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Abstract: The ever-increasing need for water, the alteration in the climate, and its observed changes
over recent years have triggered a lot of research studies associated with the phenomenon of drought.
Within the wider geographical region of the Mediterranean, the relevant scientific subject seems to be
of great interest, since it is undoubtedly related to a number of severe socio-economic consequences.
This present effort focuses on the evolution of this particular phenomenon over time, within the
borders of nine different countries in the Eastern Mediterranean (Athens, Greece—Europe; Con-
stantinople, Turkey—Asia; Nicosia, Cyprus—Europe; Jerusalem, Israel—Asia; Amman, Jordan—Asia;
Damascus, Syria—Asia; Beirut, Lebanon—Asia; Cairo, Egypt—Africa; and Tripoli Libya—Africa).
By applying the Standard Precipitation Index (SPI), examining precipitation data at the month level
(January 1901 to December 2020), and utilizing the Inverse Distance Weighted (IDW) method, the
spatio—temporal variability of drought events in the Eastern Mediterranean area was studied. In
Jerusalem, long-term droughts presented a higher than usual volume, in accordance with applying
the 12- and 24-month SP], starting from the mid-20th century. Similarly, the region of Damascus
presented a similar pattern to those in Beirut, Amman, and Jerusalem. An upward trend in the
frequency of extreme drought events was observed for the last thirty years. The same trend seems
to be true in terms of the duration of dry periods. Drought events have also been observed in the
central, southern, and eastern regions of Turkey. A downward trend was observed in Cairo based on
a trend analysis of its monthly precipitation.

Keywords: drought; Standardized Precipitation Index; GIS; extreme events; spatial data analysis

1. Introduction

High spatial and temporal variability are the main aspects of the observed precipita-
tion trends in the Mediterranean region, but the simulation of meteorological data using
climate models reveals decreasing trends for precipitation in the coming years [1,2]. The
Mediterranean region, due to its specific morphological, climatic, and atmospheric condi-
tions, is classified as a moderate- and high-emitting region, revealing a strong response
to global climate variability [3-5]. Moreover, its periods of low rainfall coincide with
periods of high temperatures and high water demand, which further complicates the sit-
uation [6-13]. Drought is an insidious natural hazard that takes place when the relevant
precipitation rate is below the average value for a region for more than one period, resulting
in insufficient water supplies for both human activities and environmental standards to
be sufficiently covered [10,14-18]. Temperature, humidity, and wind speed can contribute
to the severity and duration of a drought episode, particularly temperature, because of its
increasing importance in a warming world [19,20]. Drought in itself is not a disaster. Itis a
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natural hazard that encompasses a range of meteorological, hydrological, and biophysical
processes, which are natural phenomena with very serious socio-economic impacts. The
local conditions, population, environment, and levels of resilience to an extended period of
reduced rainfall determine when it becomes a disaster [10,21-24]. The observed increase
in the global temperature accompanied by increased evaporation rates and decreasing
average precipitation are the main factors triggering the occurrence of droughts [6,25-30].
The use of fossil fuels in production systems is one of the reasons for greenhouse gas
emissions and climate variabilities, and it has been reported that extreme weather events
negatively impact these production systems [31-34].

Several studies have been conducted in the Mediterranean and eastern Mediterranean
region, in particular on the variability of precipitation and its relationship with large-scale
atmospheric circulation [35]. The location of the Mediterranean Sea in the transition zone
between subtropical and mid-latitude regions is the cause of its high climate variability
on multiple time scales and the strong seasonal variability in its precipitation in many
regions [36]. These factors make the Mediterranean region a “hot spot” of climate variabili-
ties and it is classified as a moderate and high emission-responding region, giving a strong
response to global changes [37,38]. This classification of the Mediterranean region is related
to both its response to changes in various climate parameters and the vulnerability of the
region to climate variabilities [10,39-45]. Over the last 40 years, the annual total rainfall
in the Mediterranean region has decreased by, on average, between 5 and 50 mm [46]. In
addition, the Mediterranean region is facing other problems, such as desertification and
soil degradation to a large extent, and is likely to experience this to a greater extent in the
future. Desertification is not only related to the climate but also to the decisions made about
land use [47-49]. The number of complex warm events and the simultaneous occurrence of
warm periods and extreme droughts, both in absolute values and in terms of their season
of occurrence, has increased significantly in the Mediterranean region over the last 40
years. These events increase significantly in late spring, which has detrimental effects on
ecosystems and agriculture [50].

Drought is a complex and multifaceted phenomenon that poses significant challenges
for policymakers, water managers, and other stakeholders. Effective drought management
requires a comprehensive understanding of the physical, social, economic, and environmen-
tal factors that contribute to drought, as well as the development of appropriate tools and
strategies for monitoring and mitigating its impacts. Drought indices have emerged as a
critical tool for this drought management, providing a standardized and quantitative means
of assessing a drought’s severity and its potential impacts on various sectors. However, the
selection and application of the appropriate drought indices require careful consideration
of the specific characteristics and needs of the region or system being analyzed. Therefore,
this study aims to analyze the SPI and its application in southeastern Mediterranean coun-
tries, with the goal of identifying drought events (frequency of intensity and severity) and
the development of an effective drought tool that can be tailored to the specific needs of
different regions and systems. In the current work, the inter-annual (1901-2020) evolution
of drought is examined in nine countries bordering the southeastern Mediterranean Sea
(Cyprus, Egypt, Greece, Jordan, Israel, Lebanon, Libya, Syria, and Turkey). Using the Stan-
dardized Precipitation Index (SPI) and the available monthly rainfall data of past years, the
spatiotemporal variability of drought in the study area is investigated. A spatial analysis is
deemed necessary for several reasons: the study area presents a variety of climatic types
and morphological features, and drought is a phenomenon that occupies a large area.

2. Materials and Methods

Based on a literature study, analyses of drought assessment are using the SPI more
frequently. In Europe, there is a plethora of works examining the 3-, 6-, and 12-month scales
for drought patterns (seasonal and annual). The outputs of these works show contradictory
results due to variations in the monthly scales. An SPI3 selection depicts eastern Europe and
increasing tendencies over southern and eastern Europe, while central Europe and some
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parts of eastern Europe represent the transition zone. On the contrary, using monthly steps
above 6 months depicts more drought events in central and northern Europe [26,51-55].

Using this drought index with 6- and 12-month scales may demonstrate irregular water
resources and extremely low-level reservoir storage (hydrological droughts) [7,26,40,56,57].
For every climatic zone in Europe, SPI values of time scales of 6 months or above are more
suitable for drought characterization than time scales of 3 months or below. Thus, the
selection in the current work is 3-, 6-, 12-, and 24-time scales for the drought characterization
and time series analyses.

This study examines two parameters: the first is the number of extreme drought events
(an SPI value less than —2.0) and the second is the duration/length of these events with the
maximum number of continuous months where the SPI value is less than —1.0. Based on
the above, the drought characteristics are estimated for the southeastern Mediterranean
countries from 1901 to 2020. The data were performed in Python language using the library
standard_precip for the time steps of 3, 6, 9, 12, and 24 months. Drought maps for the
drought lengths and the months of extreme droughts were generated using the Inverse
Distance Weighted Interpolation Method (IDW) in ArcGIS Pro ver. 2.9 (ESRI, Redlands,
CA, USA).

2.1. Study Area—Climatic Data

A case study was conducted in the eastern Mediterranean region, which includes
countries such as Greece, Turkey, Cyprus, Israel, Jordan, Syria, Lebanon, Egypt, and Libya,
to assess the analysis of drought events. The study focused on the impact of tempo-—
spatial drought event patterns on the region, which is known for its arid and semi-arid
climate. Additionally, it examined the relationship between the precipitation patterns
and drought events in the region. It found that changes in precipitation patterns, such
as an increased intensity of rainfall events and longer dry periods, have contributed to
the occurrence and severity of the drought events in the region. The selected study area
provided valuable insights into the impact of drought events and precipitation patterns on
the eastern Mediterranean region, and highlighted the urgent need for effective adaptation
measures to mitigate the impacts of these drought events on vulnerable communities in
the region.

The Climate Research Unit (CRU) gridded time series is a widely used dataset that
provides long-term records of temperature and precipitation for different regions around
the world. This dataset is based on observations from weather stations and other sources
and has been developed and maintained by the CRU at the University of East Anglia
in the United Kingdom. The CRU gridded time series is a high-resolution dataset that
provides spatially explicit information on temperature and precipitation for each grid
cell. The grid cells are typically around 0.5 degrees in latitude and longitude and cover
the entire globe. The dataset is updated regularly and includes data from the early 20th
century up to the present day. The data in the CRU gridded time series are interpolated
from weather station observations, and the interpolation method takes into account factors
such as altitude, latitude, and proximity to large bodies of water, which can influence the
temperature and precipitation patterns. The dataset is widely used for climate research,
including studies on climate change and its impacts, as well as for monitoring and assessing
climate variability and extreme events. A set of meteorological data, specifically monthly
precipitation data, was used from version 4.05 of the CRU TS (Climate Research Unit
gridded Time Series) for the period of January 1901-December 2020 from nine countries of
the eastern Mediterranean (Greece, Turkey, Cyprus, Israel, Jordan, Syria, Lebanon, Egypt,
Libya, and Syria). The data were obtained from 1637 points. The Climate Research Unit
provides monthly climate data on a high-resolution 0.5° x 0.5° grid spanning all the land
areas of the world except Antarctica (0.50-degree of spatial resolution). The time series data
sets are available on the CRU website [58]. Figure 1 portrays the mean annual precipitation
from 1901 to 2020 in the study area.
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Figure 1. Study area with the CRU centroid points precipitation trend analysis and the mean annual
precipitation 1901-2020.

2.2. Precipitation Statistical Analysis

A time series trend analysis is a statistical method used to identify the patterns and
trends in data over time. This approach is commonly applied in various scientific fields,
including economics, climatology, and ecology, to investigate the long-term behavior of
complex systems. Several statistical methods are used to analyze time series data, such as
linear regression, moving averages, autoregressive integrated moving average (ARIMA),
and time series decomposition [59]. These methods have been widely used in various
studies to analyze time series data and identify significant trends and patterns. However,
it is important to use appropriate statistical methods based on the nature of the data and
the research in question. Additionally, the interpretation of the results should consider
the limitations and uncertainties associated with the data, and a careful validation of the
statistical models is necessary. Overall, a time series trend analysis is a powerful tool
for understanding the behavior of complex systems over time. Precipitation is a key
component of the hydrological cycle and its variability plays a crucial role in determining
water availability, flood frequency, and ecosystem services. In recent years, there has been
growing interest in analyzing the trends in precipitation time series to understand the
impacts of climate change on regional hydrology. Various statistical methods have been
developed to detect these trends in precipitation, including the Mann-Kendall test, the
Sen’s slope estimator, and the Theil-Sen estimator. These methods have been widely used
in many studies to analyze the precipitation trends across different regions, including both
natural and human-induced factors. However, caution is necessary when interpreting these
trends due to the complex nature of precipitation variability and the potential for bias in
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the data. Therefore, it is important to carefully evaluate the statistical methods used and
consider the uncertainties associated with the data [60-64].

2.3. Standardized Precipitation Index (SPI)

The SPI is a widely used tool for assessing and monitoring drought conditions. It
provides a standardized and quantitative measure of precipitation anomalies over a par-
ticular time scale and can be applied to various spatial and temporal resolutions. The SPI
is particularly useful in regions where precipitation is the main source of water supply
and it has been applied in various sectors, including agriculture, hydrology, and water
resource management. The SPI is widely used as a drought index because it has several
advantages over other drought indices. One of the main advantages of the SPI is that it
can be calculated using only precipitation data, which are readily available in many re-
gions. This makes the SPI a convenient and cost-effective tool for monitoring and assessing
drought conditions, particularly in data-sparse regions where other meteorological data,
such as temperature and evapotranspiration, may not be available. Moreover, the SPI has a
standardized and flexible approach, allowing for it to be calculated at different time scales
(e.g., monthly, seasonal, and annual), which enables it to capture different types of drought
events, from short-term droughts to long-term droughts. This flexibility also allows for a
comparison of drought severity and frequency across different regions and time periods.
However, the statistical properties of the SPI make it particularly suitable for detecting and
characterizing drought events. Specifically, the SPI is based on a probability distribution
function of precipitation, which allows for the identification of drought events and their
severity based on their deviations from the long-term average precipitation [7,28,40,65-67].
While other drought indices exist, such as the Palmer Drought Severity Index (PDSI), Fac-
tual Drought Index (FDI), and Reconnaissance Drought Index (RDI), these indices require
additional meteorological data, such as temperature and evapotranspiration, which are not
always available or reliable in some regions [25,28,68]. Therefore, the SPI is often preferred
over these other indices for its simplicity, flexibility, and reliability in capturing drought
events [7,40,56,65].

The SPI is a useful tool for monitoring dry and wet periods at multiple time scales,
thus identifying the type of drought (meteorological and hydrological, etc.) and comparing
the climatic conditions of regions with different hydrological regimes [69]. The use of the
SPI as a drought-monitoring tool has been specifically proposed for areas with a distinct
dry season. It is an index that has been extensively proposed and tested and it is a powerful
and well-established tool for describing drought patterns and severity [40,41,65,70].

The SPI is based on a probabilistic approach to rainfall and finds an application in
monitoring both dry and wet periods. A drought event occurs when the index takes
consistently negative values, less than or equal to unity, and lasts until the index takes
positive values. The duration of an episode is determined by the length of time between the
beginning and the end of that period. The measurement of the size of a drought episode
is obtained by summing up the values of the indicator for all the months of the drought.
When the index takes values greater than 2.00, it is considered as an extremely wet period,
while when it takes values less than —2.00, it is considered as an extreme drought. Values
between 0.99 and —0.99 indicate approximately normal conditions, as shown in Table 1 [67].

The SPI is calculated by fitting a probability density function to the rainfall frequency
distribution as a sum outside the time interval of interest. This process is performed
separately for each month or time scale from the rainfall data time series and for each
location in the interval. Each probability density function is then transformed within the
standard normal distribution. According to Thom (1958), climatic precipitation data follow
a gamma distribution which is one of the most frequently occurring distributions in the
field of technical hydrology. It is a positive asymmetric distribution defined only for the
positive values of the variable [71].
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Table 1. Classification of drought according to SPI values [67].

SPI Class
>2 Extremely wet
1.50-1.99 Very wet
1.00-1.49 Moderately wet
0.50-0.99 Mildly wet
—0.49-0.49 Normal conditions
—0.50--0.99 Mild drought
—1.00--1.49 Moderate drought
—1.50--1.99 Severe drought
<—2.00 Extreme drought

The y-distribution (Formula (1)) is determined by its frequency, or else the probability
density function is defined as follows:

1
= . |In|——— 1
t L— <H<x>>2] W

X1 )

where

« > 0 is the form factor,
B > 0 is the scale factor, and
x > 0 is the amount of rainfall.

The gamma function I'(«) is given by the relation (Formula (3)):

Ha%=AwV“%ﬂﬁy €)

To fit the distribution to the data, « and g must be estimated. It was suggested by
Edwards and Mckee (1997) that these parameters can be estimated using Thom's (1958)
maximum likelihood approach, as follows [71,72]:

N 1 4A
0(—4A<1+ 1+3> 4)
A X
P=7 ®)
where, for a number of n observations:
A =In(x) - 2) ©)

n

The resulting parameters will then be used to find the cumulative probability of a
rainfall event for a given month and time scale (one month, three, and six, etc.). For each
point, the cumulative probability is calculated from the following relationship:

X 1 X _x
G(x) = / dx = — = / =1e7bd 7
() = [} sx = s = [ 7e b )
Replacing t with x/f in the above relationship results in the form of the incomplete
gamma function.
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Because the gamma distribution for x = 0 is indeterminate and because a rainfall
distribution can contain zeros, the cumulative probability is [51]:

H(x) =g+ (1-9)G(x) ®)

where g is the zero probability of precipitation.

H(x) is then transformed into the standard normal random variable Z, with a mean of
0 and a variance of 1, which is the value of the SPI. Hughes and Saunders (2002), following
Edwards and Mckee (1997), followed an approximate transformation as an alternative
suggested by Ambramowitz and Stegum (1965) [51,72,73]:

co + c1t + cpt?
Z=SPI=—|t— 9
( 1+d1t+d2t2+d3f3> ©)
For 0 <H(x) <0.5
C0+C1t+C2f2
Z = SPI = t— 10
+( 1+d1t+d2t2+d3t3> (10)

For0.5<H(x) <1

- ln[(H(lx))Z] (1)

1
- Mm(»] "
For0<H(x) <1

Additionally, Cy =2.515517, C; = 0.802853, C, = 0.010308, d; = 1.432788, d, = 0.189269,
and d3 = 0.001308.

For0 < H(x) <0.5

2.4. Drought Maps

Drought maps are graphical representations of drought conditions and their severity
across a geographic region. These maps typically use various colors or shading to indicate
the level of drought intensity, ranging from normal conditions to severe drought. The
drought maps were produced using the Inverse Distance Weighted Interpolation Method
(IDW) to downscale the gridded data. Additionally, the maps captured the index results
and provided a uniform distribution of the frequency and intensity of the drought events
in the study area. The IDW method is classified as a local precision interpolation method
and the measured values that are closer to the prediction location have a higher weight
than those that are further away, i.e., the points that are closer to the prediction location
have a higher weight and this decreases as a function of distance. This method is widely
used because of its simplicity of application, the speed of its calculation, the ease of its
programming, and its reasonable results for various types of data [74].

For the construction of the maps, the respective files were created with the requests
of the ArcGIS Pro ver. 2.9 (ESRI, Redlands). After these files were completed, the map of
the study area was edited so that it could be imported into the specific software and the
boundaries where the IDW method would be applied were created. After all the above
were compiled, the data entry started; the data of the indicators and the coordinates of the
sampling points were entered first for each month and each indicator separately. Next,
the parameters file and map of the study area were imported into GIS software, which
generated maps for the following session using the IDW method to index the mapping.
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3. Results and Discussion
3.1. Precipitation Trend Analysis

The statistical analysis for the trend of the monthly precipitation from 1901-2020 for
all the points, including the cities (Table 2 and Figure 1), was based on the Mann-Kendall
test. These analyses were performed in Python language using the library pymannkendall.
Additionally, the null hypothesis was tested at a 5% level of significance. For the cities
examined, as the results in Table 1 depict, only Cairo had a downward trend, while the
rest of the cities had a stable trend. According to the results of the monthly values, no
significant changes in the precipitation were observed in several places. However, in its
largest territory, Egypt experienced decreases in its precipitation values, especially in drier
regions. Similar but smaller conditions occurred in Libya. Similarly, the dry regions of
Jordan, Israel, and Syria showed a similar pattern of decline. Greece and Turkey did not
show significant differences and it should be mentioned that, in northern Turkey and
especially in the coastal areas of the Sinope area, they appeared with an increasing trend.

Table 2. Trend analysis of monthly precipitation for the CRU sampling points—cities (1901-2020).

. o Normalized

Countries Cities Trend p-Value Test Statistics
Cyprus Nicosia no trend 0.814 —0.235
Egypt Cairo decreasing 0.018 —2.375
Greece Athens no trend 0.430 —0.788
Israel Jerusalem no trend 0.251 —1.148
Jordan Amman no trend 0.308 —-1.019
Lebanon Beirut no trend 0.167 —1.383
Libya Tripoli no trend 0.371 —0.894
Syria Damascus no trend 0.150 —1.439
Turkey Constantinople no trend 0.687 —0.402

3.2. Evolution of the Drought Events over Time

The results were presented by creating line graphs for the SPI values calculated for
the various time steps to show the trends over time. The graphs were generated for all
the time steps of the SPI, for each of the nine major or capital cities of the countries in
the study area. Figure 2 depicts the plots of SPI12 and the 24-month time evolution for
the sampling point corresponding to the Nicosia area (Cyprus). Observing this graph, it
can be seen that the minimum value of SPI12 (—4.05) occurred in September 1973. Values
corresponding to extremely wet conditions, according to this graph, have not been recorded
since 1969. During the period of 1980-2000, negative values prevailed. However, in the
last 20 years, with the exception of the period of 2005-2009, when the index took negative
values, positive values have prevailed, although a downward trend is evident. In all the
charts for Nicosia, the major droughts that affected the northern part of the island in the
periods of 1981-1985, 1995-1999, and 2005-2009 are distinct. These results are in line with
those of a similar work implemented in Cyprus [75]. Additionally, from 1970 onwards, we
observe that the SP124 index remained negative for long periods of time [75-78].

For the time series of Cairo, Egypt (Figure A1), during the last decades and according
to SPI3, there was an increase in the time intervals with negative values of the index.
According to SPI24, no extremely wet conditions have occurred from 1990 until today,
and, since 1950, extreme droughts have occurred more frequently, with the exception of
the decade of 1985-1995 (Figure A1l). From the mid-20th century onwards, extreme water
scarcity seems to have occurred more frequently, except in the 1985-1995 decade, when
mostly wet conditions prevailed, according to SPI12 and the 24-month time evolution.
In Athens, Greece, during the last two decades of the 20th century, there were many dry
periods with several extreme droughts according to both SPI12 and the 24-month time
evolution, while in the first two decades of the 21st century, several wet periods were
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observed, mainly, but also more clearly, according to SPI24 (Figure A2). These results are in
agreement with similar studies using the SPI for Greece [7,40,65].

Standardized Precipitation Index: Nicosia, Cyprus
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Figure 2. Timeseries of SPI (3, 6, 12, and 24 months) the CRU sampling point with trendline corre-
sponding to Nicosia, Cyprus.
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For the time series data of (Constantinople) Istanbul, Turkey, the trend lines of both
the SPI values (3, 6, 12, and SPI124) differed significantly from those of the other cities, as
they show an increasing trend for the indicators (Figure A7). The SPI24 charts show that,
over the last decades in Beirut, Damascus, Cairo, Athens, Amman, Jerusalem, and Nicosia,
the index values have decreased, indicating adverse impacts on the underground aquifer.
The same pattern is observed in the SPI12 graphs, except that the downward trend of the
index over time is slightly lower than that of the SPI24 for all the above capitals, except
Athens, where the downward trend of both indices is approximately the same [79-81].

3.3. Spatial Drought Analysis

A spatial drought analysis is a method used to assess drought conditions across a
geographic region. It involves analyzing various spatial factors, including precipitation,
temperature, soil moisture, and vegetation, to determine the severity and extent of a
drought. A spatial drought analysis can provide valuable insights into the spatial and
temporal variability of a drought. In this current study, several maps were created, two for
each time step of the SPI. The first one shows the number of occurrences of index values less
than —2 for each sampling point, while the second one shows the number of consecutive
months of drought where the index value was less than —1. The colors chosen for the
number of SPI values lower than —2.0 are: grey for a zero number, yellow for the maximum
number, cyan for the first one or two consecutive months of drought with an index value
of less than —1.0, and dark red for the maximum number of consecutive months. Figure 3
depicts the map of the consecutive months of drought according to SPI12. This map shows
that the southern coastal part of Turkey is more vulnerable to prolonged droughts. This
result is consistent with the conclusion of a study conducted in this region for the period of
1959-2016 [82].
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Figure 3. Map showing consecutive months of drought with values less than —1 for SPI 3, 6, 12,
and 24.
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In addition, Figure 4 shows a higher number of extreme droughts according to SPI3 in
Greece, Cyprus, Turkey, Jordan, Syria, Lebanon, and Israel compared to Libya and Egypt.
In the map showing the number of values <—2 for SPI6, an opposite result between the
Libya—Egypt land border zone and desert zone (zero rainfall) is discernible. By increasing
the time scale of the SPI from 3 to 6 months, an increase in the number of occurrences of
index values less than —2 is observed.
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Figure 4. Capture maps of the number of occurrences of values less than —2 for SPI 3, 6, 12, and 24.

In the northern part of Libya, it appears that, as the SPI time step increases, the
number of occurrences of values corresponding to extreme drought increases. The number
of occurrences of extreme droughts according to SPI24 seems very clearly to be higher,
indicating that this region seems to experience a higher number of long-term droughts
(Figure 3). In the eastern Turkey region, as well as in the Levant countries, a high number
of occurrences of extreme droughts according to SP124 is observed. In the entire territorial
area of Syria, there is a significant increase in the number of occurrences of extreme drought
values according to SPI24. This result is consistent with the results of the work for the
period of 1961-2012 [81]. Within the eastern continental part of Greece, as well as within the
interior of Turkey, a higher number of consecutive months of drought with values of less
than —1 for SPI3 was recorded. This reflects the opposite contradictory result between the
desert and the Mediterranean parts of Libya and Egypt. Based on these results, it could be
stated that, in dry areas, it portrayed frequent mild and moderate drought phenomena with
longer periods, in opposition to areas with higher precipitation values (Greece, Syria, and
Turkey) presenting shorter drought periods with a greater intensity (extreme droughts).
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4. Conclusions

In general, it appears that numerous periods of drought occurred in the study area
during the 20th century, according to both SPI3 and SPI6. During the first two decades of
the 21st century, the SPI remained negative for periods of one year or more in some capitals.
Beirut recorded long periods with negative values for SPI6 and there were several extreme
droughts according to SPI3 and the 6-month time evolution, and a prevalence of dry periods
in the last two decades according to SPI24. In the Cairo area, in the 1985-1995 decade, wet
conditions according to SPI12 and the 24-month time evolution prevailed, but several dry
periods and a gradual decrease in the minimum values of SPI6 were observed. Greece,
eastern Turkey, the Mediterranean coasts of Libya, Egypt, and Cyprus, and the Middle
Eastern countries included in the study area of this paper show a trend towards more
intense, long-lasting, and larger spatially extended drought events in the later decades
of the 20th century and the first two decades of the 21st century. The examination of
the drought phenomenon and its coherence in such a large area with particular climatic
characteristics revealed that many drought events of varying severity, frequency, and
duration, as well as with different spatial extents and impacts, have taken place. Integrated
water resource management will be a matter of concern for these eastern Mediterranean
countries in the coming years. The use of drought indicators will be a valuable tool for
detecting changes in the drought characteristics and contingency planning for mitigating
their effects. The results of this study may contribute to the development of water resource
management studies, the development of forecasting systems, the adoption of mitigation
measures, and the change in agricultural practices in the study area, where the climate
crisis has made its appearance. The presented effort examined an interannual approach
(1901-2020) and these droughts may have a very high probability of occurrence in the
near future. Nevertheless, the produced results suggest that any unexpected fluctuations
in water availability may cause the area’s vulnerability to follow similar patterns and
inflict severe impacts on the area. Therefore, the drought vulnerability issues in the region
should be taken under constant consideration and incorporated into all water resource
planning and management efforts. All in all, the results underline the realization of the
increasing complexity, volatility, and vulnerability of water resources in a fast-changing
socio-economic and environmental context, and point towards the need for the application
of an integrated drought management framework in vulnerable countries, especially the
Mediterranean countries.

Author Contributions: D.E.T. and LL. conceived and designed the experiments; D.E.T., I.L. and K.K.
performed the experiments, analyzed the data; D.E.T. and I.L. wrote the paper; D.ET,, IL.,, EZ,
C.AK,CG.YV,KK. and A.T. reviewed the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Climate 2023, 11, 95

13 of 23

SPI3

SPI6

SPI12

SPI24

-2

-3

o

-2

-3

[

Appendix A. SPI Diagrams of Cities of the Study Area

Standardized Precipitation Index: Cairo, Egypt
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Figure Al. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline

corresponding to Cairo, Egypt.
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Standardized Precipitation Index: Athens, Greece
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Figure A2. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline
corresponding to Athens, Greece.
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Figure A3. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline
corresponding to Jerusalem, Israel.
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Figure A4. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline
corresponding to Amman, Jordan.
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Standardized Precipitation Index: Beirut, Lebanon
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Figure A5. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline
corresponding to Beirut, Lebanon.
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Standardized Precipitation Index: Tripoli, Libya
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Figure A6. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline
corresponding to Tripoli, Libya.
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Standardized Precipitation Index: Constantinople, Turkey
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Figure A7. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline
corresponding to Constantinople, Turkey.
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Standardized Precipitation Index: Damascus, Syria
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Figure A8. Timeseries of SPI (3, 6, 12, and 24 months) for the CRU sampling point with trendline
corresponding to Damascus, Syria.
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