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Abstract: Drought is one of the most critical environmental hazards for the viability and productive
development of crops, especially in a climate change environment. To this end, drought assessment
is a process of paramount importance to make vulnerable agricultural regions more resilient. The
primary aim of this paper is an integrated drought assessment through time and space in one of the
most susceptible (in terms of water availability limitations) and agriculturally productive regions
in Greece and the Mediterranean, namely, the Thessaly region. Supplementary objectives consist of
the determination of the two most extreme years in terms of drought and wetness, so that we may
reveal any potential climatological cycles/patterns from 1981 to 2020. Additionally, the methodology
includes the annual and seasonal analysis using one of the most widely used drought indices, namely,
the Standardized Precipitation Index (SPI), so that consistent measurements are available across a
large study area, avoiding the possible scarcity/deficiency of data coming from a sparse land weather
network. The innovative element of this paper is the integrated spatiotemporal drought assessment
in multiple time scales through the estimation of the SPI making use of remotely sensed data, such as
CHIRPS (Climate Hazards Group InfraRed Precipitation with Station data). The outcomes highlight
that the study area faced two severe years of drought in 1988 and 1989, which led to moderate and
extreme drought conditions, respectively. In contrast, extremely wet conditions were observed in
2002–2003, whereas 2009–2010 experienced moderately wet conditions. The central and western part
of the region tends to suffer the most in terms of drought severity, especially at the most extreme years.
The validity of the results has been confirmed by the adoption of R2 where the index is approaching
0.67 despite the large size of the pixels (5 × 5 km). In this context, the mapping of spatial and seasonal
variability across the study area permits more targeted measures (e.g., precision farming) instead of
horizontal policies.

Keywords: drought; Standardized Precipitation Index; Climate Hazards Group InfraRed Precipitation
with Station data; Thessaly; Greece; desertification

1. Introduction

Interannual temperature and precipitation anomalies have been observed on a global
scale, a fact that is primarily attributed to human activities, such as the burning of fossil
fuels, deforestation, and/or land-use changes. All these activities have been releasing a
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great amount of greenhouse gases into the atmosphere, affecting the natural environment
and human health. Consequently, the projected temperature rise may potentially lead
to more frequent and intense heat waves, deteriorating the drought episodes. Drought
can be defined as a prolonged period of below-average precipitation, which can lead
to reduced amounts of river flow, lower groundwater levels, and as a result, various
anomalies in the ecosystems, which can affect agricultural and industry activities [1,2].
Drought events are affecting many regions across the Earth and are increasingly frequent,
especially in Europe. Recently, Europe has experienced several severe drought events,
especially in southern and southeastern regions. Droughts may have a strong impact
on the socioeconomic structure of every society, especially in semi-arid regions that are
characterized by vulnerable agriculture, such as the Mediterranean region, which receives
a shortage of rainfall and has a scarce water supply [2]. Drought events can be attributed to
climate change and/or increased demand for water resources. Due to their significance,
it is obvious that more actions are needed to define the main causes of this problem
and to ensure that society is prepared for the unexpectedly increasing frequency and
severity of those events in the future [3]. However, to mitigate the effects of droughts,
governments and local authorities should develop specific drought management plans and
more sustainable water use practices [4]. Specifically, in Greece, droughts are a frequent
situation [5], and a change in the frequency and severity has also been recorded in recent
years [6,7], frequently leading to dangerous wildfires, having serious consequences in many
regions of the country [8–12].

Drought severity is usually defined through indices [13]. Drought indices are nu-
merical values based on ground (in situ) and/or remotely sensed data [14–21] and are
computed for each specific region. For the computation of each specific index, precipitation
values are first needed, enriched with temperature or evapotranspiration values accord-
ing to data availability [22,23]. Some indices also include soil moisture and crop growth
indicators. Drought indices is an important tool for the scientific community and/or the
related stakeholders, helping to identify risky areas and inform decision-makers about
water resource management practices [24–29]. Drought indices should make a standard-
ized way to evaluate the extent of drought conditions and the related changes over time.
Generally, drought indices can have some strong capabilities but also some limitations.
For instance, the Standardized Precipitation Index (SPI) uses precipitation data to quantify
drought/wet conditions, whereas the Palmer Drought Severity Index (PDSI) combines
climatic variables such as temperature and precipitation to make a more comprehensive
drought assessment [22].

There are several review articles in the international literature presenting and com-
paring various drought indices [30–38]. There are also many extensive studies on drought
forecasting based on such indices [39–47]. Remote sensing methodologies can also play an
important role in the computation of drought indices. This connection has been achieved
using vegetation indices (VIs) which have been introduced in the literature using a combi-
nation of surface reflectance values between two or more spectral bands related to satellite
systems. Among over a hundred Vis, only a small part has been systematically studied [47].
One of the most prevalent remote sensing indices for the assessment of drought—among
others—is the Normalized Difference Vegetation Index [48,49]. NDVI or similar indices like
Vegetation Condition Index (VCI) derived from satellite systems can provide satisfactory
temporal and spatial coverage over the Earth, making the related computations potentially
easier and relatively less expensive than conventional ones [46,48,49]. The SPI has been
selected to be adopted for the study area because it has already been tested globally with
very reliable results [47,50–52]. The SPI is based on a probability distribution function and
is a standardized index, and as a result, it can be applied to various climate types all over
the world. Numerous research studies investigated drought events using the SPI [52–54].
Previous studies in the region of Thessaly investigated the impact of drought to assess stress
on crop yields and to evaluate the effectiveness of drought on crop yield assessment [53,54].
Other studies have used the SPI and other drought indices to investigate the frequency and
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severity of drought events, as well as to identify the most vulnerable regions to drought,
especially in Greece [5,55–58]. More recently, Anagnostopoulou [58], Paparizos et al. [59],
Georgoulias et al. [60], and Politi et al. [61] have attempted a future projection using the SPI
under different climate conditions, whereas Kourgialas [62] used the SPI for the study of
hydrological extremes in the region. The necessity of the current research is dictated by the
frequent advent of drought events in the study area which is the largest agricultural region
of the country affecting the primary cultivation crops (e.g., cotton; wheat; corn) of Thessaly.
The innovative element of this paper is the integrated spatiotemporal drought assessment
in multiple time scales through the estimation of the SPI making use of remotely sensed
data, such as CHIRPS. Therefore, satellite-derived data from CHIRPS are utilized instead
of conventional meteorological data for the computation of the Standardized Precipitation
Index (SPI). Consequently, the objectives of this study are: (i) to conduct a spatiotemporal
analysis of drought severity using the SPI for the period 1981–2020 in Thessaly, Greece;
(ii) to identify both dry and wet periods; (iii) to classify the degree of drought/wetness
conditions using a classification scheme for multiple timescales; and (iv) to calculate and
classify SPI12 for each month from 1981 to 2020.

2. Materials and Methods
2.1. Study Area

Thessaly serves as the study area. Thessaly is situated in the center of Greece’s
territory (Figure 1). The agriculture of Thessaly is characterized as vulnerable mainly due
to restricted water availability. According to [63], Thessaly soil has a mixture of alfisols,
inceptisols, endisols, and vertisols. The dominant cultivation crops consist of cotton, corn,
and wheat. The region is mainly plain surrounded by the Aegean Sea to the east, Mount
Ossa and Olympus to the north, the peninsula of Magnesia to the east, Othrys Mountain
to the south, and the Pindus Range to the west. The plains are being traversed by several
rivers that are generated from the nearby mountains. Thessaly’s western region experiences
a continental climate with extremely cold winters and hot summers, with a significant
temperature difference between the two seasons. The climate is warm and humid on
Thessaly’s eastern edge. The region experiences typically extremely hot and dry summers,
with July and August’s maximum temperatures exceeding 40 ◦C. Summer months are often
dry and sunny, which is a typical case of a Mediterranean environment. The mountainous
regions have substantially lower temperatures and more precipitation. Spring and summer
thunderstorms are also usual. As a result, agricultural activities in this area are significantly
affected by these phenomena.
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2.2. Precipitation Data

Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) database [64]
is used as the main data source in this study. CHIRPS database contains gridded daily
precipitation data estimated from both rain gauge and satellite observations. The combination
of those two sources is the comparative benefit of CHIRPS (Climate Hazards Center, 2022).
Gridded daily precipitation data at a spatial resolution of 0.05◦ and 0.25◦ for the quasi-
global coverage of 50◦ N–50◦ S from 1981 to the present can be freely downloaded from this
dataset [64,65]. Monthly gridded precipitation data for the period 1981–2020 with a spatial
resolution of 5 km were finally retrieved and processed through CHIRPS data for this study.

2.3. Methodology

The primary aim of the research constitutes the spatiotemporal analysis of drought
severity. Drought severity estimation requires precipitation data. The Standardized Precipi-
tation Index (SPI), which is suitable for identifying both dry and wet periods [21], has been
adopted for this study. The SPI has been developed for multiple timescales to quantify
drought in different ground layers. Soil moisture is better described by this index in a
shorter timeframe (e.g., 3 or 6 months: SPI3 or SPI6 for agricultural drought), whereas
the groundwater resources deficit requires the estimation of the SPI for longer periods
(12–48 months: hydrological drought) [10,66,67]. Having obtained precipitation data for
a long period, the maximum likelihood is applied to calculate the coefficients of gamma
distribution and eventually to fit a gamma distribution. Next, the cumulative probability
is used for the inverse normal function, resulting in the SPI [68,69]. Therefore, the SPI is
estimated by a fraction, where the numerator equals the difference between the long-term
seasonal mean and the normalized seasonal precipitation, whereas the denominator equals
the standard deviation.

The SPI relies on the normalized probability distribution (Figure 2), which is suitable for the
comparative assessment of drought/wetness conditions among different areas. The numerical
SPI value is retrieved from a given probability distribution function [65,66,69]. Suppose that x is
the cumulated monthly precipitation in the selected time scale (1, 3, 6, 12 months), which fits a
gamma probability density function g(x) as follows:

g(x) =
1

βaΓ(a)
xα−1e−

x
β , x > 0 (1a)

Γ(x) =
∫ ∞

0
xa−1e−xdx (1b)

where x is the precipitation sum, g(x) is the gamma function. In the above Equation (1a,b),
a and b are the shape and scale parameter, respectively, which can be estimated by the
maximum likelihood method [66,68,69] as follows:

α =
1 +

√
1 + 4A

3

4A
, β =

x
a

(2a)

A = ln(x)− ∑ ln(x)
n

(2b)

where n is the length (months) of the time series. The resulting cumulative probability of
precipitation x in the given time scale is expressed as:

G(x) =
∫ x

0
g(x)dx =

1
βαΓ(x)

∫ x

0
xa−1e−x/βdx (3)
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Let t = x/b and Equation (3) above transforms into an incomplete gamma function:

G(x) =
1

Γ(α)

∫ x

0
ta−1e−tdt (4)

To consider the extreme situation when the cumulated monthly precipitation x = 0,
then Equation (4) is modified as H(x):

H(x) = q + (1 − q)G(x) (5)

where q is the probability of x = 0, i.e., the frequency of occurrence of x = 0 in the entire
observation series. The SPI is then transformed into the standardized normal distribution
function and expressed as:

SPI =


−
(

t − c0+c1+c2t2

1+d1t+d2t2+d3t3

)
, t =

√
ln( 1

(H(x))2

)
, 0 < H(x) ≤ 0.5

t − c0+c1+c2t2

1+d1t+d2t2+d3t3 , t =

√
ln( 1

(1−H(x))2

)
, 0.5 < H(x) < 1

(6)

where the constants are c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788,
d2 = 0.189269, and d3 = 0.001308.

Based on the above analysis, a classification scheme is used to determine the degree
of drought/wetness conditions (Table 1). When the SPI is lower than −1, differentiated
degrees of drought are observed. Similarly, when the SPI is higher than 1, differentiated
degrees of wet conditions prevail. Finally, SPI12 has been calculated for each month through
the entire timeframe (1981–2020). Seven classes of the SPI are shown in Table 1 [70,71].

Table 1. SPI classification scheme.

SPI Values Class Probability (%)

>2 Extremely wet 2.3
1.5–1.99 Very wet 4.4
1–1.49 Moderately wet 9.2

−0.99–0.99 Normal precipitation 68.2
−1–−1.49 Moderately dry 9.2
−1.5–−1.99 Very dry 4.4

<−2 Extremely dry 2.3
EDO, 2021 (adjusted) [70].

Consequently, SPI12 is calculated, which estimates the magnitude of wetness or
drought based on precipitation records in the previous 12 months. Precipitation values
are adjusted to a “gamma” probability distribution, which is then can be transformed into
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a normal distribution so that the average SPI values for a specific location must be zero.
Severe rainfall deficits which can result in meteorological droughts can be then expressed
by SPI values below −1 and lower [72].

Next, the annual meteorological conditions for each hydrological year (from October
through September for each calendar year) are estimated. Hence, a new index estimates
the average conditions (in terms of normal, wetness, or drought conditions) for each
hydrological year. The statistical results were accompanied by a series of thematic maps
representing the two driest and wettest conditions in the wider area of Thessaly.

Finally, the annual and monthly spatial distribution of the SPI is mapped by applying
the Delaunay triangulation (Voronoi polygons) for each location. The Voronoi polygons [73]
have been used to allocate the space of any given region to the closest attribute/station
(precipitation measurement: the center of the pixel). This process may provide the necessary
tools to enhance the spatial resilience of any given region. For instance, targeted measures
against severe drought conditions, before the drought event breaks out, may apply.

3. Results

This section summarizes the results of SPI12 evolution in the Thessaly region from
1981 to 2020, highlighting the environmental extremes in terms of drought/wetness. In
addition, the spatial variability of this index across the study area for the two driest and
wettest hydrological years is mapped. Next, a mapping of intra-annual spatial variability
for the driest and wettest hydrological year, enriched with the percentage contribution
of extreme conditions, is conducted and presented. These results allow for enhancing
the spatial resilience of the Thessaly region, a region with great agricultural significance
in Greece.

3.1. Statistical and Geospatial Analysis of Drought/Wetness Severity from 1981 to 2020

The computation of SPI12 for the last 30 years in the Thessaly region revealed the
environmental extremes throughout the entire time frame. Specifically, the Thessaly region
faced two consecutive years of hydrological drought, namely in 1988 and 1989. The
annual mean SPI12 in 1988–1989 amounts to −1.46, indicating moderate drought conditions,
whereas the value for the same index in 1989–1990 amounts to −2.26, indicating extreme
drought conditions. Conversely, the annual mean SPI12 in 2002–2003 amounts to 2.07
indicating extremely wet conditions, whereas the value for the same index in 2009–2010
amounts to 1.15 indicating moderately wet conditions. Table 2 summarizes the mean
annual SPI12 evolution in the Thessaly region from 1981 to 2020.

Table 2. Mean annual SPI12 evolution in Thessaly region for the hydrological years 1981 to 2020.

Hydrological Year (Oct.–Sep.) Mean Hydrological Year (Oct.–Sep.) Mean

1982 0.404 2002 2.077
1983 0.42 2003 0.961
1984 −0.518 2004 −0.144
1985 −0.225 2005 −0.065
1986 −0.283 2006 −0.082
1987 −0.116 2007 −0.538
1988 −1.462 2008 0.472
1989 −2.266 2009 1.15
1990 −0.222 2010 0.631
1991 −0.57 2011 −0.525
1992 −0.936 2012 0.812
1993 −0.346 2013 −0.228
1994 0.617 2014 0.723
1995 0.509 2015 0.178
1996 0.219 2016 −0.419
1997 −0.124 2017 0.432
1998 1.142 2018 0.297
1999 −0.28 2019 −0.009
2000 −1.25 2020 0.236
2001 −0.764
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The driest hydrological year (1989–1990) has affected the entire region horizontally.
Based on Figure 3a, it is estimated that almost the entire region of Thessaly is characterized
by a high degree of drought (ranging from −2 to −2.96), except for some territories
in the western and northern part of the study area, where they face moderate drought
conditions (−1.5 < SPI < −1.99). As far as the second driest hydrological year (1988–1989),
a differentiated spatial pattern prevails (Figure 3b). Most of the central, western, and
northern territory is characterized by moderate drought conditions. Some central and
eastern regions face slight drought conditions (−1 < SPI < −1.49), whereas the very eastern
region (next to the sea) is characterized by normal conditions ranging from −0.99 to −0.48.
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Next, the analysis focused on the two wettest hydrological years. Figure 3c depicts
the wettest hydrological year (2002–2003) throughout the time frame, where two primary
trends prevail. Very wet conditions (−2 < SPI < −2.92) prevail in many areas of the study
domain, specifically through an axis beginning from northwest to southeast. Moderately
wet conditions (1.5 < SPI < 1.99) are estimated in the northern and southern territories of the
region. In the second wettest hydrological year (2009–2010), there exist some more apparent
spatial patterns (Figure 3d). The study area is conceivably divided into three regions
with distinct features. The northwestern region is characterized by very wet conditions
(1.5 < SPI < 1.99); this region is replaced by the neighboring territory in the center of the
study area, which faces moderately wet conditions (1 < SPI < 1.49); the last region is located
in the southeast part and is characterized by normal conditions ranging from 0.36 to 0.99.

3.2. Intra-Annual Geospatial Analysis of Drought/Wetness Severity from 1981 to 2020

This section presents the monthly evolution of SPI12 across the study domain, as
well as the percentage contribution of drought/wetness scales for the driest and wettest
hydrological years.

Figure 4 presents the monthly spatial distribution of SPI12 in the driest hydrological
year. The spatial pattern of drought severity is similar for most of the months. Specifically,
it is estimated that almost the entire region is characterized by extreme severity drought
(SPI < −2) except a few parts in the northern and northwestern territories of the region
which face moderate degrees of drought (−1.5 < SPI < −1.99). This pattern is repeated from
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December to September. The only difference lies in October and November. Specifically, in
October, most of the region is characterized by moderate drought except for the eastern
territory, which faces normal conditions (−1 < SPI < 1). In November, a differentiated
pattern is shown, where the southern region is characterized by extreme drought, followed
by the central area, which faces less severe drought conditions, whereas some parts in the
north and eastern parts are characterized by a low degree of drought.
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Table 3 presents the percentage contribution of each scale of drought as measured
by the aggregation of pixels across the entire study area. Table 3 indicates that 71–99% of
the study area (in terms of pixels) suffers from extreme drought conditions for all months
except October and November. The remaining pixels are primarily characterized by severe
drought conditions. October is the least affected month, where 60% of the region is being
characterized by moderate drought conditions and 36% by normal conditions. November
is a transitional month, when drought conditions are getting worse, representing 60% of
severe drought and 25% of extreme drought of the entire territory.

Figure 5 presents the monthly spatial distribution of SPI12 in the wettest hydrological
year. A very similar pattern is estimated for most of the months, namely from January to
August, where almost the entire region is characterized by very wet conditions (SPI > 2).
Some diversified spatial patterns are presented in a few months. For instance, the western
territory is characterized by normal conditions (−1 < SPI < 1), whereas the eastern territory
of the region faces moderately wet conditions (1 < SPI < 1.5) in October and November. In
December, an escalating pattern of wetness is observed from west to east. Specifically, the
very western territory is characterized by normal conditions, followed by the neighboring
area with moderately wet conditions. The subsequent territory is characterized by very
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wet conditions moving to the east, followed by the very eastern area, which faces extremely
wet conditions. Finally, in September, a central territory with moderate wet conditions is
encircled by areas that face very wet and extremely wet conditions.

Table 3. Percentage contribution of pixels falling in different categories of drought.

Year Month Normal Conditions Moderate Drought Severe Drought Extreme Drought

1989 October 36% 60% 4% 0%
1989 November 0% 15% 60% 25%
1989 December 0% 1% 21% 78%
1990 January 0% 2% 26% 72%
1990 February 0% 4% 25% 71%
1990 March 0% 1% 16% 83%
1990 April 0% 0% 11% 89%
1990 May 1% 2% 23% 74%
1990 June 0% 1% 14% 85%
1990 July 0% 0% 1% 99%
1990 August 0% 1% 9% 90%
1990 September 0% 1% 9% 90%
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Table 4 summarizes the percentage contribution of each scale of wetness as measured
by the aggregation of pixels across the entire study domain. The Table indicates that from
January to August, extremely wet conditions prevail in almost the entire study area (from
91 to 100% of the region). Moderate to very wet conditions prevail in December and
September, when 27% of the region is characterized by moderately wet conditions, whereas
42% and 61% are characterized by very wet conditions, respectively. Only in October and
November, 64–77% of the region is characterized by normal conditions.
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Table 4. Percentage contribution of pixels falling in different categories of wetness.

Year Month Normal Conditions Moderate Wet Very Wet Extremely Wet

2002 October 77% 22% 1% 0%
2002 November 64% 32% 3% 1%
2002 December 8% 27% 43% 22%
2003 January 0% 0% 2% 98%
2003 February 0% 0% 0% 100%
2003 March 0% 0% 4% 96%
2003 April 0% 0% 8% 92%
2003 May 0% 0% 0% 100%
2003 June 0% 0% 0% 100%
2003 July 0% 0% 4% 96%
2003 August 0% 0% 9% 91%
2003 September 1% 27% 61% 11%

3.3. Validation

This section aims to explore the accuracy of the gridded SPI12 index (i.e., from CHIRPS
database) as compared to conventional measurements from in situ meteorological stations,
where the in situ measurements are considered objectively accurate, since they represent a
direct point of quantitative precipitation measurements. A common database was devel-
oped consisting of 21 years (1982–2002) of monthly precipitation measurements from eight
(8) meteorological stations which are mainly located in the western and central part of Thes-
saly and the corresponding monthly gridded precipitation data from the CHIRPS database
for the pixels above each of the eight stations, respectively. The determination coefficient
R2 is computed from the monthly time series (21 years) of each of the eight stations and the
corresponding gridded precipitation pixel values (from the CHIRPS database) above each
station, respectively. The formula of R2 is mathematically expressed as follows [74]:

R2 = 1 − ∑m
i (Xi − Yi)

2

∑m
i
(
Y − Yi

)2 (7)

where Xi is the predicted ith value, Yi is the actual ith value, and Y the mean of the
true values

Table 5 presents the coordinates of each station and the computed R2, which are all
above 0.6, with the lowest value being 0.62 in Xalkiades and the greatest value being 0.74
in Kapnikos. These results range within the same order of magnitude as most similar
existing comparisons between environmental data. It is also stated that there is a sampling
problem since the comparison is attempted between point monthly precipitation values,
which are considered objectively accurate, and gridded areal-averaged values (5 × 5 km)
of precipitation estimates, which are spatially smoothed values. Based on the above, these
results are considered reasonable and acceptable, and thus, the remotely sensed data can
sufficiently substitute or complement the conventional data, especially where there is a
shortage of meteorological stations across extensive regions.

Table 5. Variance of SPI12 index between conventional and remotely sensed data (1982–2002).

Location X Y R2

Kalampaka 296,882.00 4,396,738.00 0.64
Kapnikos 320,334.96 4,357,401.22 0.74

Karditsomagoyla 320,420.33 4,361,100.99 0.66
Larisa 363,919.00 4,387,859.00 0.65

Morfovouni 305,915.00 4,357,630.00 0.64
Trikala 307,901.00 4,379,795.00 0.66

Xalkiades 363,597.53 4,361,486.00 0.62
Zappeio 366,461.00 4,369,310.00 0.72
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4. Discussion

The study mapped the spatial variability of SPI12 across the study area for the driest
and wettest years, as well as the intra-annual spatial variability for the driest and wettest
years, enriched with the percentage contribution of extreme conditions. The mean annual
SPI12 values showed that there were very few hydrological years with extreme meteoro-
logical conditions. Hence, the Thessaly region has experienced extreme environmental
conditions over the entire timeframe, including two consecutive years of hydrological
drought in 1988–1989 and 1989–1990, and two extremely wet years in 2002–2003 and
2009–2010. The driest year (1989–1990) had a severe impact on the entire region, with
almost all parts of the region experiencing high degrees of drought. In this context, Loukas
and Vasiliades [75] stated that the hydrological year 1989–1990 was one of the driest years
recorded in Thessaly when working with SPI values. Karavitis et al. [76] showed that
1989–1990 was indeed one of the driest years throughout Greece. The same pattern is vali-
dated from other similar studies [5,77]. Vasiliades [78] revealed that the hydrological year
1976–1977 was the driest recorded year, whereas the second one was 1989–1990, which was
characterized as a severe drought event. Unfortunately, the hydrological year 1976–1977 is
not included in the present study, and as a result, the relevant time series is different from
the previous ones, which has an impact on the computation of the index, especially when
dealing with the specific parameters driven for the estimation of SPI values.

In contrast, the wettest year (2002–2003) showed very wet conditions prevailing in
many parts of the study area. This is also validated by Kourtis et al. [77]. A previous study
using the Reconnaissance Drought Index (RDI) is also in accordance with the previous
assumption [78]. In the wettest hydrological year, the study finds a very similar pattern for
most of the months, with almost the entire area characterized by very wet conditions from
January to August, with some exceptions with differentiated spatial patterns presented
in a few months. In December, the study observes a gradient pattern of wetness from
west to east. The study also finds that from January to August, extremely wet conditions
prevail in almost the entire study area, and moderate to very wet conditions in December
and September, whereas only in October and November, from 64 to 77% of the region is
characterized by normal conditions.

Regarding the intra-annual variation, January and February were the driest months
recorded during the hydrological year 1989–1990 according to [75]. The present study
comes in accordance with this finding (Table 3). Further analysis highlights that the spatial
distribution of drought severity in the driest hydrological year is similar for most months,
with almost the entire region characterized by extreme drought severity, except for some
parts in the northern and northwestern territory which face a moderate degree of drought.
However, there is a differentiated pattern in October and November, where most of the
region is characterized by moderate drought in October and a differentiated pattern of
drought severity in November. The study also revealed that 71–99% of the study area (in
terms of pixels) suffers from extreme drought conditions for all months except October
and November. Figure 6 illustrates an intra-annual comparison for the hydrological year
1989–1990 between SPI12 values derived from the present methodology and conventional
values retrieved from [78]. Although the shape of the lines presents a similar behavior, it is
obvious that the presented methodology illustrates greater absolute values than the conven-
tional one. This may be explained by the different time series used for the normalization of
SPI12 values between the two methodologies.



Sustainability 2024, 16, 1240 12 of 16

Sustainability 2024, 16, x FOR PEER REVIEW 12 of 17 
 

with almost the entire region characterized by extreme drought severity, except for some 
parts in the northern and northwestern territory which face a moderate degree of drought. 
However, there is a differentiated pattern in October and November, where most of the 
region is characterized by moderate drought in October and a differentiated pattern of 
drought severity in November. The study also revealed that 71–99% of the study area (in 
terms of pixels) suffers from extreme drought conditions for all months except October 
and November. Figure 6 illustrates an intra-annual comparison for the hydrological year 
1989–1990 between SPI12 values derived from the present methodology and conventional 
values retrieved from [77]. Although the shape of the lines presents a similar behavior, it 
is obvious that the presented methodology illustrates greater absolute values than the 
conventional one. This may be explained by the different time series used for the normal-
ization of SPI12 values between the two methodologies. 

The analysis revealed differentiated spatial patterns among the regions of the Thes-
saly area. The central, western, and northern parts of the territory experienced moderate 
drought conditions, whereas some of the central and eastern regions faced slight drought 
conditions. The very eastern region, next to the sea, was characterized by normal condi-
tions. In contrast, the northwestern region was characterized by very wet conditions, fol-
lowed by the neighboring territory in the center of the study area, which faced moderate 
wet conditions. The last region, located in the southeast, was characterized by normal con-
ditions. Indeed, as stated in [78], Pindos Mountain divides continental Greece into western 
and eastern regions, and the typical climate of mountainous regions with high annual 
precipitation and strong gradients of precipitation and temperature is gradually con-
verted to the Mediterranean type. The use of the SPI12 index can help to identify extreme 
conditions and understand the spatial and temporal patterns of these conditions, which 
can aid in developing strategies to manage the impacts of drought and wetness on the 
region�s agricultural systems [79]. 

 
Figure 6. The 1989–1990 SPI12 intra-annual comparison between the present methodology and con-
ventional methodology derived from [78]. 

In the same context, a geospatial analysis of future projections of extreme drought 
incidents could provide a valuable preventative tool for the most affected regions. Politi 
et al. [61] presented a similar approach to making future projections in Greece using SPI 
and ERA5 data. The authors have already begun to conduct a preliminary analysis of 
other Mediterranean regions to enhance climate resilience.  

Overall, the study provides a comprehensive analysis of the spatial and temporal 
patterns of environmental extremes (drought/wetness) across the study domain, based on 

-2.5

-2

-1.5

-1

-0.5

0

0.5

SP
I 12

1989-1990 Drought Event Intra-annual Comparison

Present methodology Conventional methodology

Figure 6. The 1989–1990 SPI12 intra-annual comparison between the present methodology and
conventional methodology derived from [78].

The analysis revealed differentiated spatial patterns among the regions of the Thes-
saly area. The central, western, and northern parts of the territory experienced moderate
drought conditions, whereas some of the central and eastern regions faced slight drought
conditions. The very eastern region, next to the sea, was characterized by normal con-
ditions. In contrast, the northwestern region was characterized by very wet conditions,
followed by the neighboring territory in the center of the study area, which faced moderate
wet conditions. The last region, located in the southeast, was characterized by normal
conditions. Indeed, as stated in [79], Pindos Mountain divides continental Greece into
western and eastern regions, and the typical climate of mountainous regions with high
annual precipitation and strong gradients of precipitation and temperature is gradually
converted to the Mediterranean type. The use of the SPI12 index can help to identify
extreme conditions and understand the spatial and temporal patterns of these conditions,
which can aid in developing strategies to manage the impacts of drought and wetness on
the region’s agricultural systems [80].

In the same context, a geospatial analysis of future projections of extreme drought
incidents could provide a valuable preventative tool for the most affected regions. Politi
et al. [61] presented a similar approach to making future projections in Greece using SPI
and ERA5 data. The authors have already begun to conduct a preliminary analysis of other
Mediterranean regions to enhance climate resilience.

Overall, the study provides a comprehensive analysis of the spatial and temporal
patterns of environmental extremes (drought/wetness) across the study domain, based on
the SPI12 index. The results can help to understand the severity and frequency of drought
and wetness events, a fact that is important for rational water resources management and
planning, agriculture, and other sectors that may be affected by climate variability. The
results of the current analysis can contribute to the enhancement of the spatial resilience of
the Thessaly region, an area with high agricultural importance in Greece. Finally, based
on the above results, farmers should take advantage of precision agriculture technologies,
exploiting, for instance, Internet of things (IoT) devices for the estimation of actual water
consumption [81] as well as smart irrigation systems to improve water use efficiency,
adopting state-of-the-art wireless communication technologies and sophisticated irrigation
control and monitoring systems [82,83]. In the same context, [84] developing sensor cloud-
based precision agriculture for water resource optimization reduces the environmental
footprint of the agricultural sector and enhances crop productivity. Such technologies
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should be applied, especially in those areas that are characterized by a high degree of
drought as mapped in the above analysis.

5. Conclusions

In this paper, an integrated spatiotemporal drought assessment of the Thessaly region
was conducted, taking advantage of the Standardized Precipitation Index (SPI12) for almost
30 years (1981–2020). The index was computed using monthly CHIRPS data as the main
input. The results show that the region experienced two consecutive dry hydrological
years (1988–1989 and 1989–1990), which can be considered moderately and extremely dry
conditions, respectively. Additionally, wet conditions were observed in two cases. The first
one was the hydrological year 2002–2003, considered extremely wet, whereas 2009–2010
experienced moderately wet conditions. The spatial variability of the index was mapped
for both dry and wet cases, and as a result, a considerable spatial variation was found
throughout the region. An intra-annual geospatial analysis was also made, indicating that
drought severity was high for most of the months in the driest hydrological year. The same
but reverse pattern was almost found for the wettest hydrological year.

These research results were validated by previous studies in the region and can
constitute a useful tool for water management practices. Future studies will concentrate on
other regions with significant agricultural importance in Greece or in the Mediterranean
basin, especially in similar semi-arid climates. Additionally, the authors have already
started to use future projections of extreme incidents in order to estimate drought forecasts
and contribute to a more feasible water management policy.
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