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Abstract: The Mediterranean region is an area particularly susceptible to water scarcity and drought.
In this work, drought has been analyzed in Italy using multiple timescales of the standardized pre-
cipitation index (SPI) evaluated from the Integrated Multi-satellitE Retrievals for Global Precipitation
Measurement product from 2000 to 2020. In particular, drought characteristics (severity, duration,
and intensity) have been estimated by means of the run theory applied to the SPI values calculated
in 3325 grid points falling within the Italian territory. Results clearly indicate that although a high
number of drought events has been identified for the short timescale, these events present a lower
duration and lesser severity than the long-timescale droughts. The main outcomes of this study, with
the indication of the spatial distribution of the drought characteristics in Italy, allow identifying the
areas that could also face water stress conditions in the future, thus requiring drought monitoring
and adequate adaptation strategies.
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1. Introduction

Although we are only twenty years into the 21st century, European and Mediterranean
countries have already faced numerous drought events (e.g., in 2003, 2010, 2013, 2015,
and 2018) [1], and a future increase in the number and the intensity of these events has
been forecasted [2]. Drought events can severely impact water resources, agricultural
production, and socio-economic activities, causing very costly damages [3]. As an example,
widespread losses in agriculture and forestry have been registered in large parts of Europe
after the 2018 drought event, which caused total damages of about €3.3 billion [4], and
mainly hit Northern and Central Europe, including the UK and Scandinavia [5].

Drought events can occur in different ways and at different time intervals, thus differ-
ent drought classifications have been proposed. One of the most common classifications
considers four different droughts, i.e., meteorological (temporary lower-than-average pre-
cipitation), hydrological (scarcity in surface and subsurface water supplies), agricultural
(water shortage compared with typical needs for crops irrigation), and socio-economic
(referred to as global water consumption) droughts [6]. In order to monitor all the different
types of droughts, researchers have developed several indices allowing them to assess
the climate anomalies quantitatively in terms of intensity, duration, frequency, recurrence
probability, and spatial extent [7]. Among the several indices, one of the most applied in the
analysis of meteorological drought is the standardized precipitation index (SPI) which is a
strong and effective drought index [8] enabling the analysis of different drought categories,
and which can be evaluated for different timescales [9]. Moreover, the SPI is simpler to cal-
culate than other indices, because its evaluation requires only rainfall data, and allows the
comparison of meteorological drought events in different areas and for different time peri-
ods [10]. For these reasons, numerous studies have been performed using the SPI in several
countries of the world, e.g., [11-15] and especially in the Mediterranean Basin, e.g., [16,17].
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Among the different countries that have coastlines on the Mediterranean Sea, Italy can
be considered especially interesting because of its location in the middle of the western
Mediterranean and because it is characterized by a peculiar shape, extending over a wide
latitude from north to south [18]. Mainly affected by a warm temperate Mediterranean
climate with dry, warm summers (on average over 22 °C) and moderate wet winters, Italy
is characterized by a Csa climate in the Koppen—Geiger classification [19]. Moreover, the
Cfa climate characterizes the northern and northeastern areas of the country, which present
humid conditions all year round. Several drought events affected Italy in the last decades,
especially from 1980 onwards [20], and numerous studies on drought events have been
carried out to analyze them [21-26]. The majority of these studies have been conducted at
a regional scale, the main administrative division of the Italian State, and a comprehensive
analysis at the national scale is missing due to the lack of a national database. In fact, since
1998, in Italy data collection is managed independently by individual regions. In recent
years, the lack of spatially distributed data has been overcome thanks to the increased
availability of meteorological satellites, which offered new opportunities for the regular
monitoring of different climate variables. In particular, in recent decades, the precipitation
data availability has been extensively improved by the development of remote sensing
techniques at different spatial and temporal resolutions and satellite-based precipitation
datasets have been largely applied for drought analysis and forecasting [27-31]. At present,
several satellite precipitation products with large-scale coverage and high spatial and
temporal resolutions are available, e.g., Climate Prediction Center morphing technique
(CMORPH) precipitation; East Asian Multi-Satellite Integrated Precipitation (EMSIP); Pre-
cipitation Estimation from Remotely Sensed Information using Artificial Neural Networks
(PERSIANN); Tropical Rainfall Measuring Mission’s Multi-satellite Precipitation Analysis
(TRMM-TMPA); Integrated Multi-satellitE Retrievals for Global Precipitation Measurement
(IMERG). The suitability of these products for drought monitoring has been tested by
several researchers. For example, in the Lancang River Basin, the authors of [32] evaluated
the efficiency of TRMM-TMPA in drought monitoring during the 1998 to 2009 period,
considering the 1- and 3-month SPI. In China, CMORPH-based SPI has been compared
with the SPI evaluated using precipitation data from 2221 meteorological stations from 1998
to 2014, evidencing that the SPI evaluated from CMORPH precipitation could be applied to
drought assessment and monitoring [33]. Finally, in South Korea the GPM IMERG-based
SPI correlated well with the SPI evaluated from station precipitation observations [34].

The aim of this study is to perform a drought analysis using the SPI evaluated from
GPM-based satellite precipitation estimates. With this aim, some of the main characteristics
of the drought events that affected Italy from 2000 to 2020, such as quantity, duration,
severity, and intensity have been analyzed. In this analysis, the use of satellite data allowed
us to obtain a much more detailed distribution of the drought characteristics in Italy than
those usually carried out by means of data from rain gauges, whose distribution is not
homogenous on the whole territory.

2. Materials and Methods
2.1. IMERG Data

With the aim to provide an accurate and reliable estimation of the global precipitation
using both active and passive microwave sensors, in 2014 NASA and JAXA launched the
successor of the TRMM satellite i.e., the GPM mission [31]. GPM provides four levels of
products based on different algorithms. The GPM level 3 products are the IMERG ones,
which are characterized by high spatial (0.1° x 0.1°) and temporal (30 min) resolution over
the globe. IMERG provides three types of products: near-real-time Early Run (IMERG-E,
with a latency of 4 h); reprocessed near-real-time Late Run (IMERG-L, with a latency of
14 h); gauged-adjusted Final Run (IMERG-F, with a latency of 3.5 months), which usually
provides more precise precipitation datasets if compared to the previous two products [31].
Data used for this study were the monthly GPM IMERG Final Precipitation L3, Version 06B,
provided ona 0.1° x 0.1° (roughly 10 x 10 km) grid over the globe (https://disc.gsfc.nasa.


https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGM_06/summary?keywords=%22IMERG%20final%22
https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGM_06/summary?keywords=%22IMERG%20final%22
https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGM_06/summary?keywords=%22IMERG%20final%22
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gov/datasets/ GPM_3IMERGM_06/summary?keywords=%22IMERG%20final%22). The
current period of record runs from June 2000 to the present, with the latest data available
for November 2020, as of March 2021. In this paper, a 20-year time frame starting from
December 2000 and running until November 2020 has been selected. Figure 1 shows the
mean annual rainfall evaluated in the observation period for the 3325 grid points falling
within the Italian territory.
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Figure 1. Localization of the study area and spatial distribution of the average annual precipitation
from December 2000 to November 2020.

2.2. Standardized Precipitation Index

Following Angelidis et al. [35], in the SPI calculation, the gamma function has been
considered as the more appropriate in fitting the frequency distribution of the cumulated
precipitation at each timescale. Then, for each month of the year and for each time aggrega-
tion, the shape, and the scale parameters have been estimated using the approximation of
Thom [36]. Moreover, in order to consider the zero values that occurred in the sample set
and given that the gamma distribution is undefined for a null rainfall amount, a modified
cumulative distribution function (CDF) has been used:

H(x) =g+ (1-9)G(x) )

in which G(x) is the CDF and g is the probability of zero precipitation, given by the ratio
between the number of zero in the rainfall series (1) and the number of observations (n).

Finally, by using the approximate conversion provided by Abramowitz and Ste-
gun [37], the CDF has been changed into the standard normal distribution:

_ atattob
1+dit +dot? + dst3

z:SPI:—(t @)

_ _ co+eittert? _ 1

with ¢y, c1, ¢2, d1, d» and d3 as mathematical constants.
Even though the first SPI classification, provided by McKee et al. [8], referred only to
drought periods, nowadays SPI is also used in the classification of wet periods (Table 1).

), = ln((H12> for0 < H(x) < 0.5 (2)
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Table 1. Climate classification according to the SPI values.

SPI Value Class Probability (%)
SPI > 2.00 Extremely wet 2.3
1.5 < SPI < 2.00 Severely wet 44
SPI < 1.50 Moderately wet 9.2
SPI < 1.00 Mildly wet 34.1
—1.00 < SPI<0.00 Mild drought 34.1
—1.50 < SPI< —1.00 Moderate drought 9.2
—2.00 <SPI< —1.50 Severe drought 4.4
SPI < —2.00 Extreme drought 2.3

2.3. Run Theory

The run theory proposed by Yevjevich [38] can be considered one of the most effective
methods in the analysis of time series. The run theory refers to the occurrence of similar
events, such as droughts, and allows characterizing each event by assessing some char-
acteristics such as duration, severity, and intensity. An example of the run theory for a
specified threshold level is shown in Figure 2 [39].
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Figure 2. Example of the drought characteristics evaluated using run theory for a given thresh-
old level [12].

The portions of the drought time series in which the values are all above or below
the threshold are defined as “run” and are considered as positive or negative run, respec-
tively [39]. Once the runs, and thus the drought events, have been identified it is possible
to evaluate the different drought characteristics. The drought duration (DD) is the time
period in which drought values are constantly below the threshold and can be expressed
in weeks, months, years, or any other time period. The average drought duration (ADD)
is the ratio between the sum of the DD of all the events and the number of events N. The
cumulated drought values during each event represent the drought severity (DS). The
average drought severity (ADS) is the ratio between the sum of the DS of all the events
and N. The drought intensity (DI) is evaluated, for each event, as the ratio between DS and
DD, thus the average drought intensity (ADI) is the ratio between the sum of the DI of all
the events and N.

In this study, drought duration, severity, and intensity have been estimated using runs
theory applied to the SPI series, and thus DD is expressed in months. This methodology
has been largely applied in past studies performed for several areas of the world [40-42].

3. Results

In this study, dry periods were evaluated using the SPI at different timescales (3, 6, 12,
and 24 months). In fact, while the 3- and 6-month SPI describe droughts that affect plant



Climate 2021, 9, 65

50f13

life and farming, the 12- and 24-month SPI influence the way water supplies/reserves are
managed [43,44].

By means of the boxplots in Figure 3, the main statistics of N, ADD, ADS, and ADI
are shown for the different time scales (3, 6, 12, and 24 months). N obviously decreases
with the increase of the time scale. In fact, in Italy, an average and a maximum of 19 and
27 events, respectively, have been detected in the observation period for the 3-month SPI,
while, as regards the 24-months SPI, the average and the maximum number of events
correspond to 6 and 15 events, respectively.
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Figure 3. Characterization through boxplots of the number of drought events (N), average drought
duration (ADD), average drought severity (ADS), and average drought intensity (ADI). The top and
the bottom of the boxes are the third and the second quartiles, respectively; the band inside the box is
the median and the ends of the whiskers represent the minimum and maximum of all of the data.

Figure 4 shows the spatial distribution of N. For the 3-month SPI the highest N values
(also higher than 25) are localized in some parts of northern Italy (mainly in the Lombardy
and the Piedmont regions), in a few areas of central Italy, and in a few regions of southern
Italy (Campania, Sicily, and Sardinia). As regards the 6-month SPI, the highest N values
are concentrated in northern Italy, reaching values higher than 20, and in a few areas of the
Adriatic side of the Peninsula.
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12-month SPI - 24-month SPI

Figure 4. Spatial distribution of the number of drought events over Italy from 2000 to 2020.

The 12-month SPI distribution shows the highest number of events in the northeastern
areas of the country, where a maximum of 17 events were identified during the observation
period. High N values were also detected across northern Italy and in a few regions of
central and southern Italy (Abruzzo and Apulia). As regards the longest timescale (24-
month SPI) the highest N values have been identified in some areas of northern and central
Italy (mainly in Trentino Alto Adige and Tuscany with a maximum of 14 and 15 events,
respectively) and in a few cells in central Italy and on the Ionian side of the Calabria region
(southern Italy).

The statistics of the ADD show an opposite behavior than N (Figure 3), with the lowest
values corresponding to the 3-month SPI and the highest to the 24-month SPI. Although the
average values do not show relevant differences among the various timescales (from about
2 months for the 3-month SPI to about 9 months for the 24-month SPI), different spreads
are evident among the different scales. In fact, while for the 3-month SPI the ADD does not
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present a large range of values (between 1.6 and 3.2 months), conversely, for the 24-month
SPI the ADD maximum value reaches a value higher than 40 months. From the comparison
between the spatial distributions of ADD (Figure 5) and N (Figure 4), it is evident that the
more frequent events are those with the lowest durations.
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Figure 5. Spatial distribution of the average drought duration over Italy from 2000 to 2020.

As an example, for the 3-month SPI, the areas with the highest ADD (about 3 months)
are concentrated in central Italy, in the southern side of Sardinia, and in a few cells of
southern Italy (Figure 5) corresponding to almost all the areas presenting the lowest N
values (Figure 4). This behavior is also evident for the drought events evaluated at the
6-, 12-, and 24-month time scale. As regards the 6-month SPI, the highest ADD values are
localized in central Italy (>6 months) and in almost all of Sardinia. Few areas of central
(between Lazio and Tuscany) and northern Italy (near the Alps) also present ADD values
higher than 20 months, for the 12-month SPI. Finally, with respect to the 24-month SPI,
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some areas of northern Italy (across Lombardy, Veneto, and Trentino Alto Adige) show
very high ADD values, also greater than 40 months.

A behavior similar to ADD has been detected for the ADS for different temporal
scales (Figure 3). The mean ADS value ranges from about 3 (3-month SPI) to almost 10
(24-month SPI). In addition, for the ADS, the spread increases with the temporal scale,
with the minimum and the maximum values ranging from more than 2 to about 5 for
the 3-month SPI and from about 2.5 to more than 71 for the 24-month SPI. The spatial

distribution of the ADS is very similar to that of the ADD (Figure 6).
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Figure 6. Spatial distribution of the average drought severity over Italy from 2000 to 2020.

This similarity means that the duration of the events greatly influences their severity.
As regards the 3-month SPI the highest values of the ADS (>4) have been registered in
some areas of central Italy and in Apulia. In northern Italy near the Alps, the ADS reachs

values higher than 70 for the 24-month SPI (Figure 6).
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Finally, Figure 3 shows that there are not many differences in the ADI values among
the various temporal scales, with the average values ranging between 1.26 for the 24-month
SPI and 1.4 for the 3-month SPIL. As regards the 24-month SPI, the spread between the ADI
values, ranging between 0.8 and about 2.4, was larger than the ones of the other time scales,
ranging between 1 and 1.65, between 0.9 and 1.66, and between 0.73 and 1.73 for the 3-, 6-

and 12-month SPI, respectively.

Figure 7 shows the spatial distribution of the ADI values in the Italian territory.
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Figure 7. Spatial distribution of the average drought intensity over Italy from 2000 to 2020.

As a result, for almost all the time scales the highest ADI values are localized in large
areas of central Italy, mainly in Tuscany and Lazio, reaching values higher than 1.6 for
the 3- and 6-month SPI, and higher than 1.7 for the 12-month SPI. A different behavior
characterizes the 24-month SPI, with the highest ADI values identified in a small area of
the Adriatic side of central Italy (Marche region). Other cells with high ADI values have
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been detected in the northeastern part of Italy and in a few areas of Apulia, Calabria, and
Sicily for the 3-month SP], in Sardinia, Calabria, Sicily, and Piedmont for the 6-month SPI,
and in a few small areas of Sicily and Sardinia for the 12-month SPI.

4. Discussion

The Mediterranean region is an area particularly susceptible to water scarcity and
drought. In fact, lack of precipitation is a normal part of the seasonal climatic cycle within
the Mediterranean in summer. The summer drought depends on the strength and position
of the Azores anticyclone and its eastward extension. In fact, when this anticyclone is well
developed, drought is complete and may last for up to 4 months in southern Europe [44].

As climatic trends in droughts for the Mediterranean region point to the risk of water
scarcity in southern Europe, the use of several drought indices and measures becomes
increasingly important for the different needs of all those involved. While SPI trends can
point to the change in precipitation distribution over the years, studying the number of
droughts and of their characteristics is essential for politicians, local communities, and
stakeholders in order to not only identify vulnerable areas, but also the drought features
of the latter. With this aim, a spatially precise analysis can be achieved by exploiting
increasingly available high-resolution, regular, satellite-based products like IMERG. This is
especially important in areas like the Mediterranean, and especially Italy, where spatial
variability in climate is high and local/regional climates greatly differ.

As IMERG is the de facto update of the TRMM database and project, its use is rec-
ommended in applications where TRMM proved a reliable data source. Even though
high-resolution precipitation products like IMERG and TRMM are designed to provide the
best precipitation estimates and not climate data records, studies that have analyzed the
skill in TRMM in reproducing precipitation data showed good-to-excellent correlations
(0.75-0.96) with ground-based data [45-47]. Comparing IMERG data for Italy with other
studies of TRMM precipitation in the area, the strong correlation between TRMM and
IMERG is clear [18].

Results are consistent with the most recent literature on Italian droughts.
Hoerling et al. [48] showed an increase in drought episodes in the first decade of the
2000s. Spinoni et al. [20] showed that considering the 1952-2012 time period, the highest
drought frequency, duration, and severity in the Mediterranean were reached in the 1990s
and 2000s. Baronetti et al. [49] showed that since 2001, drought episodes in the Po valley
(northern Italy) have become stronger in terms of frequency and length. These increases
seem to correlate with changes in the intra-annual precipitation distribution, which in turn
is dependent to some extent on teleconnection patterns, especially on the North Atlantic
Oscillation [2,50].

5. Conclusions

The aim of this study was to analyze some of the main characteristics (quantity,
duration, severity, and intensity) of the drought events that affected Italy between 2000 and
2020 using the SPI evaluated from GPM-based satellite precipitation estimates at short (3
and 6 months) and long (12 and 24 months) timescales. Generally, results evidenced that the
number of drought events decreases with the increase of the time scales. On the contrary,
an increase in the average drought duration and in the average drought severity has been
detected with the increase of the time scales. As regards the average drought intensity, no
particular changes have been identified among the various temporal scales. These results
clearly indicate that considering the 3- and the 6-month SPI that refer to drought affecting
vegetation and agricultural practices, several drought events could be expected, yet with
short duration and little severity. Conversely, few but more severe drought events could
hit the Italian territory when considering the 12- and 24-month SPI, which are a broad
proxy for water resource management. Finally, from the spatial distribution of the drought
characteristics, the national areas facing water stress were identified, thus evidencing that a
strong strategy for adaptation is required, together with reliable monitoring and forecasting
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systems for droughts. Further investigations could be conducted to improve the drought
analysis by detecting more drought characteristics such as frequency, maximum duration,
maximum severity, and maximum intensity.
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