mediterranean and Middle East systems, as reported in previous works (e.g., 261 

Vicente-Serrano et al., 2009, Raziei et al., 2013, Berhane et al., 2014).  262 

 263 

Here, we associated the annual time series of the continentality and aridity indices with those of 264 

the aforementioned circulation patterns for the period 1960-2013 using the Pearson correlation 265 

coefficient. Although the strength and spatial distribution of the dependency between 266 

continentality and aridity and circulation modes can differ from one month to the other (as 267 

patterns of climate can respond differently to atmospheric-oceanic processes depending on time 268 

and space scales), we believe that assessing this association at the annual time scale is 269 

informative in the sense that it identifies the phases of the circulation modes, which are 270 

responsible for the observed variability in the annual mean climatology of continentality and 271 

aridity across the region. Prior to correlating continentality and aridity indices with the 272 

circulation patterns for each grid box, the time series of the continentality and aridity indices 273 

were detrended to remove possible impacts of trends introduced in the time series and also to 274 

separate the observed pattern of variability from any global warming signal that may be present 275 

in the data.  276 

 277 

In order to establish which circulation patterns are most associated with the spatial distribution of 278 

continentality and aridity in the MENA region, a T-mode of the Principal Component Analysis 279 

(PCA) was applied (Wilks et al., 2011). The PCA is a multivariate variable-reduction procedure, 280 

http://www.cpc.noaa.gov/data/teledoc/telecontents.shtml
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which is commonly used in climate research for defining the leading spatial patterns of climate 281 

variability (Wilks, 2011). In this work, the calculated Pearson correlation coefficients between 282 

circulation patterns and continentality-aridity indices were used as inputs in the PCA. To 283 

facilitate the spatial reasoning of the PCs, we only retained those PCs with eigenvalues greater or 284 

equal to 1. Then, the maximum variance (Varimax) method was applied to the unrotated PCs to 285 

redistribute the final explained variance, and to obtain more stable and physically robust patterns. 286 

According to Wilks (2011), the Varimax rotation method assumes that each defined factor has a 287 

small number of large loadings (correlations), providing a clearer division between the retained 288 

components. To summarize the PCA results, we compared the eigenvalues of the different PCA 289 

axes corresponding to each continentality or aridity index and the axis loadings of circulation 290 

patterns. In addition, the computed PC scores were mapped for each retained component, giving 291 

insights into the possible spatial differences in the influence of the circulation patterns on the 292 

spatial variability of continentality and aridity.  293 

 294 

4. RESULTS AND DISCUSSION 295 

4.1. Spatial distribution of the indices 296 

Fig.3 illustrates the spatial distribution of the continentality and aridity indices, calculated for the 297 

period 1960-2013. The results reveal a high degree of consistency among the continentality 298 

indices, with a general gradient from south to north. The spatial structure of MOI values overlaps 299 

with that of JCI, albeit with a reversed sign (i.e., lower MOI values correspond to more 300 

continental climate and vice versa). According to the JCI classification, maritime characteristics 301 

(JCI<33) dominated in coastal areas along the Atlantic Ocean, the Mediterranean Sea, the Red 302 

Sea and the Arabian Sea. The only exception was in areas adjacent to the Arabian Gulf, where 303 

maritime influences became less important (JCI>66). Over the Arabian Gulf area, the continental 304 

influence of Central Asia on the regional climate is more pronounced than the influence of the 305 

Arabian Gulf itself. This feature is confirmed in Fig. 4, where the Pearson coefficient between 306 

JCI values and distance to water bodies is 0.22 over Iran, compared to 0.85 for Morocco, 0.79 for 307 

the Sahara and 0.51 for the Fertile Crescent. Figures 3 and 4 also suggest that the maritime 308 

characteristics were associated with altitude in some regions. For example, the correlation 309 

between altitude and MOI reached 0.47 over the western foothills of the Ethiopian Highlands. 310 

This pattern can be attributed to the direction of the mountain ranges, which interrupts the 311 
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eastern movement of weather systems, dividing the region into a western windward area with 312 

high maritime influences, and an eastern leeward area with lower marine impacts and higher 313 

temperatures associated with adiabatic sinking. Numerous studies have highlighted the important 314 

role of westerly winds in climate variability over the Blue Nile and the Ethiopian highlands (e.g., 315 

Levin et al., 2009, Diro et al., 2011, Bwehane et al., 2014). In contrast, the hyper-continental 316 

climate is specific to the southern parts of the African Horn, with JCI values generally above 90. 317 

This high magnitude of JCI can be explained by the location of this area in the equatorial region, 318 

where the annual range of temperature is markedly low.  319 

 320 

Fig. 3 illustrates the spatial distribution of the De Martonne and Pinna aridity indices. The results 321 

reveal a high spatial agreement between the two indices (Pearson’s r > 0.98 in all sub-regions), 322 

with the arid climate dominating the majority of the study region. As expected, the inner regions 323 

(particularly in the Sahara and the Arabian Peninsula) were the driest, with Pinna and De 324 

Martonne values below 2 and 5, respectively. In contrast, the western parts of the Ethiopian 325 

Highlands and South Sudan were the wettest. This pattern can be seen in the context of the high 326 

annual rainfall associated with the orographic influence of the Ethiopian Highlands (see Fig. 2). 327 

The aridity values of both De Martonne and Pinna indices correlated positively with altitude in 328 

all sub-regions, with the highest association found in the Ethiopian Highlands and the Arabian 329 

Peninsula, while the lowest correlation (r<0.1) occurred over the African Horn and Sahara (Fig. 330 

4). In contrast, the aridity values correlated negatively with distance to water bodies in the 331 

Sahara, the Arabian Peninsula and Morocco, while they correlated positively over the Ethiopian 332 

Highlands and the Nile Basin. 333 

 334 

In Fig. 5, we compare the relative areal proportion represented by each climate class. The results 335 

indicate some differences between the indices in terms of their ability to classify the continental-336 

maritime conditions over the region. According to JCI, the whole region was mainly continental 337 

(83.1% of the total area), compared to 11.9% for maritime climate and 5% for hyper-continental 338 

climate. Spatially, a continental climate mainly characterized the Fertile Crescent (97.2%), Iran 339 

(96.8%), the Arabian Peninsula (86.7%) and the Nile Basin (85.1%). The continental climates 340 

under MOI classification were markedly over-represented compared to those of JCI 341 

classification, while maritime climates were under-represented. For aridity, both indices revealed 342 
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that the MENA region was almost entirely characterized by arid and semi-arid climates (Fig. 5). 343 

Nonetheless, the arid area represented by the Pinna index was considerably higher than that 344 

identified by the De Martonne: a finding reinforced by Tabari et al. (2014) over Iran. In terms of 345 

climate variations, almost the entire range of the Pinna classification categories was identified in 346 

the Ethiopian Highlands as well as the Nile Basin region, albeit with the humid climate 347 

represented by a small area (wetlands of the Sudd) over the Nile Basin (0.8%) (Fig.5). Our 348 

results concur with the findings of the few studies assessing aridity characteristics in specific 349 

areas over the MENA region. For example, our results demonstrate that the arid and semi-arid 350 

climates covered approximately 92% of Iran according to the De Martonne index. Using the 351 

same index and observational data, Tabari et al. (2014) found that about 88% of the country was 352 

classified as dry and semi-dry. These slight variations can be associated with specific features of 353 

the CRU data sets, which can differ from observational data as a function of the number of 354 

available observatories over space and time and/or the selection of the interpolation algorithm. 355 

Given that the spatial distribution of De Martonne values presents a similar behavior to that of 356 

the Pinna Index, it may be suggested that the De Martonne Index is more applicable for aridity-357 

humidity classification over the MENA region, as it provides more climate categories ranging 358 

from dry to very humid. Similar results were found by Croitoru et al. (2013) in Romania, Baltas 359 

(2007) in Greece, Deniz et al. (2011) in Turkey and Tabari et al. (2014) in Iran. 360 

 361 

4.2. Spatial and temporal evolution of continentality and aridity indices 362 

A summary of changes in the investigated indices over the period 1960-2013 is provided in 363 

Table 3, with their spatial distribution illustrated in Fig. 6. Trend detection of the JCI series 364 

suggests an increase in the continentality conditions in the MENA region and across all sub-365 

regions. The amount of increase varies considerably over space, with the largest changes over the 366 

Nile Basin (1.09 unit per decade). In contrast, regions with the lowest and statistically 367 

insignificant increase were found in the western areas of Morocco, northwest Iran, the southern 368 

African Horn and southeast Arabian Peninsula (Fig. 6). MOI trends agree well with those of JCI, 369 

where the results generally suggest a decrease in the maritime influences in the MENA region 370 

over the 54-year period. In accordance with JCI, the Nile Basin showed the most rapid decrease 371 

in the maritime influences, compared to other regions (especially Morocco and Iran). The 372 

tendency towards a more continental climate in the MENA region can be explained by the 373 
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upward trends in surface air temperature, which has been reported in a range of regional studies 374 

(e.g., Hassanean and Abdel Basset, 2006, El Kenawy et al., 2009, Tabari et al., 2012). Table 3 375 

confirms that the increase in summer Tmax was more significant than changes in winter Tmin 376 

over the 54-year period, suggesting an increase in the annual temperature range and thus 377 

increasing continentality over the region. For example, the increase in summer Tmax was 378 

statistically significant (p<0.05) in all sub regions, with values ranging from 0.11°C per decade 379 

(African Horn) to 0.40°C per decade (Nile Basin). Our finding of the recent upward trend in 380 

continentality over the MENA region is interesting from a climatological point of view. This is 381 

principally because Hirschi et al. (2007) and Brazdil et al. (2009) observed smaller changes in 382 

continentality conditions across the mid-latitudes, compared to the high latitudes (e.g., Arctic and 383 

Antarctica).  384 

 385 

Table 3 suggests a general decrease in aridity index values (i.e., more aridity) from 1960 to 2013, 386 

albeit only being statistically significant in the Ethiopian Highlands and the Fertile Crescent. The 387 

weakest changes were found in the most arid regions (i.e., in the Sahara and the Arabian 388 

Peninsula), with a negligible linear trend. This pattern can be associated with changes in rainfall, 389 

which were generally insignificant over the MENA region (Donat et al., 2014). Overall, our 390 

results on the increasing tendency in aridity over the study domain fit well with the results of 391 

previous works (e.g., Kafle and Bruins, 2009, Bannayana et al., 2010, Tabari et al., 2014). For 392 

example, Tabari et al. (2014) found an increasing tendency in the aridity over Iran, but with 393 

considerable regional differences. Their results indicated a stronger increase in aridity conditions 394 

in the western and northwestern areas of the country, with relative changes on the order of 18% 395 

to 54%. As the MENA region is largely classified as arid and semi-arid, there is a growing water 396 

scarcity due to high consumption for agricultural and domestic use, besides low water quality. 397 

Accordingly, the increase of aridity in the region, though being statistically insignificant in most 398 

areas, could have adverse impacts, particularly on water resources and agriculture sectors. 399 

 400 

To characterize spatial changes in the continentality and aridity conditions in the region over the 401 

54-year study period, we assessed shifts in the climate class by comparing the class of climate 402 

aridity and continentality at each grid pixel in the first decade of the study period (1960-1969) 403 

with that of the last decade (2004-2013). Fig. 7 indicates that the MENA region generally 404 
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experienced a relative increase (%) in continentality influences. In most cases the observed 405 

increase in continentality values does not necessarily imply a shift in the climate class. Shifts in 406 

climate class were more pronounced in regions with more varying climates (e.g., the Ethiopian 407 

Highlands, the Nile Basin, Morocco and Iran). In accordance with continentality indices, the 408 

shift in climate aridity classes was mostly found in the Ethiopian Highlands, the southern parts of 409 

the Nile Basin, northwestern Iran and the Mediterranean coasts of Algeria and Morocco, where 410 

the areas shifted primarily from semi-arid to arid and from the Mediterranean climate to semi-411 

arid climate. In contrast, only very small areas in southern portions of the Nile Basin and the 412 

Ethiopian Highlands experienced a shift towards more humid conditions.  413 

 414 

Table 3 reveals that regions that experienced significant warming in continental conditions 415 

showed less changes in their aridity indices, and vice versa. This behavior can be seen in the 416 

context that the MENA region experienced significant warming in temperature (Hassanean and 417 

Abdel Basset, 2006, El Kenawy et al., 2009, 2010, Kafle and Bruins, 2011, Almazroui et al., 418 

2012), while changes in rainfall were generally inhomogeneous, with no evidence on significant 419 

changes across vast areas of the region (Nazemosadat and Cordery, 2000, Donat et al., 2014). 420 

The only exception corresponded to the Fertile Crescent, where all indices suggested significant 421 

changes in continentality as well as in aridity conditions. Recently, Rahman et al. (2015) found a 422 

statistically significant decline in annual rainfall over Jordan, at an average rate of 12 mm per 423 

decade. Given that the Fertile Crescent incorporates some of the poorest areas in the world, in 424 

terms of water resources availability (e.g., Gaza strip and Jordan), the observed rapid changes in 425 

both continentality and aridity could imply profound ecological and environmental consequences 426 

affecting this region, especially those related to irrigation requirements, energy and water 427 

resources management.  428 

 429 

4.3. Links to circulation patterns 430 

We applied the T-mode PCA, with Varimax rotation, to an array of Pearson correlation 431 

coefficients computed between a set of 19 atmospheric-oceanic circulation patterns and the 432 

detrended annual time series of each investigated continentality and aridity index for the period 433 

1960-2013. Following the results of the Scree plot and the Kaiser test, only five significant PCs 434 

were retained for each index, which explained 79.6%, 79.4%, 81.5% and 81.4% of the total 435 
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variance of JCI, MOI, De Martonne and Pinna indices, respectively. For simplicity, we only 436 

focus on the first three PCs corresponding to each index. 437 

 438 

Fig. 8 summarizes the loadings (correlations) of the first three rotated PCs for each continentality 439 

and aridity index. Overall, results highlight the key role of the Atlantic Ocean on the spatial 440 

variability of continentality over the MENA region. In contrast, the influence of the circulation 441 

patterns associated with the Mediterranean Sea, as well as the Indian Ocean, were generally less 442 

significant. As illustrated in Fig. 8, the first PCA axis represented circulation patterns originating 443 

over the Atlantic Ocean, where the Atlantic Meridional Mode (AMM) index, the Atlantic 444 

Multidecadal Oscillation (AMO) index, the Atlantic Tripole SST EOF (ATSST) pattern and the 445 

the North Tropical Atlantic (NTA) index were the most important patterns controlling the spatial 446 

distribution of continentality. For the second PCA axis, the Scandinavian (SCA) pattern, the 447 

Southern Oscillation (SO) index, the Bombay SLP anomaly (BOMBAY) pattern and the Eastern 448 

Atlantic-Western Russian (EAWR) pattern were significantly coupled with continentality. 449 

According to the third rotated PC, most of the circulation patterns showed different loadings for 450 

JCI and MOI. For example, while some circulation patterns (e.g., the Tropical Southern Atlantic 451 

[TSA] index) showed a better association with JCI continentality (loadings=-0.90), it had a weak 452 

dependency (loadings=-0.14) with MOI.  453 

  454 

Fig. 8 also illustrates the loadings of the first three significant PCs for the aridity indices. The 455 

circulation patterns showed consistent loadings for De Martonne and Pinna indices along the 456 

three axes. In accordance with continentality indices, the circulation patterns associated with the 457 

Atlantic Ocean (i.e., AMM, AMO, ATSST, NTA, EASLP and TSA) exhibited the largest 458 

loadings (correlations) on the first axis. Along this PC, all correlations between aridity and these 459 

circulation patterns were positive. Segele et al. (2009) confirmed the association between 460 

summer rainfall in the African Horn and the enhanced westerly advections of water vapor from 461 

the Atlantic Ocean. Our findings show that the loadings of the NAO, which is the dominant 462 

circulation pattern over the North Atlantic region, were negligible for both De Martonne and 463 

Pinna indices, suggesting a weak influence of the NAO on aridity variations in the MENA 464 

region. This finding supports Bannayana et al. (2010) who found that the correlation coefficient 465 

between aridity indices and the NAO did not exceed 0.18 across the Iranian territory. 466 



 
 

16 
 

Nonetheless, it is worth noting that the association between aridity and changes in the circulation 467 

patterns could be seasonally dependent. This feature is particularly important for the NAO, as the 468 

links between the NAO and climate are best expressed during wintertime, relative to other 469 

periods of the year (Vicente-Serrano et al., 2009, Lopez-Moreno et al., 2011). We tested this 470 

hypothesis by assessing the association between seasonal and annual time series of circulation 471 

patterns (Table 4). As indicated, the results showed very high agreement between the seasonal 472 

and annual variability of the majority of the Atlantic circulation modes (e.g., AMM, AMO, 473 

ATSST and NTA), with Pearson coefficients generally above 0.80. As the continentality and 474 

Pinna indices can only be calculated at the annual scale, this high agreement suggests that the 475 

results obtained for the dependency between continentality and aridity indices and the circulation 476 

at the annual scale are not expected to vary significantly on the seasonal scale. For the NAO, the 477 

intra-annual variability was much higher, with Pearson coefficients ranging between 0.48 478 

(winter) and 0.61 (spring). The second PCA correlated positively and strongly with the 479 

Mediterranean Oscillation (MO), the Southern Oscillation (SO), and the Sahel Rainfall (SR) 480 

Index, while it negatively correlated with the Bombay SLP anomaly (BOMBAY) and El Niño 481 

1+2. Along this axis, the highest loadings were found for El Niño 1+2, with -0.80 and -0.81 for 482 

De Martonne and Pinna indices, respectively. These high negative loadings suggest that the 483 

positive phase of El Niño 1+2 plays a significant role in enhancing aridity over some areas in the 484 

MENA region. Nazemosadat and Cordery (2000) found a significant association between rainfall 485 

and El Niño Southern Oscillation (ENSO) over Iran for the period 1951–1990. The variance of 486 

aridity in the third PC clearly suggests two particular circulation patterns impacting aridity 487 

variability over the MENA region: the Scandinavian (SCA) pattern, with loadings of -0.79 for 488 

both De Martonne and Pinna indices, and the East Atlantic (EA) pattern, with loadings of 0.69 489 

for the De Martonne index and 0.67 for the Pinna index.  490 

 491 

Fig. 9 depicts the spatial distribution of the scores of the first three rotated PCs of the 492 

continentality indices. The results reveal a similar spatial variability for both JCI and MOI, albeit 493 

with a reversed sign. For the first PC, the largest scores were mainly distributed over the Fertile 494 

Crescent, north-western Iran and the southern Arabian Peninsula and Algeria. Given the positive 495 

coupling between continentality conditions and circulation patterns originating over the Atlantic 496 

Ocean for this PC (Fig. 8), it can be implied that the anomalous years during the positive phase 497 
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of these circulation patterns can enhance continental conditions over these particular areas. This 498 

finding was confirmed when we assessed temporal changes in the Atlantic circulation patterns 499 

that contribute significantly to the evolution of continentality and aridity over the MENA region. 500 

As illustrated in Fig. 10, a statistically significant trend was found for the majority of these 501 

patterns (e.g., AMM, AMO, ASTSST, NTA and TSA) over the period 1960-2013. Ghasemi and 502 

Khalili (2006) found a significant correlation between the westerly winds originating from the 503 

warm Atlantic regions and anomalously warm temperatures over Iran during the period 1951-504 

2000. For the second PC, it seems that the continentality conditions over the Sahara responds 505 

differently to circulation patterns, with respect to other areas in the MENA region. More 506 

continental climate over the Sahara appeared to be coupled with the positive phase of the 507 

Scandinavian (SCA) and the Southern Oscillation (SO) patterns, and the negative mode of the 508 

Bombay SLP anomaly (BOMBAY) as well as the Eastern Atlantic-Western Russian (EAWR) 509 

patterns: a picture that is completely reversed for the Iranian territory. The spatial distribution of 510 

the scores for the third PC suggests a clear spatial contrast between the Nile Basin on one hand 511 

and the Arabian Peninsula and the Ethiopian Highlands on the other. These spatial variations 512 

were specific only to JCI. 513 

 514 

The spatial variability of aridity-circulation dependency, as represented by the scores of the first 515 

three PCs, is shown in Fig. 11. The results revealed that some component scores varied 516 

considerably across regions, suggesting that there was a different regional response of aridity to 517 

circulation patterns. The first PC shows a clear gradient from south (most humid) to north (most 518 

arid) regions, while the second PC distinguishes markedly between the Sahara and the Nile Basin 519 

on one hand and the Arabian Peninsula, Iran and the Fertile Crescent on the other hand. The third 520 

PC did not reveal any significant spatial differences between the MENA sub-regions, except for 521 

Morocco, which showed higher scores than other regions. 522 

 523 

5. CONCLUSIONS 524 

 A comprehensive assessment of the spatial and temporal changes in a range of climatic indices 525 

that determine the continentality and aridity status over the Middle East and North Africa 526 

(MENA) region was undertaken. Based on temperature and precipitation data from CRU TS3.22, 527 

two continentality (JCI and MOI) and two aridity (De Martonne and Pinna) indices were 528 
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computed for the period 1960-2013. Results suggested a high consistency among the 529 

continentality indices, as both JCI and MOI were generally reasonable in representing climate 530 

continentality across the region. Despite the aridity indices using different classification 531 

schemes, their spatial distributions were comparable, suggesting the applicability of both to the 532 

MENA region. Temporal changes in the continentality and aridity indices were also examined 533 

over a 54-year period (1960-2013). Results suggested a statistically significant increase in the 534 

continental conditions, but with considerable regional differences. The most rapid changes were 535 

found in the Nile Basin, the Fertile Crescent and the Ethiopian Highlands, while smaller changes 536 

occurred over the Arabian Peninsula, Sahara and Iran. For aridity indices, results showed an 537 

increase in aridity conditions, though being statistically insignificant for the majority of the study 538 

domain. 539 

 540 

In the context of global warming, it is important to understand how climate change might affect 541 

continentality and aridity indicators in the MENA region. We employed the principal 542 

components analysis (PCA) to identify the circulation patterns that control the spatial distribution 543 

of aridity and continentality across the study domain. Results showed that the response of 544 

continentality and aridity to circulation patterns differs spatially, confirming a major influence of 545 

circulations originating over the Atlantic Ocean, compared to those of the Mediterranean Sea and 546 

the Indian Ocean. Thus, further characterization of the mechanisms and associations between the 547 

Atlantic modes variability and climate aridity and continentality is required, as too is determining 548 

the impact of seasonality on these climate responses. 549 

 550 

Given the sensitivity of the arid and semi-arid zones of the mid-latitudes to changes in the 551 

climate system, the results of this work provide insights into the possible impacts of global 552 

warming over the MENA region. Given that the study domain includes countries whose people 553 

are uniquely vulnerable not only to drought and other natural disasters, but also to economic and 554 

social changes, recent climate changes could increase the likelihood of political instability and 555 

national conflicts, with resulting economic and social consequences. Our work presents the first 556 

attempt at a detailed and regionally-broad assessment of recent changes in climate continentality 557 

and aridity over the MENA region. Better understanding these climate driven responses is 558 
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needed to improve the longer-term management of water resources, food production and energy 559 

supply and distribution sectors.  560 
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Table 1: Climate classes according to four indices used in this study. 739 

JCI 
 

MOI 
Climate types Index values 

 
Climate types Index values 

Marine 0 ≤ I < 33 
 

Continental I <2 
Continental 33 ≤ I < 66 

 
Sub-oceanic 2 ≤ I < 3 

Exceptionally continental 66 ≤ I < 100 
 

Oceanic 3 ≤ I 

     De Martonne 
 

Pinna 
Climate types Index values 

 
Climate types Index values 

Arid I<10 
 

Dry I < 10 
Semi-arid 10 ≤ I <20 

 
Semiarid 10 ≤ I < 20 

Mediterranean 20 ≤ I <24 
 

Humid 20 ≤ I 
Semi-humid 24 ≤ I <28 

   Humid 28 ≤ I <35 
   Very humid 35 ≤ I ≤55 
   Extremely humid I >55 
 

  740 
 741 
 742 
 743 
 744 
 745 
 746 
 747 
 748 
 749 
 750 
 751 
 752 
 753 
 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
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Table 2: List of the circulation patterns used in this study. 766 
Acronym Index description Reference 
AMM Atlantic Merditional Mode  Chiang et al., 2004 
AMO Atlantic Multidecadal Oscillation Enfield et al., 2001 
ATSST Atlantic Tripole SST EOF  Deser and Timlin, 1997 
BOMBAY Bombay SLP anomaly pattern Berhane et al., 2014 
EA  East Atlantic  http://www.cpc.noaa.gov/data/teledoc/telecontents.shtml 

EASLP Equatorial Atlantic SLP pattern  NOAA Climate Prediction Center (CPC) 
EAWR Eastern Atlantic-Western Russian pattern  NOAA Climate Prediction Center (CPC) 
El Niño 
1+2 

Niño1+2 SST anomaly index Rayner et al., 2003 

MJO-1 Monthly Madden Julian Oscillation index http://www.esrl.noaa.gov/psd/mjo/mjoindex/ 

MO Mediterranean Oscillation index Palutikof et al. (1996)  
MPE Monthly Polar Eurasia pattern http://www.cpc.ncep.noaa.gov/data/teledoc/poleur.shtml 

NAO North Atlantic Oscillation  Jones et al.,1997 
SCA Scandinavian pattern http://www.cpc.noaa.gov/data/teledoc/telecontents.shtml 

SO Southern Oscillation index NOAA Climate Prediction Center (CPC) 

SR Sahel Rainfall Index http://jisao.washington.edu/data_sets/sahel/ 

TN Trans Niño index Rayner et al., 2003 
TNA Tropical North Atlantic Index Enfield et al., 1999 
TSA Tropical Southern Atlantic (TSA) index Enfield et al., 1999 
WeMO Western Mediterranean Oscillation index  Martin-Vide and Lopez-Bustins, 2006 

 767 
 768 
 769 
 770 
 771 
 772 
 773 
 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
 782 
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 784 
 785 
 786 
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 788 
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Table 3: Temporal evolution of the continentality and aridity indices over the period 1960–2013. 789 
The magnitudes of the trends given in bold are statistically significant at the 95% level. The 790 
amount of changes in continentality and aridity indices is given in index units per decade, with 791 
the exception of MOI, which is given per century. Changes in temperature indices are given in 792 
°C per decade.  793 
 794 

  

JCI MOI Tmax 
Summer 

Tmin 
Winter 

Tmax 
Warmest 
Month 

 Tmin 
Coldest 
month 

De Martonne Pinna 

Ethiopian Highlands 0.55 -0.24 0.26 0.11 0.20  0.11 -0.56 -0.19 
Fertile Crescent 0.88 -0.14 0.38 0.16 0.36  0.16 -0.31 -0.15 
African Horn 0.57 -0.10 0.11 0.10 0.09  0.10 -0.12 -0.02 
Iran 0.51 -0.08 0.38 0.25 0.39  0.21 -0.26 -0.13 
Morocco 0.02  0.02 0.26 0.15 0.20  0.16 -0.13 -0.06 
Nile Basin 1.09 -0.20 0.40 0.40 0.41  0.37 -0.12 -0.06 
Arabian Peninsula 0.89 -0.14 0.26 0.19 0.28  0.11 -0.08  0.01 
Sahara 0.60 -0.10 0.37 0.10 0.33  0.12 -0.03 -0.01 
MENA 0.69 -0.12 0.33 0.20 0.31  0.18 -0.15 -0.05 
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Table 4. Pearson correlation coefficients calculated between seasonal and annual circulation 815 
patterns. Statistically significant values at the 95% level (p<0.05) are provided in bold. 816 
Abbreviations of the patterns correspond to their description in Section 3.4. 817 
 818 
Index Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON) 
AMM 0.66 0.83 0.87 0.81 
AMO 0.80 0.94 0.95 0.95 
ATSST 0.81 0.93 0.90 0.94 
BOMBAY 0.60 0.71 0.84 0.66 
EA 0.49 0.75 0.83 0.54 
EASLP 0.55 0.75 0.84 0.82 
EAWR 0.47 0.45 0.66 0.64 
MJO_1 0.27 0.75 0.66 0.55 
MO 0.27 0.22 0.75 0.51 
MPE 0.52 0.46 0.40 0.69 
NAO 0.48 0.61 0.53 0.57 
NINO1+2 0.47 0.87 0.96 0.87 
NTA 0.81 0.94 0.94 0.87 
SCA 0.33 0.55 0.59 0.45 
SO 0.48 0.84 0.80 0.82 
SR 0.75 0.49 0.39 0.65 
TNA 0.77 0.90 0.93 0.84 
TSA 0.65 0.88 0.93 0.78 
WeMO 0.40 -0.02 0.26 0.09 
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 825 

Fig. 1: Location of the Middle East and North Africa (MENA) region and the prescribed sub-826 
divisions. Bracketed values in the legend represent the number of data grid points corresponding 827 
to each sub-region. 828 
 829 
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 836 

Fig. 2: Seasonal cycle of temperature and precipitation across the eight zones of the MENA 837 
region. Monthly averages of temperature and rainfall totals were computed for the period 1960-838 
2013 using CRU (TS3.22 version) data. 839 
 840 
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 841 

Fig. 3: Spatial distribution of the continentality: (a) JCI and (b) MOI and aridity: (c) De 842 
Martonne and (d) Pinna values in the MENA region, averaged for the period from 1960 to 2013.  843 
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 861 
 862 
Fig. 4: The spatial Pearson correlation coefficients between the continentality and aridity index 863 
values (averaged for the period 1960-2013) and distance to the nearest water body (left) and 864 
altitude (right).   865 
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 874 
Fig. 5: The areal proportion represented by each climate class following the classification 875 
scheme of each continentality and aridity index. 876 
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 885 
 886 
Fig. 6: Spatial distribution of the amount of change (per decade) in the index values over the 887 
period 1960-2013. The dotted red lines define the contoured areas where trends were statistically 888 
significant at the 95% significance level. 889 
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    911 
 912 
Fig. 7: Spatial distribution of the relative change (%) in the continentality and aridity values (left 913 
panels) and shifts in their climate class (right panels). Both relative changes and shifts in the 914 
climate class were calculated using the difference between the values of continentality and 915 
aridity values in the first decade and the last decade of the study period (1960-2013). 916 
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 917 

Fig. 8: Factor loadings along the first three principal components of each of the investigated 918 
continentality and aridity indices. 919 
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Fig. 9: Spatial distribution of the scores corresponding to the first three principal components of  932 
each continentality index. Percentages refer to the amount of variance explained by each 933 
component, as revealed by the PCA analysis. 934 
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 941 
 942 
Fig. 10: Temporal evolution (1960-2013) of the circulation patterns that contribute significantly 943 
to continentality and aridity variations across the MENA region. Bold lines refer to the fitted 944 
regression line. The magnitudes of trends given in bold are statistically significant at the 95% 945 
level (p<0.05). 946 
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 973 

Fig. 11: Spatial distribution of the scores corresponding to the first three principal components of 974 
each aridity index. Percentages refer to the amount of variance explained by each component, as 975 
revealed by the PCA analysis. 976 
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