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Droughts are important natural hazards that occur worldwide and can have severe and long-lasting impacts on
humans and ecosystems. These phenomena are usually quantified by means of the so-called drought indices,
which are indirect indicators based on climatic information. The Standardized Precipitation Index (SPI) is one of
the most widely used indexes and this study attempts to characterize the occurrence and spatial variability of this
index in the Iberian Peninsula (IP) over the 21st century. The SPI was calculated at two time scales (3 and 12
months), using simulations from the EURO-CORDEX project under two future scenarios (Representative Con-
centration Pathway (RCP) 4.5 and RCP 8.5) to analyze meteorological and hydrological droughts. Meteorological
droughts (SPI-3) are expected to be less frequent but more intense and durable in the eastern IP, intensifying
throughout the century and for the RCP 8.5 scenario. In the first decades of the 21st century, hydrological
droughts (SPI-12) are projected to be more common and severe in the northwestern region of the IP for the RCP
4.5, and less frequent but more lasting in the other regions of IP for the RCP 8.5. As the century passes, the
drought frequency and intensity experience a decrease in the RCP 4.5 scenario, and a slight increase in the RCP

8.5 scenario.

1. Introduction

Drought is one of the most complex and least understood weather
phenomena affecting millions of people worldwide with severe impacts
on nature and human life. Moreover, it tends to spread irregularly in
time and space, and its effects are cumulative and can remain even after
the event has ended (Tallaksen and Van Lanen, 2004; Wilhite, 2000;
Wilhite et al., 2007). Therefore, understanding the characteristics and
occurrences of droughts are major issues aiming to prevent and mitigate
the consequences of future occurrences.

Droughts are usually classified into four categories, which include:
meteorological, agricultural, hydrological and socio-economic (Mishra
and Singh, 2010; Wilhite, 2000; Wilhite and Glantz, 1985). A meteo-
rological drought can be defined as a lack of precipitation over a region
for a period of time. An agricultural drought generally refers to a period
of reduced soil moisture and consequent crop failure. A hydrological
drought can be caused by a deficiency of streamflow and water storage.
Finally, a socio-economic drought is associated with the inability of
water resources systems to meet water demands, which affects society's

productive and consumptive activities.

Over the years, there has been much discussion about which drought
indices should be used based on climate applications, drought causes
and effects, or the different levels of availability of information for each
region. Different variables are commonly involved in drought assess-
ments, such as precipitation, air temperature, or evaporation. Thus,
different indices have been developed to investigate droughts in detail,
some that use a single variable and others using several parameters.

The Standardized Precipitation Index (SPI), developed to define and
monitor droughts (McKee et al., 1993), considers rain as the only vari-
able to determine whether there is a deficit or excess of precipitation in a
particular region and period under normal conditions (Hayes et al.,
1999; Tadesse et al., 2004). It is one of the most widely-used indexes in
Europe to monitor all types of drought (Hayes et al., 2011; Spinoni et al.,
2015a), allowing to determine a rare drought or an anomalously wet
event at a particular time scale for any location that has a precipitation
record (Espinosa et al., 2019; Guttman, 1999; Lloyd-Hughes and Saun-
ders, 2002; Lorenzo et al., 2022; Tosic and Unkasevic, 2014). This index
has also been endorsed as the world standard for determining
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meteorological drought by the World Meteorological Organization
(WMO, 2012).

The main advantage of SPI is that it can be calculated for a variety of
time scales. This temporal flexibility allows SPI to monitor short-term
water supplies, such as meteorological and soil moisture conditions,
and long-term water resources, such as streamflow or reservoir levels.
Thus, for example, an index of 3 months can be considered for meteo-
rological drought and 12 months or more for hydrological analysis and
applications. The main criticism of the SPI is that its calculation is based
solely on precipitation data and consequently accounts for drought
events induced by a lack of rainfall. The SPI does not consider other
variables that may influence drought conditions as, for example, tem-
perature. Nevertheless, this index is still one of the most widely used
worldwide. In fact, this index has been used in several recent studies to
analyze the different types of drought in the Iberian Peninsula, consid-
ering both the whole territory (Torres-Vazquez et al, 2023) and
different regions individually (Gomez-Gomez et al., 2022; Ilarri et al.,
2022; Lorenzo et al., 2022; Moreno et al., 2022), proving to be a useful
tool.

Several recent studies have compared the ability of different drought
indices which take temperature into account with indices that do not use
this variable in their formulation, to identify impacts in different systems
in the Iberian Peninsula (Gaitan et al., 2020; Garcia-Valdecasas et al.,
2021b; Pascoa et al., 2021; Vicente-Serrano et al., 2022; Vogel et al.,
2021). The results of these studies are diverse, as the best drought index
for detecting impacts can vary depending on the system analyzed
showing spatial variations. Nevertheless, most of these studies found
consistent droughts in time series and spatial patterns among indices,
although more severe increases in drought events were detected using
temperature.

The Iberian Peninsula (IP), as part of the Mediterranean area, is
considered the European drought hotspot (Hoerling et al., 2012;
Limones et al., 2022; Spinoni et al., 2015a, 2015b; Vargas and Paneque,
2019). Previous studies have shown that the IP suffered several droughts
in the last decades, which have caused economic losses and threats to
human survival (Ciais et al., 2005; Coll et al., 2017; Gouveia et al., 2012;
Iglesias et al., 2009; Morales Gil et al., 2000; Naumann et al., 2015;
Olcina Cantos, 2001; Pascoa et al., 2017; Ribeiro et al., 2019; Vicente-
Serrano et al., 2014). These droughts can be considered regional in
extent due to each region has specific climatic characteristics since the
atmospheric conditions that result in deficiencies of precipitation are
climate regime dependent. Thus, differences in drought trends were
detected over the territory with a tendency for wet conditions over the
northwestern region, while droughts tended to increase in the southern
areas.

Future climate projections also suggest a decrease in precipitation
and an increase in the frequency of drought events in the IP (Guerreiro
et al., 2016, 2017; Heinrich and Gobiet, 2012; Santos et al., 2016; Spi-
noni et al., 2018, 2020; Stagge et al., 2015). These projections are
commonly developed using regional climate models (RCMs), which are
valuable tools to estimate the response of regional climates over the 21st
century. However, although there is a clear consensus on the increase in
future drought conditions, research conducted in this region regarding
drought trends, frequency, or severity has shown different behaviors and
patterns. Thus, several studies presented mixed results in terms of the
intensification of drought conditions, projecting more severe or weaker
drought in the same regions (Garcia-Valdecasas et al., 2021a, 2021b;
Guerreiro et al., 2017; Jenkins and Warren, 2014; Mir6 et al., 2021;
Moemken et al., 2022; Orlowsky and Seneviratne, 2013; Spinoni et al.,
2018, 2020; Stagge et al., 2015).

Possible causes for these differences could be the result of the period
analyzed or even the index considered in the study. Previous works have
investigated the role of record length on the indices used to identify
droughts, founding that results strongly depend on the period selected to
calibrate the index (Carbone et al.,, 2018; Garcia-Valdecasas et al.,
2021a; Um et al., 2017; Wu et al., 2005; Zhao and Dai, 2017). Ideally, a
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minimum of 20 to 30 years of monthly precipitation values are required
(Guttman, 1999; McKee et al., 1993). Using different indices to identify
droughts could also produce variable results due to the variables
involved in calculating the drought indices (Dubrovsky et al., 2009;
Loukas et al., 2008; Touma et al., 2015). Drought can be understood
from different perspectives since its effects can vary between sectors,
and the number of presently used indices in the literature reflects the
diverse requirements of users (Lloyd-Hughes and Saunders, 2002; Zar-
gar et al., 2011). Nevertheless, the different indices agreed to some
extent indicating that drought events reflected by the different indices
are often simultaneous and correlate well (Bouabdelli et al., 2022; Ojha
et al., 2021; Tefera et al., 2019). Some drought studies focus on one or
two characteristics, such as frequency or intensity (Orlowsky and Sen-
eviratne, 2013; Spinoni et al., 2018, 2020; Stagge et al., 2015). How-
ever, considering a wider range of drought characteristics could
contribute to a better assessment of drought trends (Garcia-Valdecasas
et al., 2021a, 2021b; Jenkins and Warren, 2014).

This study aims to characterize the occurrence and spatial variability
of the SPI in the IP over the 21st century. This index can be considered a
good indicator of drought and is one of the most widely used indices
worldwide because it applies to all climate regimes. Five characteristics
of drought shown by the SPI (frequency, duration, percentage of time in
drought, intensity, and spatial extent) have been analyzed in parallel. As
input data, RCM runs of EURO-CORDEX with a resolution of 0.11° have
been used to analyze the historical scenario (1971-2005) and future
simulations (2006-2075) of the RCP 4.5 and RCP 8.5 scenarios. The SPI
was applied at the 3- and 12-month time scales to assess seasonal and
annual drought patterns, evaluating meteorological and hydrological
droughts across the region, respectively.

2. Data and methods
2.1. RCM outcomes

Daily near-surface precipitation data from the EURO-CORDEX proj-
ect (http://www.euro-cordex.net/) were selected to compute the SPI
over the IP (Fig. 1). The EURO-CORDEX initiative offers the results of
model simulations over Europe considering global climate long-term
simulations (up to the year 2100) from the Coupled Model Intercom-
parison Project Phase 5 (CMIP5) (Jacob et al., 2014; Taylor et al., 2012).

Precipitation outputs were obtained from the fourth version of the
Rossby Centre Regional Atmospheric Climate Model (RCA4) driven by
five (CNRM-CM5, EC-EARTH-ICHEC, IPSL-CM5A-MR, HadGEM2-ES-
MOHC, and MPI-ESM-LR) global climate models (GCMs) over the
period 1971-2075 (Table 1). This selection was based on the fact that no
other RCM from the EURO-CORDEX project has downscaled any large
fraction of the CMIP5 GCMs at 0.11° resolution (around 12.5 Km). In
addition, precipitation simulations from this RCM have been previously
used in the area under study (Lorenzo and Alvarez, 2020). These authors
analyzed different precipitation indices over Spain using the same sim-
ulations as this study from the EURO-CORDEX project. They found that
the RCA4 model was able to properly represent the spatial distribution
of the precipitation over the territory for a control period (1971-2000).
They found an acceptable match between model results and observa-
tions, stating a clear confidence in using these RCMs to perform future
climate simulations over the IP.

These precipitation results were evaluated considering a multi-
model ensemble with the same model weight (Garcia-Valdecasas
etal., 2021a; Moemken et al., 2022). We analyzed the models' historical
period (1971-2005) and the future simulations for 2006-2075 under the
emission scenarios RCP 4.5 and RCP 8.5. The future period was divided
into two periods of 35 years (2006-2040 and 2041-2075) for compar-
ison with the historical one. Climate projections for RCP 4.5 and RCP 8.5
scenarios are based on greenhouse gas emission scenarios corresponding
to the stabilization of radiative forcing after the 21st century at 4.5 W/
m? (RCP4.5) and 8.5 W/m? (RCP8.5) (Moss et al., 2010).


http://www.euro-cordex.net/
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Fig. 1. Map of the study area.

Table 1
Models used in this study.

GCM RCM

CNRM-CM5

EC-EARTH ICHEC

IPSL-CM5A-MR RCA4
HadGEM2-ES-MOHC

MPI-ESM-LR

2.2. Standardized Precipitation Index (SPI)

The SPI was used to characterize drought (McKee et al., 1993). This
index evaluates drought conditions based only on precipitation and has
proven to be effective for analyzing wet and dry periods (Espinosa et al.,
2019; Guttman,1999; Lloyd-Hughes and Saunders, 2002; Lorenzo et al.,
2022; Tosic and Unkasevic, 2014). The SPI method stands out for its
speed, great approximation in drought analysis, simplicity, and minimal
data requirement (Guttman, 1999; Ji and Peters, 2003; Keyantash and
Dracup, 2002).

Two different time scales of 3- (SPI-3) and 12- months (SPI-12) were
analyzed to detect drought episodes at relatively short timescale and
long-term patterns for the study of episodes related to meteorological
and hydrological droughts respectively (Mishra and Singh, 2010; Spi-
noni et al., 2015a). The SPI for the recent past (1971-2005) and future
periods (2006-2040 and 2041-2075) was estimated separately (Garcia-
Valdecasas et al., 2021a). The period 1971-2005 was used as a reference
period, and future scenarios were compared to this historical period.

A drought event was defined as the sum of consecutive months in
which the SPI falls below a certain threshold for at least two consecutive

months. In this study, a drought event starts when the SPI is equal to or
below —1.0 and ends with the first positive SPI. After calculating the SPI
and defining a drought event, drought metrics were analyzed using five
characteristics: frequency, duration, percent time, intensity, and spatial
extent. Drought frequency was calculated as the number of events in a
given period. The duration reflects the average length (in months) of
drought events in this period, and the percent time in drought was
defined as the fraction of the time in drought over the same period.
Intensity corresponds to the cumulative SPI from all events. Thus, the
more negative the value, the more intense the drought. Finally, the
spatial extent was calculated by the percentage of grid points under
drought related to the total number of grid points covering the whole IP.

The Mann-Kendall test (Kendall, 1975; Mann, 1945) is a non-
parametric statistical method frequently used to quantify the signifi-
cance of trends in a data series. It is widely used in hydrological and
meteorological variables and is recommended by the WMO to analyze
environmental datasets (Irannezhad et al., 2016; Nashwan and Shahid,
2019). In addition, this test was previously applied to analyze future SPI
projections in different areas (Chim et al., 2021; Li et al., 2022; Zarch
etal., 2015). Thus, this test was applied to identify trends in the increase
and decrease of drought conditions at the two different time scales
(2006-2040 and 2041-2075).

3. Results
3.1. SPI drought metrics for the recent past
Drought indicators in terms of frequency, duration, percent time, and

intensity for the historical period (1971-2005) are presented in Fig. 2.
White color in the scale represents the average value of each indicator
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Fig. 2. Spatial distribution of SPI drought frequency (events), duration (months), percent time in drought (%), and intensity (no unit) across the study area computed
at the 3-month and 12-month time scales for the historical period (1971-2005). The white color represents the average value of each indicator, and the red (blue)
color represents the areas that are higher (lower) than the mean values. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)



M.N. Lorenzo et al.

calculated for this period over the whole peninsula. Thus, red color is
shown on the areas exceeding these mean values, indicating worse
drought conditions in relation to these values.

Drought frequency showed a scattered spatial pattern for the SPI-3
and SPI-12, with fewer events in the last. At the 3-month time scale,
drought events were found with a higher frequency all over the IP,
showing an average value (white color) of around 25 events. The
maximum occurrence (close to 30 events) was observed over the
southeastern and northeastern areas (Fig. 2(a)). For events computed at
the 12-month time scale (Fig. 2(b)), simulations revealed fewer events
across the IP with an average value between 8 and 9 events. These events
were longer than at the 3-month time scale. Thus, SPI-3 presented events
with a duration ranging from 4 to 6 months, with the longest events (6
months) over the northern plateau and in different regions along the
northern part of the IP (Fig. 2(c)), while SPI-12 showed events of longer
duration, ranging from 10 to 20 months, with the highest values (20
months) in the southernmost tip of the peninsula (Fig. 2(d)).

The percentage of time spent in drought presented a similar average
value for both time scales, around 28% (Fig. 2(e, f)). At the 3-month time
scale (Fig. 2(e)), the northern and southern plateaus showed drought
conditions for longer than the average value over the historical period.
On the other hand, the 12-month time scale (Fig. 2(f)) showed more
clear drought conditions. The whole southern area of the peninsula was
affected by drought conditions for >30% of the time.

Regarding intensity, the spatial patterns for both time scales were
similar to the ones corresponding to the percent time, showing the
maximum intensities over the areas with a higher percentage of time
spent in drought. Note that for this indicator, the red color corresponds
to more negative values indicating higher intensity levels than the
average situation. At SPI-3 (Fig. 2(g)), the events were more moderate
than at SPI-12 (Fig. 2(h)), with a maximum intensity of —130 along the
northern and southern plateau and some areas over the northern coast.
At the 12-month time scale, the maximum values were observed over the
southern region, reaching intensity levels more negative than —130.

3.2. SPI drought metrics for the future

3.2.1. Trends

The increasing or decreasing trends in the SPI and drought indicators
were analyzed for future scenarios (RCP 4.5 and RCP 8.5) to assess
drought distribution over the IP. Trends were analyzed over the period
for which the models provide future predictions considering two future
periods of 35 years each, 2006-2040 and 2041-2075.

For the first decades of the century, the trends for SPI-3 and drought
metrics are presented as positive (red color) and negative (blue color) in
Fig. 3. In general, a significant decreasing trend in the SPI-3 was
observed throughout the IP for both scenarios (Fig. 3(a, b)), indicating
an increase in drying conditions over the period. The drought frequency,
duration, and percent time trends were positive for both scenarios (Fig. 3
(c-h)), although the RCP 4.5 presented a smaller number of grid points
with significant positive trends. These significant trends were located
mostly over the southern and northern IP. On the other hand, positive
trends projected by the RCP 8.5 scenario were more homogeneous
across the territory. The trends in the intensity were negative for both
scenarios (Fig. 3(i, j)), covering almost the whole peninsula for the RCP
8.5 scenario and showing that drought could be aggravated. Note that,
according to the definition of this indicator, the more negative the value,
the more intense the drought.

Regarding SPI-12, Fig. 4 shows the trends for the first decades of the
century for both scenarios. Significant trends were also observed at this
time scale, with a spatial occurrence of positive/negative trends similar
to the one observed for SPI-3 at each indicator. The area of significant
trends also increased for the RCP 8.5 scenario for all indicators.

Trends over the period 2041-2075 for SPI-3 and SPI-12 are depicted
in Figs. 5 and 6, respectively. Both time scales presented a slightly
different spatial pattern compared to the 2006-2040 maps. Trends for
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SPI-3 under the RCP 4.5 scenario (Fig. 5 (a)) showed significant positive
values spread in the northern area, mainly concentrated in the north-
eastern region. Significant negative values were also detected in a small
southern region. For the RCP 8.5 scenario (Fig. 5 (b)), large areas of
negative trends were present across the territory, indicating increased
drying conditions. The spatial pattern corresponding to frequency,
duration, and percent time showed scarce significant positive trends
dispersed across the peninsula for both scenarios (Fig. 5(c-h)). The
trends obtained for intensity also presented a similar spatial occurrence
to previous indicators, although in this case, with a negative sign (Fig. 5
G ).

The spatial patterns obtained for SPI-12 (Fig. 6) were in good
accordance with the corresponding spatial patterns for the SPI-3 (Fig. 5),
although more significant points were found all over the territory for
both scenarios. Trends of SPI-12 for the RCP 4.5 scenario (Fig. 6(a))
presented significant negative values in the southern area and positive
ones located in the northwestern and northeastern regions, pointing to
wetting conditions over the north. The RCP 8.5 scenario (Fig. 6(b))
presented more significant points, mostly negative all over the penin-
sula, except in a small part of the northeastern region. Trends obtained
for frequency, duration, and percent time were positive (Fig. 6(c-h)).
These significant trends were located mainly over the southern IP,
although some areas of positive trends were also found in smaller re-
gions scattered across the territory. As previously mentioned, the area
with significant trends is larger for the RCP 8.5 scenario, with positive
values mainly concentrated over the southeastern region. On the other
hand, the spatial pattern of intensity trends (Fig. 6(i, j) also followed the
other indicators, although the sign of the trends was negative here. The
generalized trends in the SPI at the meteorological and hydrological
scales indicated a clear intensification of drought conditions in a large
part of the IP during 2006-2040, more pronounced in the RCP 8.5.
Trends for 2041-2075 presented a different behavior showing a signif-
icant increase in drought conditions, mainly in the southeastern area.

3.2.2. Future changes

To better identify future changes in drought conditions over the 21st
century, changes relative to a baseline were analyzed, considering
1971-2005 as the reference period and two future periods of 35 years
each, 2006-2040 and 2041-2075. Changes in drought metrics at the
SPI-3 for the first decades of the century are shown in Fig. 7. The models'
simulations projected increases and decreases (between —20% to 20%)
in the number of events throughout the territory for the two RCP sce-
narios (Fig. 7(a, b)). For RCP 4.5, the higher frequency was observed
mainly at the western IP and some scattered regions over the northern
area. A reduction in events was detected over larger areas, with
maximum decreases in the southeastern region. The RCP 8.5 scenario
also showed a similar pattern with maximum values over the northern
plateau. A widespread reduction in the frequency was observed over
several areas.

Changes in the duration showed increases and decreases for both
scenarios between —25% and 25% (Fig. 7(c, d)). Events lasted longer
over the southern and eastern IP, whereas shorter events were predicted
in northwestern regions. These spatial changes in frequency and dura-
tion suggest that a smaller number of longer drought episodes could
occur over the eastern part of the IP, while drought in the western area
would be more frequent but shorter. In addition, results for the RCP8.5
scenario indicate that the duration of meteorological droughts will in-
crease over almost the entire region.

In general, changes in the percentage of time spent in drought ranged
from —10% to 10% (Fig. 7(e, f)). For the RCP 4.5 scenario, negative
changes were observed mainly over the northwestern area, meaning a
lower percentage of time in drought conditions. On the other hand,
although the RCP 8.5 showed scattered negative changes over most of
the region, it revealed positive changes of >10% in the southwestern
area. This spatial pattern was similar to the one corresponding to the
intensity maps (Fig. 7(g, h)) for both scenarios. Thus, drought in the RCP
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Fig. 3. Significant trends in SPI-3 (a, b), frequency (c, d), duration (e, f), percent time (g, h), and intensity (i, j) in the period 2006-2040 under RCP4.5 and RCP8.5.
Positive (negative) trends are shown in red (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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RCP 4.5 (2006-2040) RCP 8.5 (2006-2040)

SPI 12
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Fig. 4. Significant trends in SPI-12 (a, b), frequency (c, d), duration (e, f), percent time (g, h), and intensity (i, j) in the period 2006-2040 under RCP4.5 and RCP8.5.
Positive (negative) trends are shown in red (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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RCP 4.5 (2041-2075) RCP 8.5 (2041-2075)
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Fig. 5. Significant trends in SPI-3 (a, b), frequency (c, d), duration (e, f), percent time (g, h), and intensity (i, j) in the period 2041-2075 under RCP4.5 and RCP8.5.
Positive (negative) trends are shown in red (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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RCP 4.5 (2041-2075) RCP 8.5 (2041-2075)
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Fig. 6. Significant trends in SPI-12 (a, b), frequency (c, d), duration (e, f), percent time (g, h), and intensity (i, j) in the period 2041-2075 under RCP4.5 and RCP8.5.
Positive (negative) trends are shown in red (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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4.5 scenario will intensify mainly in the southwestern and northeastern
regions, with increases that may exceed 10%. For the RCP 8.5 scenario,
this intensification appears to be concentrated in the southwestern part
of the IP.

Fig. 8 shows the changes in drought metrics for the century's first
decades at SPI-12, which correspond to hydrological drought. The RCP
4.5 scenario showed more frequent drought events in a large part of the
IP with maximum increases of about 25% (Fig. 8(a)). On the contrary,
RCP 8.5 scenario presented a generalized decline in frequency, except
over some northwestern regions, with an increase in the number of
events of 20-25% (Fig. 8(b)).

Changes in the duration were more marked than for the SPI-3
(meteorological drought) in a range of —30% to 30% (Fig. 8(c, d)).
For the RCP 8.5 scenario, longer events than in the recent past will be
observed in most IP, whereas the RCP 4.5 scenario indicated scattered
decreases all over the IP. The analysis of the SPI-12 also revealed an
opposite pattern for frequency and duration. Thus, the regions where a
decrease in duration was observed agreed with those presenting more
frequent drought events. As for SPI-3 (Fig. 7), these maps showed that
more drought events with shorter duration could occur over different
regions.

Changes in the percentage of time spent in drought presented a
similar pattern for both scenarios (Fig. 8(e, f)). These changes were also
more pronounced than for SPI-3, ranging from —20% to 20%. A large
area over the northern part of the IP will be affected by drought con-
ditions, while, on average, the southern area will present the opposite.
The intensity maps (Fig. 8(g, h)) also presented similar spatial distri-
butions for both scenarios, with more marked changes in the SPI-12 than
in SPI-3. This spatial pattern was also very similar to the percent time
maps, and the results showed that drought will be aggravated mainly
over the northern area of the territory.

Overall, these results for the first decades of the 21st century
revealed increases and decreases in the frequency of droughts at sea-
sonal and annual scales for both scenarios (Figs. 7 and 8). In addition,
the projected changes in frequency and duration suggested that shorter
events will occur more frequently while longer events will be less
numerous. Drought's characteristics also showed that the meteorological
drought will intensify in the southwestern and northeastern regions and
that more severe hydrological droughts will occur mainly in the north-
ern area.

Regarding differences between RCP scenarios, similar patterns were
obtained at the 3-month time scale with more frequent but shorter
events in the western parts of the IP during the first decades of the
century (Fig. 7(a-d)). Nevertheless, at the 12-month time scale, both
scenarios showed an entirely different pattern with a sharp decline in
frequency for the RCP 8.5 scenario (Fig. 8(a, b)). Thus, the number of
droughts for this scenario could be much lower than the RCP 4.5 sce-
nario, although these events may show an increase in duration (Fig. 8(c,
d)). Changes for 2041-2075 at the 3-month time scale are presented in
Fig. 9. Frequency maps (Fig. 9(a, b)) showed a similar pattern compared
to 2006-2040 maps (Fig. 7(a, b)). A northwest-southeast gradient for
both scenarios is obtained with the projected increases and decreases in
the drought frequency. An increase in drought events was observed in
the northwest, and a decline was detected in the southeast. The
maximum values were found over the northern plateau, while the
minimum ones were obtained over the southern plateau. The RCP 8.5
scenario revealed more pronounced changes than the RCP 4.5.

The duration maps (Fig. 9(c, d)) also showed a similar spatial pattern
compared with the 2006-2040 period, with increases and decreases for
both scenarios between —25% to 25%. These results revealed an in-
crease in the duration over the southern and eastern regions, indicating
marked increases over the southern plateau and the northeastern area
for both scenarios. As for 2006-2040, the spatial distribution of the
duration followed a pattern opposite to that of the frequency, indicating
that shorter events could occur more frequently.

The percentage of time spent in drought increased and decreased all
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over the IP (Fig. 9(e, f)). The maps were similar, with changes between
—10% and 10%. Both scenarios presented positive changes over most IP,
but the RCP 8.5 map showed more marked changes. In terms of in-
tensity, a pronounced increase throughout the IP was predicted, indi-
cating that drought will be more severe (Fig. 9(g, h)). Overall, the results
indicated that drought events at the 3-month time scale throughout the
century (Fig. 7 and Fig. 9) are less frequent but longer-lasting over the
eastern area.

Drought events at the 12-month time scale for the period 2041-2075
are shown in Fig. 10. Changes in frequency (Fig. 10(a, b)) presented a
generalized decline for the RCP 4.5 scenario over the IP, except for the
northern plateau where an increase in drought events was detected. This
pattern contrasts with the one observed in Fig. 8(a), where SPI-12
showed a general increase in drought events over a large part of the
IP. In addition, RCP 8.5 showed an increase in drought events in the
northwestern area.

In terms of duration, decreases and increases ranging from —30% to
30% were found over the region (Fig. 10(c, d)). As in the previous cases
(Figs. 7, 8, and 9), the duration maps showed an opposite pattern
compared with the frequency maps, indicating that the frequency de-
creases when the duration increases. The RCP 4.5 scenario showed in-
creases in many parts of the IP, with the highest values concentrated
mainly along the Mediterranean and Atlantic coasts. This pattern also
contrasts with the 2006-2040 map (Fig. 8(c)), with widespread de-
creases in the mean duration in almost the entire IP. On the other hand,
the RCP 8.5 scenario projected longer events over the eastern areas
following a similar pattern to the one observed in Fig. 8(d), although
with less pronounced changes.

Changes in the percentage of time spent in drought presented a
similar pattern to 2006-2040 (Fig. 8(e, f)), with the northern region
under drought for a longer time (Fig. 10(e, f)). Yet, central and southern
areas presented negative changes more prominent in the RCP 4.5 sce-
nario. This result contrasts with the SPI-3 for 2041-2075 (Fig. 9), where
the percentage of time spent in drought showed a generalized increase in
most of the territory for both scenarios. Considerable increases in in-
tensity were also found over the northern areas as occurred for the first
decades of the century (Fig. 8(g, h)), indicating that drought will be
aggravated in these regions (Fig. 10(g, h)).

In summary, droughts' conditions at the 12-month time scale pre-
sented a slightly different behavior along the century (Fig. 8 and
Fig. 10), particularly for the RCP 4.5 scenario. Thus, under the moderate
emission scenario RCP 4.5, less frequent events with an increase in
duration over large parts of the IP were projected towards the end of the
century. Moreover, the RCP 8.5 scenario presented a frequency increase
over the century in agreement with the SPI-3 result (Fig. 7 and Fig. 9).
The average annual spatial extent of drought was also analyzed over the
territory to better estimate spatial and temporal changes in projection
(Fig. 11). Drought extent from the SPI-3 during the first decades of the
century (Fig. 11(a)) showed a positive increasing trend at the annual
scale with a value around 4.6% per decade and 6.6% per decade for the
RCP 4.5 and RCP 8.5 scenarios respectively. Drought covered a large
part of the territory exceeding 50% of the extent for all years. For the
period 2041-2075 (Fig. 11(b)) the increase in the average extent
reached a similar value for both scenarios (2.3% per decade), lower than
the observed for the first decades of the century. In addition, the SPI-3
indicated an area under drought higher than 60% for the whole
period. The spatial distribution of drought from the SPI-12 also showed a
positive trend for both scenarios all over the century. For the first de-
cades of the century (Fig. 11(c)) the increase in the average extent
reached 7.0% per decade and 8.2% per decade for the RCP 4.5 and RCP
8.5 scenarios respectively. Drought extensions showed an important
increase during these years with values rising from 10% to almost 70%
of the spatial extent. For the period 2041-2075 (Fig. 11(d)) trend values
are lower but positive, reaching a value around 3.5% per decade for both
scenarios. Changes in spatial extent followed a similar pattern to the first
decades.
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Fig. 8. Projected changes (in percent) relative to the reference period (1971-2005) of SPI-12 drought frequency (a, b), duration (c, d), percent time (e, f), and

intensity (g, h) in the period (2006-2040) under RCP4.5 and RCP8.5.
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Fig. 9. Projected changes (in percent) relative to the reference period (1971-

(g, h) in the period (2041-2075) under RCP4.5 and RCP8.5.
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Fig. 10. Projected changes (in percent) relative to the reference period (1971-2005) of SPI-12 drought frequency (a, b), duration (c,

intensity (g, h) in the period (2041-2075) under RCP4.5 and RCP8.5.

14



M.N. Lorenzo et al.

100 T T T T T T

40 -

20 y

a) |

2015 2020 2025 2030

SPI 12

100 T T T

2010 2035 2040

90 g

%

0 ¢ |

0 I I

1 ! I

2025 2030 2035

2010 2015 2020 2040

%

%

Atmospheric Research 297 (2024) 107132

SPI 3

100

80 - 3

70

50 .

40 .

20 h

b)

10 h

1 1

2045 2050

1 L

2065 2070

2055 2060

SPI 12

100 T T T T T T

2075

90 - 1

70 - 1

d)

1

2045

1

2065

2050 2055 2060 2070 2075

Fig. 11. Mean drought extent distribution per year on the Iberian Peninsula for SPI-3 (a, b) and SPI-12 (c, d) in the period (2006-2040) and (2041-2075) under
RCP4.5 and RCP8.5. Green/Brown lines correspond to the RCP 4.5/RCP 8.5 scenario. The wide solid line represents the average of the five models, and the shaded
region represents the dispersion through the standard error of the average. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

4. Discussion
4.1. Historical droughts

Model outcomes (Fig. 2) suggest frequent droughts over the entire IP
territory in recent decades. These results follow several studies showing
recurrent droughts at the IP using different model simulations and
drought indices (Garcia-Valdecasas et al., 2021a, 2021b; Guerreiro
et al., 2017; Russo et al., 2017; Spinoni et al., 2018). Most of these
studies analyzed multi-model ensembles calculated using global climate
models outcomes from the CMIP5 or high-resolution simulations from
RCMs provided by the EURO-CORDEX project. In general, recurrent
droughts over the IP were found in the recent past showing fewer and
longer events on larger time scales. Nevertheless, some discrepancies
among drought events characteristics were observed in the different
studies. Thus, simulations can indicate longer or shorter events over the
same region. Some of these discrepancies could result from the different
periods analyzed to calculate the drought indices, which could influence
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drought characteristics (Um et al., 2017; Wu et al., 2005).

The pattern observed in Fig. 2 is also concordant with several studies
focused on data measured in different meteorological stations and
gridded datasets. These studies showed increasing drought conditions in
most of the territory, although a high spatial variability in the duration,
intensity, and frequency of droughts was observed (Coll et al., 2017;
Dominguez-Castro et al., 2019; Gallego et al., 2011; Moemken and
Pinto, 2022; Pascoa et al., 2017, 2021; Vicente-Serrano, 2006a, 2006b).
In general, an increase in the mean duration and magnitude of the
drought was observed in the southern regions of the IP, while a wetting
trend was identified in the northwestern region (Coll et al., 2017; Gar-
cia-Barron et al., 2011; Lorenzo et al., 2022; Sousa et al., 2011; Vicente-
Serrano et al., 2004, 2011). The number of drought events in recent
decades also showed variable results, as it may rely on the dataset se-
lection, i.e., larger datasets may have a higher number of events. This
high variability reveals the importance of drought analysis at a local
level, showing that RCMs are useful tools to provide future drought
scenarios.



M.N. Lorenzo et al.
4.2. Projections for drought events

The generalized trends in the SPI at the meteorological and hydro-
logical scales indicated a clear intensification of drought conditions in a
large part of the IP during 2006-2040 (Fig. 3 and Fig. 4), more pro-
nounced in the RCP 8.5. These results follow the pattern described by
different works on the IP for the last decades of the 20th century. Several
studies agreed on an increase in drought frequency and intensity,
showing a significant tendency towards more arid conditions in most of
the territory over the past century (Coll et al., 2017; Pascoa et al., 2017,
2021; Spinoni et al., 2017). Trends for 2041-2075 (Fig. 5 and Fig. 6)
presented a different behavior showing a significant increase in drought
conditions, mainly in the southeastern area. This contrast with previous
studies indicating more frequent and severe droughts all over southern
Europe as the century passes (Moemken et al., 2022; Santos et al., 2016;
Spinoni et al., 2018, 2020; Stagge et al., 2015). Changes in drought
characteristics for the first decades of the 21st century (Figs. 7 and
Fig. 8) indicated that shorter events will occur more frequently while
longer events will be less numerous. In addition, meteorological drought
will intensify in the southwestern and northeastern regions and more
severe hydrological droughts will occur mainly in the northern area.

These results contrast with previous works which investigated future
drought occurrence in Europe, finding a general increase in the fre-
quency of droughts over southern Europe and the IP for the first half of
the century (Guerreiro et al., 2017; Jenkins and Warren, 2014;
Moemken et al., 2022; Orlowsky and Seneviratne, 2013; Stagge et al.,
2015). Some of these studies also showed an increase in the duration and
intensity of droughts for large parts of the IP, indicating that droughts
will become more severe and longer-lasting over most of the territory.
However, it should be noted that these studies have relied on different
datasets and indices to identify drought events, which could lead to
contrasting results on drought characteristics (Dubrovsky et al., 2009;
Loukas et al., 2008; Touma et al., 2015). Furthermore, results also
depend on the period selected to calculate the drought indices, which
could explain some discrepancies (Dubrovsky et al., 2009; Um et al.,
2017; Wu et al., 2005; Zhao and Dai, 2017). In fact, most of these studies
are focused on periods from 2020 onwards, which makes it difficult to
compare with our results.

Analyzing differences between RCP scenarios, similar patterns were
obtained at the 3-month time scale with more frequent but shorter
events in the western IP (Fig. 7(a-d)). At the 12-month time scale, both
scenarios showed a decline in frequency for the RCP 8.5 scenario (Fig. 8
(a, b)), although these events may show an increase in duration (Fig. 8(c,
).

These results partially coincide with those reported by Garcia-Val-
decasas et al. (2021b). The authors found longer droughts, but less
frequent, for 2021-2050 over most of the IP territory at the 12-month
time scale under the RCP 8.5 scenario. On the contrary, several
studies in Europe showed significant increases in drought frequency for
the Mediterranean area under the extreme emission scenario RCP 8.5 at
the beginning of the century (Guerreiro et al., 2017; Jenkins and War-
ren, 2014; Moemken et al., 2022; Orlowsky and Seneviratne, 2013;
Stagge et al., 2015). These studies found that emissions will affect
droughts, with the highest emission scenario having the greatest impact
on drought conditions. Thus, drought severity, frequency, and duration
were projected to increase over the Iberian Peninsula under the RCP 8.5
scenario, intensifying by the end of the century.

Considering the results over the whole 21st century, drought events
at the 3-month time scale throughout the century (Fig. 7 and Fig. 9) are
less frequent but longer-lasting over the eastern area. In addition, these
changing patterns were more evident in the last decades, following
previous studies investigating changes in drought conditions in Europe
under future climate conditions (Moemken et al., 2022; Spinoni et al.,
2018, 2020; Stagge et al., 2015). These works showed agreement on the
intensification of changes in southern Europe towards the end of the 21st
century. Nevertheless, as previously mentioned, most of these studies
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indicated more frequent and severe events as the century passes, with
the high-emissions scenario agreeing with the stronger changes.

To summarize, droughts' conditions at the 12-month time scale
(Fig. 8 and Fig. 10), presented less frequent events with an increase in
duration over large parts of the IP. Whereas, the RCP 8.5 scenario pre-
sented a frequency increase over the century in agreement with the SPI-
3 result (Fig. 7 and Fig. 9). However, changes were found to be more
moderate in terms of duration, with substantial decreases compared to
the first decades. As previously mentioned, these results contrast with
past studies predicting a general increase in the number and duration of
drought events for the Mediterranean region under both emission sce-
narios. The most extreme emission scenario, RCP 8.5, produced more
severe drought responses with an increase in drought severity
throughout the century (Guerreiro et al., 2017; Naumann et al., 2018;
Spinoni et al., 2018, 2020; Stagge et al., 2015).

It is important to keep in mind that these results were obtained using
the SPI, which is solely based on precipitation. It is well-known that
drought events can be influenced by several factors such as precipita-
tion, temperature, seasonality and even terrain characteristics leading to
a complex characterization and prediction of these phenomena. Most of
the published studies indicated that precipitation has a major role in
explaining the occurrence of droughts. Even recently, new indices
considering precipitation as input have been introduced to analyze past
and future droughts over the Iberian Peninsula (Moemken and Pinto,
2022; Moemken and Pinto, 2022). On the other hand, several works
suggested that the warming trend in temperature is an important factor
that can aggravate drought conditions. In fact, some recent studies in the
Iberian Peninsula (Gaitan et al., 2020; Garcia-Valdecasas et al., 2021b;
Pascoa et al., 2021; Vicente-Serrano et al., 2022; Vogel et al., 2021)
indicated that the influence of temperature is not negligible and that
increasing temperatures can reinforce the severity of drought events.

It should be noted that the use of drought indices which include
temperature data could produce different results to the ones presented in
this work. Nevertheless, several studies analyzing the performance of
different indices which take or don't take into account temperature,
found that, in most cases, drought events reflected by the different
indices are often simultaneous and correlate well (Bouabdelli et al.,
2022; Ojha et al., 2021; Tefera et al., 2019). The main differences were
found in their severity.

All indices have certain limitations. The applicability of the SPI in
dry seasons can be questioned because during these seasons, periods
without rainfall are the norm and can make drought analysis more
difficult. On the other hand, indices which consider temperature data in
their formulation are highly correlated with this variable, and could
therefore be considered, to a certain degree, as indicators of compound
events.

Drought can be understood from different perspectives since its ef-
fects can vary between sectors, and the number of presently used indices
in the literature reflects the diverse requirements of users. Due to the
complex nature of drought events, the use of multi-variate indicators
helps to study these extreme phenomena (Spinoni et al., 2018). Orog-
raphy, season, land use and many other factors can affect the suitability
of the most appropriate index for the study of a particular area. Thus, the
analysis of a simple index as the SPI could be completed with the study
of, for example, the concurrence of other extreme phenomena such as
heat waves or heat stress, depending on the different systems to be
analyzed.

Understanding the spatial and temporal characteristics of future
droughts is crucial for mitigating ecosystems impacts and reducing risks.
Thus, although far from the aim of this paper, further research should
focus on exploring the links between drought trends and climate
anomalies. The increase in droughts could be related to anomalies in
anti-cyclonic circulation, moisture transport, or atmospheric blocking in
mid-latitudes. In fact, over the last decade, there has been a growing
interest among the scientific community in studying links between at-
mospheric processes and surface climate. Some studies have
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investigated the frequency of the different circulation types using future
projections over Europe, founding a general increase in the anticyclonic
types (Breton et al., 2022; Lorenzo et al., 2011; Schaller et al., 2018;
Ullmann et al., 2014). These results indicate that dryer conditions could
be expected in southwest Europe in the future. This behavior is in
agreement with the increase in the NAO positive conditions also ex-
pected towards the end of the 21st century, leading to lower precipita-
tion and higher risk of droughts over the Mediterranean region.
Consequently, the analysis of changes in atmospheric circulation could
help to understand the synoptic causes of droughts.

5. Conclusions

Previous studies have suggested that the Iberian Peninsula suffered
several droughts in the last decades and will encounter more severe and
intense droughts in the future. As a result, these future changes may
impact the society and the economy, making the identification and
quantification of future drought events an important task. This work
investigated projected changes in meteorological and hydrological
droughts in the IP through the SPI index using simulations from the
EURO-CORDEX project. Projections of SPI-3 and SPI-12 from 2006 to
2075 were explored under two concentration scenarios, RCP 4.5 and
RCP 8.5, trying to contribute to the knowledge of droughts in one of
Europe's drought hotspots.

In the future, RCPs scenarios forecast shorter drought events more
frequently and longer events less numerous. In the first decades of the
century, meteorological droughts might be less frequent but longer, and
the number of hydrological droughts for the RCP 8.5 could be lower than
for the RCP 4.5, showing an increase in duration. By the end of the
century, both RCPs projected less frequent events with an increase in the
duration over the east side of IP for meteorological droughts. Hydro-
logical droughts are expected to be less frequent and durable over large
parts of the IP for the RCP 4.5 scenario, while the RCP 8.5 scenario
presented a frequency increase.
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