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Abstract: Due to the lack of a general drought definition, water users and managers have developed
and used different indices. Many studies using drought indices have been made so as to detect
drought events or just to compare their results and assess their advantages and disadvantages.
In Portugal, these studies have been done for common drought indices; however, an integrated
evaluation and comparison using recent data is needed. Therefore, this study is intended to give
an updated overview of the behaviour of the proposed indices. This study proposes the usage of
PDSI, scPDSI, SPI and SPEI. With the exception of the PDS], all indices have been calculated through
R packages. The results for the studied regions in mainland Portugal suggest that the drought
situations are, in general, most significant and frequent than the wet periods. From our results, we
can conclude that the SPI model is more sensitive to extreme drought events and can detect them
earlier. The PDSI, scPDSI and SPEI are more reliable for drought monitorization at medium and long
spells, which might represent the environmental interactions more closely to the reality. Also, the
scPDSI tends to reduce the importance of short period recovering. It is then advisable that impact
and scientifical studies consider all of these indices or at least some of them to have a broader and
complete understanding of the drought situations to be studied.

Keywords: SPI; SPEL; PDSI; scPDSI

1. Introduction

Drought is a natural phenomenon that has no singular definition [1-3]. However, it
can be understood as a slow, deceptive, hazardous and complex phenomenon which occurs
due to the lack of precipitation compared to what is normal, affecting both environmental
and human demands [2,4-6] at different time and spatial scales [2,5]. Hence, Wilhite and
Glantz [1] grouped droughts into four categories: meteorological, hydrological, agricultural
and socioeconomical.

Due to its complex definition, detection and difficulty in its quantification regard-
ing duration, spatial extension and intensity [2,7-9], it should be viewed as a relative
phenomenon instead of an absolute one [2]. Because of its complexity and different
meaning for different water users and managers, several indices able to monitor drought
events have been developed [2,6-8]. Some of them are the Palmer Drought Severity In-
dex (PDSI) [10,11], the Standardized Precipitation Index (SPI) [9,12] and the Standardized
Precipitation-Evaporation Index (SPEI) [13].

The usage of PDSI and SPI is justifiable in the sense that both indices are used by the
entities responsible for the Portuguese Drought Prevention, Monitoring and Contingency
Plan [14]. In this study, besides these indices, we decided to use the self-calibrated Palmer
Drought Severity Index (scPDSI) and the SPEI Regarding the scPDSI and SPEI, they have been
chosen because the former is a modification from the original PDSI and the latter was created as
an alternative to the SPI; therefore, this study is a good opportunity to compare them.
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The PDSI was proposed by Palmer [15] and is one of the most successful and used at
quantifying the severity of droughts [16,17]. It is based on a water balance model, which,
in turn, needs a water supply-demand budget that is developed through precipitation,
soil characteristics [18,19], potential evapotranspiration and runoff [18]. The scPDSI is
a variation of the original PDSI and was proposed by Wells et al. [16]. This index was
proposed to solve some of the PDSI issues; for example, the constants calibration, which
was turned into a dynamic process [8,19], the spatial comparability and the match between
drought conditions and the index’s values [8,20]. Furthermore, the scPDSI reduces the
value range and the excessive frequency of extreme events [17,21]. The SPI was proposed
by Mckee et al. [22] as a normalized index, adjusted to a gamma function, able to quantify
the probability’s relationship of precipitation deficit or surplus for different timescales,
most commonly between 1 and 48 months [3,22,23]. These different timescales represent
different stages of the hydrological cycle [22,23] and are proxies for the different water
resources (e.g., soil moisture, groundwater, river discharge and reservoir storage). The SPI
calculation is simple since it only requires monthly precipitation data as an input [3,21].
Due to its simple calculation and its versatility on the comparation between different
areas and periods, the Lincoln Declaration on Drought Indices recommends the use of
SPI by all national meteorology and hydrology services [3,24]. The SPEI was proposed
by Vicente-Serrano et al. [7] as an alternative drought index derived from the SPI [7,8].
Its main difference over SPI is the introduction of water demand estimation through the
introduction of potential evapotranspiration into the calculation [7]. Therefore, this index
combines both the sensitivity of the PDSI and the versatility of the SPI, enabling it to be
compared with the scPDSI [7,8].

Several studies have been made worldwide with these indices for different reasons so
as to understand its advantages and disadvantages on different applications like drought
monitoring, impacts on agriculture, the prediction of forest fires, among other objec-
tives [5]. Consequently, some studies have been conducted to compare the usage of
drought indices, like, for example, Sousa et al. [17], Zargar et al. [25], Paulo et al. [12],
Vicente-Serrano et al. [8], Naumann et al. [26], Silva [27], Cota et al. [28], Pathak et al. [29],
Yang et al. [21], Wang et al. [13], Adnan et al. [30], Bayissa et al. [31], Firat et al. [32],
Lietal. [33], Lu et al. [6], Wang et al. [20], Katipoglu et al. [34], among others. Vicente-
Serrano et al. [8] found that the SPI and SPEI have a superior capability to assess drought
impacts compared to Palmer indices for monitoring drought impacts on hydrological,
agricultural, and ecological areas. Vicente-Serrano et al. [8] also found that SPI and SPEI
have small differences, although SPEI has the best responses to drought during the summer
season. Wang et al. [13] observed that the SPI, SPEI and scPDSI correlated well with each
other. Furthermore, Wang et al. [13] found that scPDSI is better than SPI and SPEI at
representing water deficits at medium periods. Yang et al. [21] discovered that the drought
index presenting the best results for China was the scPDSI for representing long-term
trends of wet or dry spells, despite reducing the value range compared to the PDSI. Besides,
Yang et al. [21] found that the SPI and SPEI usage is more recommendable for humid
areas than arid or semiarid ones, because the SPI does not take into account the contribu-
tions of temperature’s variation to drought, while SPEI overestimates its contribution. In
Adnan et al. [30], the authors found for Pakistan that the SPT and SPEI are more suitable
than scPDSI to monitor droughts. Li et al. [33] and Katipoglu et al. [34] concluded that SPEI
is a more complete index than SPI, mostly because it takes into account evapotranspiration.
Lu et al. [6] discovered that the scPDSI and SPEI have a better response than the SPI, SPEI
being the best between the three at identifying drought events. Wang et al. [20] discovered
that, on an annual timescale, the SPI have the best response for steppe and desert biomes,
and on a seasonal and monthly timescale, the scPDSI have the greatest sensitivity on
summer and on vegetated areas, respectively. The texts presented by Zargar et al. [25] and
WMO&GWP [16] are very complete and detailed regarding the characteristics, advantages
and disadvantages of most (if not all) of the drought indices.
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In Portugal, there are studies comparing the different drought indices and also
studies using only one drought index to analyse drought-related events. For example,
Pires et al. [10] characterized the historical evolution of droughts in mainland Portugal us-
ing only Palmer Drought Severity Index—PDSI. Sousa et al. [17] have shown that the scPDSI
behaviour is more reliable and realistic than the PDSI, taking into consideration the tempo-
ral sequence and magnitude of drought events, described in the literature. Paulo et al. [12]
concluded that SPI and SPEI correlate well with each other and have similar results regard-
ing occurrence and severity of drought events. Paulo et al. [12] have also found that the
PDSI is more accurate at identifying earlier drought events and severe drought events than
SPI and SPEL Silva [27] correlated the SPI with the Vegetation Health Index and found that
the SPI for 3 months has a good correlation with VHI from May to July and in October.
This author concluded that SPI for 3 and 6 months can detect a higher number of drought
events than the VHI. Cota et al. [28] assessed that the SPI and SPEI are both useful indices
at identifying and monitoring both drought and extreme precipitation events and that they
present a good correlation. Cota et al. [28] have also identified a decrease in the value range
of the SPI. The texts of Silva et al. [35,36], De Lima et al. [37] and Santo et al. [38] are some of
the studies that have been done in Portugal in which they mostly use SPI to assess drought
events in Portugal. Generally, they conclude that this index is a very important tool in de-
tecting and monitoring drought situations and extreme precipitation events. Furthermore,
Silva et al. [35] found an increase in the extent of dry events and a non-significant decrease
in the extent of wetter events, according to SPI. Santo et al. [38] also found a decrease in the
SPI range value and that the values’ variation for this index, between October and March
in all timescales, is associated with North Atlantic Oscillation (NAO). Pascoa et al. [39]
have used SPI and SPEI to assess drought situations in the Iberian Peninsula over the last
112 years and found that, with the exception of the northwestern area, there is an increased
trend of drought events. These authors have also concluded that SPEI identified dryer
conditions than SPI. Russo et al. [40] have assessed the impact of drought events, using
SPEI and SPI, on burned areas in the Iberian Peninsula. Ribeiro et al. [41] have found that
SPEI and the number of hot days is dependent of each other, which suggests a strong
association between hot and dry extreme values.

In this regard, this study had as a main objective the evaluation and comparison of
the aforementioned drought indices using an up-to-date time period of data. Another im-
portant objective is the testing of the behaviour of these indices so as to understand which
present better results and detecting major drought events in the study area (Setubal district)
between 1979 and 2020. The SPEI, SPI and scPDSI were computed using Rstudio packages,
while the PDSI was calculated and made available by IPMA. The defined objectives were
particularly important in the context of the Climpest project. This project aims to analyze
drought situations and the pine trees’ resilience to these events. Ultimately, this project
will try to recreate the past emergence of certain pests in pine trees, namely Thaumetopoea
pityocampa, comparing two pine trees; one hosting the larvae and the other not hosting the
larvae, but both must have the same climatic response to drought situations (more informa-
tion about the project can be found at: https://doi.org/10.1016/j.foreco.2021.119548). The
project will contribute to better forest management. Thus, within the project, this study
represents an important historical drought assessment in the Settibal district, which has
not been the specific target of drought studies, even though it is particularly affected by
drought spells.

2. Study Area and Data
2.1. Setiubal District

Setubal district is located in the southern west coast of mainland Portugal, south of
Lisbon (Figure 1a). The study area was chosen within the context of the ClimPest project
because, according to the report from the World Resources Institute, several Portuguese
districts, mainly in the south of the country, face “extremely high” water scarcity (Figure 2).
Among the districts indicated by the document is Setubal.
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Figure 1. Study area geographical location (a), and climatic characterization. The letters (b—e) represent the meteorological stations, namely, Alcacer do Sal, Alvalade,
Settbal and Sines, respectively. In the graphics are represented for the 1981-2010 period the average values of precipitation, “Pre” (blue columns), maximum

temperature, “Max.” (red line), minimum temperature, “Min.” (blue line) and mean temperature, “Mean” (yellow line).
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Baseline water stress

B Extremely high (>80%)

I High (40-80%)

I Medium-high (20—40%)
Low-medium (10—20%)
Low (<10%)

B Arid and low water use

B No data

Figure 2. Annual baseline water stress. This is a ration between total water withdrawals (domestic, industrial, livestock and irrigation) and available renewable

water supplies. Source: United Nations [42].
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To enable the development of the proposed drought indices, we have used data
from the meteorological stations represented in Figure la for four locations: Alcacer do
Sal, Alvalade, Setibal and Sines. These stations were chosen because they have long
and homogenous observation datasets and also their distribution provides a good spatial
coverage of Setubal district.

The Setubal district climate according to Kdppen classification is classified both as
Csa and Csb [43]. As Figure 1b—e shows, the distribution of precipitation and maximum,
minimum and mean temperatures are almost identical between the four locations. How-
ever, there are some differences between them, for example: Sines has a smaller thermal
amplitude and Settibal has higher precipitation values.

2.2. Meteorological Data

To analyse the proposed drought indices (PDSI, scPDSI SPI, SPEI) and the potential
evapotranspiration (PET), we have used hourly precipitation and temperature data from
the Portuguese Institute for Sea and the Atmosphere (IPMA) meteorological stations and
from the ERAS5 reanalysis model [44] (available in the C3S data store) (Table 1). The ERA5
variables have been extracted for the same coordinates as the meteorological stations. The
ERAS data were used to fill in some missing values in the IPMA stations’ series, but before
that, both datasets had been compared and evaluated. After this, a homogenization process
was conducted on the combined dataset using the software package RClimDex. Lastly, to
enable the drought indices’ calculation, the variables have been converted from hourly to
monthly data.

Table 1. Metadata.

Data

Source Period Frequency Spatial Resolution

Precipitation (mm)
2 m mean, maximum and
minimum temperature (°C)

Alcacer do Sal: 1953-2019;
Alvalade: 1950-2019;

IPMA Setiibal: 1950-2019; Hourly Meteorological station
Sines: 1989-2019
Era5 Climate Data lat-lon grid
Store—Copernicus 19792019 Hourly 0.25° x 0.25°

3. Methods
3.1. Potential Evapotranspiration

In this study, the PET has been calculated using the Hargreaves method, even though
initial tests with the FAO Penman—Monteith method had shown better results. The FAO
Penman—-Monteith is considered the best method to calculate the potential evapotranspi-
ration [45]; however, it was deemed inefficient for this study for several reasons. Firstly,
FAO Penman-Monteith requires several meteorological variables, some of which are not
available for the studied period and area. Due to this limitation, the missing variables were
not replaced by the Erab data because they could not be validated with the observed values;

Secondly, the Hargraves method has shown very satisfactory results for the study
area, requiring fewer variables than the previous method and less effort. According to
FAO [45], in case of data unavailability, namely, relative humidity, solar radiation and wind
speed, the Hargreaves method presents itself as a valid alternative to estimate PET with
reasonable and globally validated results. Lastly, according to Vicente-Serrano et al. [7],
the method used to obtain PET is not critical since it will be included in a drought index
calculation. Furthermore, Mavromatis [46] has demonstrated that simple or complex PET
methods present similar results when drought indices are calculated. This way, to calculate
PET with the Hargreaves method, the following equations were applied:

PET = 0.0023 * (0.408) * (Tavg + 17.78) * (Tmax — Tmin)0.5 * Ra D
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Equation (1): PET Hargreaves method. Source: Equation (52) from FAO [45]. The Ra
is the global solar radiation which is calculated with (Equation (2)). The 0.408 value is the
conversion rate from MJ m~2 to mm.

24(60)

Ra = — G 2)

SC dr ws sin(g) sin(8)+cos(¢) cos(s)sin(aws)]

Equation (2): Ra calculation formula. Source: Equation (21) from FAO [45]. The Gsc is
a solar constant (0.082); the dr is the inverse relative distance Earth-Sun (Equation (23) from
FAO [45]); the ws is the radiation angle at sunset (Equations (25) and (26) from FAO [45]);
the ¢ is the latitude in radians (Equation (22) from FAO [45]); the & is the solar declination
in radians (Equation (24) from FAO [45]).

3.2. Drought Indices

The drought indices have been implemented using the software Rstudio. This way,
the scPDSI has been built using the PDSI package (More information about the package
can be found here: https://www.rdocumentation.org/packages/scPDSI/versions/0.1.
3/topics/pdsi, (accessed on 1 March 2022)). The SPI and the SPEI have been produced
using the SPEI package (More information about the package can be found here: https:
/ /cran.r-project.org/web/packages/SPEL/SPELpdf, (accessed on 1 March 2022)). The
PDSI has been computed directly by IPMA, with its calculation being fully calibrated for
the Portuguese climatic conditions and made available for this study. The Available Water
Capacity (AWC) needed to develop scPDSI was defined as the standard value for the four
locations. The SPI and SPEI have only been modelled for the 9-month accumulation period,
because this timescale has the best statistical behaviour with the PDSI and the scPDSI (see
Section 3.1).

3.2.1. PDSI and scPDSI

The PDSI is assessed monthly and it is based on a two-stage soil model [16] represented
in Figure 3 by (1) and (2). The amount of moisture in the soil is calculated with 8 variables:
evapotranspiration (ET), recharge (R), potential recharge (PR), potential loss (PL), runoff
(RO), loss (L), potential runoff (PRO) and potential evapotranspiration (PET), estimated
with the Hargreaves method (Figure 3). In Figure 3, stage (1a) refers to the water-balance
coefficients («, 3, y and ). These weighted coefficients will give the Climatically Appro-
priate For Existing Conditions (CAFEC) potential values [16]. In stage (1b), the CAFEC
values are combined to obtain P(cafec), which is the precipitation needed to maintain
a normal soil moisture level for a month [16]. Stage (1c) is the difference between the
precipitation that fell during a specific month and P(cafec) [16]. To enable d to be compared
between different locations or be compared at different periods, it needs to be weight using
k, represented in stage (2), which is the refined climatic characteristics [16]. In stage 2, k
is obtained through two equations Figure 3(2a,2b), where: D is the multi-year average of
water-deficient value (d) [18]; and the value 17.67 is an empirical constant produced by
Palmer [15]. Then, in stage (2c), d is multiplied by k, resulting in the moisture anomaly
index or Z index, that shows the dryness or wetness during a month without taking into
account recent precipitation trends [17]. The Z index is used to obtain the PDSI value for a
certain month through the following equation:

1
PDS]; = 0.897PDST; 1 + -7 6)


https://www.rdocumentation.org/packages/scPDSI/versions/0.1.3/topics/pdsi
https://www.rdocumentation.org/packages/scPDSI/versions/0.1.3/topics/pdsi
https://cran.r-project.org/web/packages/SPEI/SPEI.pdf
https://cran.r-project.org/web/packages/SPEI/SPEI.pdf
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Figure 3. Procedure to calculate the PDSI. (1) Represents the water balance model, and (2) the water
deficit index. The letters (a-d) represent the different stages to build models (1) and (2). Source:
Adapted from Yu et al. [18].

Equation (3): PDSI calculation. Source: Equation (20) from Yu et al. [18]. The 0.897 and
1/3 are empirical coefficients.

To calculate the current value of PDSI, the 0.897 coefficient is multiplied by the previous
PDSI value added to a third of the Z index value for the current month [16]. Three
PDSI values are calculated each month [16]. The PDSI was developed originally for the
USA, so to be applied correctly to mainland Portugal, some modifications have been
made [47]. Despite maintaining the logical structure that forms the basis of its definition,
some important changes have been introduced, with its calculation being fully calibrated in
order to be adapted to the climatic conditions of Portugal [47]. The calculation of ETP, the
calculation of potential runoff, the calculation methodology of the parameters necessary
for the water balance, the calculation of the climatic coefficient K (Equation (4)) and the
determination of the beginning or end of a dry or rainy period have been modified. For
example, we have obtained a different equation for the calculation of K that guarantees
valid results of the drought index in Portugal. An extensive analysis has been made in order
to evaluate the necessary changes that would best fit the PDSI to the Portuguese climate.

514.28
2 Kiinal 4)
Zl DKfinal

final —
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Equation (4): K factor recalibration for mainland Portugal. Source: Pires [47].

However, the K ratio was yet to be revised into a ratio between the expected value of
the PDSI and the observed value of the PDSI [16] (Equation (5)). Since K would be expected
to be 0 and Palmer defined that the distribution of PDSI would use the central tendency,
Wells et al. [16] changed it to be defined through fe, which corresponds to a percentile,
(Equations (5) and (6)). This percentile is different according to the extreme values in each
side of the value range defined by Palmer.

expected f,th percentile of the PDSI
12 _ observed f. percentile of the PDSI (5)
expected (100—fe)th percentile of the PDSI
observed (100—fe¢)th percentile of the PDSI

Equation (5): PDSI ratio between expected and observed values. Source: Equation (8)
from Wells et al. [16].

_ JK'(—4.00/2nd percentile), ifd <0 ®)

| K/(4.00/98th percentile),  ifd > 0.

Equation (6): PDSI percentile definition. Source: Equation (9) from Wells et al. [16].

This K redefinition allowed Wells et al. [16] to remove the climatic conditions assessed
in nine locations across the USA by Palmer, which were used to define the given coefficients.
This way, the climatic characteristics are only based on the studied location’s climate,
specifically how the d factor relates to the defined range of PDSI [16].

In regard to the duration coefficients, Wells et al. [16] defined that dry and wet spells
should have different factors. To better identify the slope and y interception of the best
fit lines, these coefficients have been determined through a linear least squares regression
method for both extreme conditions, instead of a simple linear regression used by Palmer.
Wells et al. [16] wanted to give emphasis to long-term droughts instead of short-term ones
like Palmer did, so they changed through trial and error the minimum threshold for 0.85,
instead of the previous 0.15. All these changes allowed to increase the range of expected
values to below —4 and above 4, to develop the index based on local climate, to increase
the index sensitivity to moisture or lack of it, and to update the index on different analyzed
periods [16]. Both indices use the same value range classification, described in Table 2.

Table 2. PSDI and scPDSI value range classes.

Value Range Classification
>4.00 Extremely wet
3.00 to 3.99 Very wet
2.00 to 2.99 Moderately wet
1.00 to 1.99 Slightly wet
—0.99 to 0.99 Normal
—1.99 to —1.00 Mild drought
—2.99 to —2.00 Moderate drought
—3.99 to —3.00 Severe drought
<—4.00 Extreme drought

3.2.2. SPEI and SPEI

To calculate the SPI, a monthly precipitation dataset with at least 30 years of data is
required. The SPI can be computed for 1, 3, 6, 9, 12, 24 and 48 months, which represent
timescales that may affect five different types of usable water sources [22]. The calculation
of the SPI for a given month is determined by previous months’ values and then its
dataset is adjusted to a gamma function of precipitation probability according to historical
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records [22]. After obtaining the probability it is used an approximation of the inverse
normal [22]. This will enable to assess the precipitation deviations for a normal distributed
probability [22]. Thus, the SPI can be calculated through Equation (7), where X is the
monthly precipitation data, X is the mean precipitation value calculated for the whole
period, and o it is the monthly standard deviation [33].

X; — X
o

SPI = )

Equation (7): SPI formula. Source: (Equation (1)) from Li et al. [33].

The SPEI is a water balance model, like the PDSI and scPDSI since it takes into account
the role of temperature, although it is mathematically similar to the SPI [7]. The SPEI
calculates the deficit or surplus of water on a multiscale level adjusted for a log-logistic
probability distribution [7]. The SPEI can be calculated through Equation (8).

Co + CyW 4+ CW?

SPEI =W — 5 3
1+ d{W + dyW* + dsW

®)

Equation (8): SPEI formula. Source: Vicente-serrano et al. [7].

In Equation (8), C and d are constants (Cy = 2.515517, C; = 0.802853, C, = 0.010328,
d; =1.432788, d; = 0.189269, and d3 = 0.001308), while W is represented in Equation (9).
In Equation (9), P is the probability of exceeding a determined D value [7], which is a
water-balance value, meaning that it is the difference between precipitation and potential
evapotranspiration. If P is > 0.5, then it is replaced by 1—P [7]. Both the SPI and SPEI use
the same value range classification, described in Table 3.

W= /-2In(P) forP < 05 )

Table 3. SPI and SPEI value range classes.

Value Range Classification
>2.00 Extremely wet
1.50a1.99 Very wet
1.00a1.49 Moderately wet
0.50 a 0.99 Slightly wet
—0.49a0.49 Normal
—0.99 a —0.50 Mild drought
—1.49a —-1.00 Moderate drought
—1.99a —1.59 Severe drought
<-2.00 Extreme drought

Equation (9): W formula. Source: Vicente-Serrano et al. [7].

3.3. Statistical Tests

To assess the statistical behaviour of the drought indices, a Pearson correlation and an
Euclidian distance test were run using the IBM SPSS software. These tests were conducted
to understand which timescales from the SPEI and SPI had the most similarities in terms
of lagged response to the PDSI and scPDSI. The timescale with the best result from each
model was chosen for the identification of drought events and further comparison with the
PDSI and scPDSILL
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4. Results
4.1. Drought Indices Comparison

As mentioned before, the Pearson correlation and the Euclidian Distance tests were
executed to understand which time set from the SPI and SPEI indices were closer to PDSI
and scPDSI. From the different time sets from the SPI and SPEI indices, it is observed
through Table 4 that the SPI-9 months and SPEI-9 months have the highest correlations
with the PDSI and the scPDSI indices. According to the Euclidian Distances (Table 5), it is
also seen that, from the three different SPI and SPEI indices, the ninth-month time set has
the smaller values, which means that it is closer to the scPDSI and PDSI. With these results,
we then decided to use the SPI and SPEI for 9 months to assess their behaviour and help to
identify drought periods.

Table 4. Pearson correlations.

Correlations scPDSI PDSI SPI 6 SPEI 6 SPI 9 SPEI 9 SPI 12 SPEI 12
scPDSI Pearson 1 0.816 0.721 0.709 0.783 0.779 0.761 0.767
Correlation
PDSI Pearson 0.816 1 0.800 0.803 0.814 0.820 0.749 0.761
Correlation
SPI6 Pearson 0.721 0.800 1 0.938 0.798 0.772 0.712 0.682
Correlation
SPEI6 Pearson 0.709 0.803 0.938 1 0.754 0.816 0.666 0.720
Correlation
SPI9 Pearson 0.783 0.814 0.798 0.754 1 0.952 0.868 0.829
Correlation
SPEI9 Pearson 0.779 0.820 0.772 0.816 0.952 1 0.828 0.877
Correlation
SPI12 Pearson 0.761 0.749 0.712 0.666 0.868 0.828 1 0.947
Correlation
SPEI12 Pearson 0.767 0.761 0.682 0.720 0.829 0.877 0.947 1
Correlation
Table 5. Euclidian distances.
scPDSI PDSI SPI 6 SPEI 6 SPI9 SPEI 9 SPI 12 SPEI 12
scPDSI - 0.72 1.00 0.98 0.91 0.89 0.93 0.90
PDSI 0.72 - 0.92 0.88 0.88 0.85 0.95 0.92
SPI 6 1.00 0.92 - 0.00 0.27 0.31 0.38 0.41
SPEI 6 0.98 0.88 0.00 - 0.33 0.23 0.44 0.36
SPI9 0.91 0.88 0.27 0.33 - 0.00 0.17 0.24
SPEI 9 0.89 0.85 031 0.23 0.00 - 0.24 0.14
SPI 12 0.93 0.95 0.38 0.44 0.17 0.24 - 0.00
SPEI 12 0.90 0.92 0.41 0.36 0.24 0.14 0.00 -

Comparing the four indices, it can be observed, in Figures 4-7 and Table 6, that the
drought or wet periods have different duration, intensity and temporal scales. However,
some of these indices show some similarities between each other’s regarding these 3 factors.
Having regard to this idea, it can be seen that the PDSI results are mostly identical to the
scPDSI, having nonetheless a few significant differences. The most significant difference
between these indices is that the scPDSI tends to reduce the importance of short period
recovering, resulting in the indication of longer periods either in drought or in wet spells.
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The SPEI compared to PDSI has similar durations for the events but tends to enhance the
recovering, thus indicating globally less intense events. The SPEI and SPI are comparable
with each other since they identify the same events with similar time durations and intensity.
When observed in detail, the SPEI results, however, show that drought events are slightly
longer than in SPI. The SPI has much less significant similarities with the other two indices,
apart from identifying the same most significant drought events, and in fact, introduces a
stronger and faster recuperation when conditions are prone to such changes, and the result
is shorter drought periods than the other indices.

Table 6. Percentage of months per wet or drought class for the PDSI, scPDSI, SPI and SPEI at the four
studied locations. Since Sines data only start in 1989, the first 8 months (2.1%) were not calculated.

Extremely

Very Moderately  Slightly Mild Moderate Severe Extreme

% of Months Wet Wet Wet Wet Normal Drought Drought Drought Drought NA
Alcacer 1.0 3.0 73 133 252 258 12.1 93 3.0 -
do Sal
pDsI  Alvalade 16 42 8.7 14.7 18.1 19.2 19.0 10.5 4.0 .
Settibal 02 38 75 15.1 18.8 294 15.7 6.3 32 -
Sines 29 55 10.7 18.0 19.5 21.1 10.2 8.4 3.9 -
Alcacer 04 5.0 73 9.9 302 17.3 20.0 52 48 .
do Sal
scPDSI  Alvalade 2.0 93 17.1 12.5 13.5 155 15.1 9.7 5.4 .
Settibal 02 3.6 7.7 7.7 255 23.6 182 11.1 24 -
Sines 23 12.5 16.1 9.1 253 14.8 83 9.4 2.1 .
Alcdcer 26 5.8 77 145 339 157 103 6.5 3.0 ;
do Sal
SPI Alvalade 2.2 4.0 9.7 18.7 30.2 13.1 10.3 9.5 2.4 -
9-month
Settibal 24 4.0 9.9 13.5 32.1 16.1 117 7.3 3.0 -
Sines 2.6 42 11.7 11.5 36.2 16.4 8.6 44 23 21
Alcdcer 1.0 6.0 73 11.7 33.3 173 145 6.2 2.8 -
do Sal
SPEI  Alvalade 2.0 4.0 109 139 29.6 13.9 14.9 93 1.6 -
9-month
Settibal 2.0 28 10.5 9.9 29.8 21.0 13.7 8.9 14 -
Sines 0.8 6.0 12.0 11.7 349 16.4 94 6.3 05 21

Comparing the individual behaviour of the PDSI, scPDSI and SPEI in the four studied
areas, it can be seen that these indices are globally identical among the four locations even
though they have some localised significant differences. Despite the close geographical
proximity, the SPI shows some differences for the four different studied locations, namely,
some events’ length and intensity.

4.2. Identification of Drought Events
4.2.1. Alcacer do Sal

Figure 4a—d shows that the most noticeable drought events were detected between
2002 and 2006 and between 2015 and 2020. The are some differences in the temporal scale
among the four indices. For example, for SPEI and SPI, the drought event between 2002
and 2006 is shorter, starting only in 2004. There are some other relevant events, for example,
between 1979 and 1983 and between 2007 and 2009.
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According to PDSI the 2004/05 drought was the most severe in mainland Portugal:
highest magnitude, highest duration and highest severity; but since 2000, other periods
of drought have stood out: 2009, 2012 and 2017/2018. In the scPDSI, the most significant
drought events occurred in the years 2004/2005, 2009 and in the period 2017-2019. The
SPEI shows that some of the most significant months were recorded in 2004/2005, 2009,
2015 and 2018. Lastly, the most intense drought conditions according to SPI were observed
in 2004/2005, 2009, 2015 and in 2017.

For these four indices, each drought class has a higher percentage than the wet classes’
counterparts (Table 6). The months in drought represent 50.2% of the total period for PDSI,
47.3% for scPDSI, 40.7% for SPEI and 35.5% for SPI (Table 6).

4.2.2. Alvalade

In Alvalade, Figure 5a—d, shows that the most significant drought events were recorded
in the following periods: 1979-1984 and 2015-2020. However, some temporal scales’
differences have been found between indices. One such example can be seen in SPEI
during 1979-1984, in which the drought event is only found between 1980 and 1982. The
same thing is seen in SPI, only that it ends a year before. Besides these two most intense
periods, there are some other relevant ones, according to the different indices. In this regard,
1991-1995 and 2004-2005 can also be considered important drought events.

During these periods, some months in 1995, 2005, 2017, 2018 and 2019 were recorded
as the highest drought class of the index (extreme drought) for this location according to
PDSI and scPDSI. For the SPEI and the SPI, some of the months in 2005 and 2017 were the
driest ever recorded.

For these four indices, the summed-up drought classes have a higher percentage than
the wet classes’ counterparts (Table 6). The months in drought represent 52.8% of the total
period for PDSI, 45.7% for scPDSI, 39.7% for SPEI and 35.3% for SPI (Table 6).

4.2.3. Setubal

In Setubal (Figure 6a—d), similar periods of droughts have been identified (1991-1995,
2003-2007 and 2015-2020), as seen in previous locations. During these periods, some
indices have shorter temporal scales, but they are all within these timeframes. Furthermore,
other relevant periods which have not been identified throughout all the indices were
recorded, as, for example, 1979-1984 for scPDSI and 1980-1982 for SPI. According to these
four indices, some months in 1995, 2005, 2017 and 2019 were the highest drought class of
the index (extreme drought). Some indices have also detected other periods such as 2012
for PDSI and 2020 for scPDSI. The PDSI, scPDSI and SPI show that each drought class has
higher percentages than their wet counterparts (Table 6). For SPEI, the scenario is similar
except for the extreme class (Table 6). Consequently, for the four indices, the majority
of the months have been recorded in drought situation (PDSI—54.6%; scPDSI—55.3%;
SPEI—38.1%; SPI—45%).

4.2.4. Sines

In Sines (Figure 7a—d), the most important drought periods were recorded between
1994 and 1995, 2004 and 2005 and 2015 and 2020. Once again, some indices have within these
timeframes shorter or even longer periods. The months with the highest drought classes of
the indices (severe and extreme drought) were recorded in 2005 and 2017 (according to the
four indices). Highlights are also evident for 1995 in the PDSI; 1995, 2018, 2019 and 2020 in
the scPDSI; 2004 and 2015 in the SPI.

For the PDSI, with the exception of the moderate class, each of the drought classes
has higher percentages than their equivalent wet classes (Table 6). Regarding the scPDSI,
the wet classes are more significative than the respective drought classes, excepting the
slightly wet class (Table 6). For SPEI and SPI, the mild and severe classes have higher
percentages for drought periods, while the moderate and extreme classes are higher for
the wet periods (Table 6). Consequently, for the PDSI, SPI and SPEI, the majority of the
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months were classified in drought classes (43.5%, 32.6% and 31.8%, respectively), while for
the scPDSI, the majority was classified as wet months (40.1%) (Table 6).

5. Discussion and Conclusions

As it was expected, the most similar model to the PDSI, according to the Pearson
Correlation and the Euclidian Distance, is the scPDSI. In fact, according to the drought
indices” behaviour and according to the identification of drought events, both these in-
dices present many similarities. However, they also have some differences regarding the
temporal continuity and in the value range. This way, it can be seen that some drought
events identified by the scPDSI are longer than the ones identified by PDSI, as shown by
Yang et al. [21], while the later index shows extreme drought values more frequently for
two of the four locations (Settibal and Sines). According to Wells et al. [16], Sousa et al. [17]
and Yang et al. [21], the scPDSI reduces the frequency in which severe and extreme values
occur, thus being more accurate and reliable than the PDSI. However, for the other two sta-
tions, Alvalade and Alcéacer do Sal, which have higher temperatures and less precipitation,
the scPDSI presents a higher percentage of extreme drought values. This way, there is a
possibility that scPDSI is more sensitive to dryer conditions than PDSI.

Our results in this study also show that the different timescales from the SPI and
SPEI also have relatively good correlations with the PDSI and with the scPDSI. The best
correlation between the PDSI/scPDSI and the SPI and the SPEI is for the 9-month timescale.
Wang et al. [13] confirmed this by mentioning that the SPI, SPEI and scPDSI have good
correlations between them. Moreover, both the SPI and the SPEI have shown in this study
and in Paulo et al. [12] that they correlate well with one another, having equivalent results
regarding occurrence and severity of drought events. According to Vicente-Serrano et al. [8],
the SPI and SPEI are better indices in assessing drought impacts than the Palmer indices.
Vicente-Serrano et al. [8] also point out that these indices have significant differences, some
of which might be seen in our results, such as the value range and the temporal continuity
of some events. Vicente-Serrano et al. [8] said that one of the differences is that SPEI is
better at responding to drought situations during summer. This assumption may be seen
through our results, even though the SPI appears to be more sensitive to both wet and dry
extreme spells. Other results show that the scPDSI and PDSI have more noticeable events
than the other two indices, with longer periods and higher percentages of extreme drought
values, in general. The results presented by WMO [3] indicate that SPI is smoother than
PDSI, due to the mathematical model itself. This may explain, in part, why the SPI normal
class is more representative than the others.

Some authors have compared further these indices and concluded that some of them
are more adequate for some purposes than the others. For further details, we present in the
introduction chapter a comparison of some of the results found in the literature.

In Settbal district, the sum of the different drought and wet classes shows that drought
is prevalent in the study area, except in Sines according to the scPDSI. In most scenarios
(indices’” results for each meteorological station location), it is shown that each drought
class is usually more representative than their wet counterparts, except in Sines for some
of the indices. The normal class was the most representative for each location/index,
although it differs for the PDSI, which shows the mild drought class as the most relevant
one. Therefore, it can be concluded that the behaviour of these indices is similar, at least
for the proposed study area, which is climatically classified by Képpen as Csa in Alvalade,
Alcécer do Sal and Setubal [42]. Although, there is a major difference in Sines, which is
classified as Csb, and that may explain some of the contrasts seen [42].

As for the drought events, there are some well distinguishable and commonly identi-
fied in most indices for the different locations. For example, during the periods of 1979-1984,
1991-1995, 2002-2007, 2007-2010 and 2015-2020, several drought periods were identified.

The 2004-2005 drought event was the most severe one, with the highest duration
in the worst classes of the indices (severe and extreme), and with the highest severity
(combination of magnitude and persistence of a drought). These results are confirmed by
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DGADR et al. [14], IPMA [48,49] and Garcia-Herrera [50]. In the two reports published
by IPMA [48,49], it is reported that the period between 2004 and 2005 was extremely dry,
with the smallest precipitation values since 1931. As stated by Garcia-Herrera [50], this
event was the driest in 140 years. Besides this, it had the biggest territorial coverage
ever recorded [14]. This extreme dry spell caused severe damages in various sectors.
According to DGADR et al. [14], IPMA [48,49] and Garcia-Herrera [50], this drought event
affected crops and livestock reproduction, leading to an increase in prices, also affected the
production of energy which led the country to rely more on fossil fuels, caused limitations
to the urban supply of water, and was one of the main reasons behind the quantity and
severity of forest fires that year. Regarding a more recent drought event between 2017 and
2019, the reports from IPMA [51-53] mention that, at the end of 2017, 58% of the country
was in severe drought with the condition worsening in the first two months of 2018. This
drought was classified in the reports as a meteorological drought with severe consequences,
namely, by creating the proper conditions for the occurrence of huge forest fires that resulted
in the loss of many human lives and critical socioeconomic and environmental impacts. At
the end of 2018, the situation was less serious, but in 2019, a new meteorological drought
affected the country as a whole [52,53].

The driest years in the study area were 1995, 2005, 2009, 2017, 2018 and 2019 according
to the results. This way, it can be understood that, apart from a few differences, the four
indices are able to identify the same significant drought periods, which are ever more
frequent in the study area. Regarding these mentioned drought events, Pascoa et al. [39]
mentioned that, in the last 112 years, drought events in the Iberian Peninsula have been an
increasing trend. As our study shows, the last years of the last decade have been the driest
ever recorded in this region. It is then expected that, in the near future, more records might
be broken.

Concluding, we assess that SPI is more sensitive to extreme situations, being able to
detect them earlier. Since the PDSI, scPDSI and SPEI are not as volatile as the SPI, they can
be more reliable for drought monitorization at medium and long spells. This can also be
explained by the fact that SPI only takes into account precipitation. Thus, SPEI, PDSI and
scPDSI are more complete and might represent the complex environmental interactions
more closely to the reality. Furthermore, we have also assessed that the scPDSI tends to
reduce the importance of short period recovering. All of them have their advantages and
disadvantages for different types of use and analysis. Therefore, it would be advisable
for impact studies and scientifical papers to use some of these indices together and in an
integrated way when it comes to identifying and analysing drought events. They should
not be analysed solely individually, because they can complement each other by adding
important and useful information for users and decision makers. For example, we consider
that SPEI and SPI may be more convenient to use for impact studies (if evapotranspiration
data are not available), because they can access drought periods at different time scales
regarding different water uses.

In Portugal, the study of droughts should be more developed since it is one of the
most frequent and potentially hazardous natural events. Following studies could focus on
the comparison of these indices for the other possible timescales (1, 3, 6, 12 and 24 m), on
the severity and spatial extent of some of the most intense drought periods identified in
this study or on the creation of a new index combining the indices used in this study. It is
then suggested to the scientific community to increase their focus on this matter.
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