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Abstract
Drought can be considered an atmospheric condition, which rapidly goes beyond to affect multiple fields of the environment 
and human activities. The persistence of these atmospheric conditions can affect the recharge of surface and groundwater bod-
ies due to a decrease in the volume of runoff and seepage, thus affecting human and environmental activities. In this context, 
the main aim of this work is to characterize the occurrence and variability of future droughts in Galicia over the twenty-first 
century. The methodology followed is based on the calculation and analysis of the Standardized Precipitation Index (SPI) 
in three-time scales (3, 6, and 12 months), using daily outputs of precipitation data from one RCM provided by the EURO-
CORDEX project for different periods (reference from 1971 to 2005, and future from 2025 to 2060 and 2061 to 2096) and 
scenarios (RCP 4.5 and RCP 8.5). Using SPI-3, SPI-6, and SPI-12 projections, drought trends and potential changes in their 
characteristics were explored under RCP 4.5 and RCP 8.5 scenarios. In both scenarios, throughout the twenty-first century, 
a decreasing trend in SPI indicates an intensification of drought conditions over Galicia. Moreover, at the beginning of the 
century, under RCP 4.5, drought events will increase and will be slightly more intense but less persistent, while under RCP 
8.5, the number of events will be almost the same, but shorter and less severe. Toward the end of the century, drought events 
are expected to be more numerous, less durable, and more intense under both scenarios.
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1  Introduction

Droughts may be one of the most devastating weather phe-
nomena affecting the economy, society, and the natural 
environment (Lesk et al. 2016; Stanke et al. 2013; Wilhite 
2000; Wilhite et al. 2007). They are rarely accurately fore-
casted and in most cases go unnoticed until the impacts have 
already occurred. To mitigate these impacts, it is necessary 
to know how a current drought compares with historical 
droughts in terms of, for example, intensity or duration. 

However, a comprehensive understanding of a region's 
drought conditions also requires an understanding of future 
droughts (Mishra and Singh 2010; Pokhrel et  al. 2021; 
Spinoni et al. 2020; Stagge et al. 2015; Sun et al. 2019).

Recent trends for southern Europe, with the Mediter-
ranean region as a hotspot, indicated a clear increase in 
drought frequency and intensity over the twentieth century 
(Briffa et al. 2009; Hoerling et al. 2012; Spinoni et al. 2015a, 
2015b, 2017; Vicente-Serrano et al. 2014). In particular, the 
Iberian Peninsula (IP) has also presented recurrent droughts 
with a trend toward dryer and warmer conditions over the 
last decades (Ciais et al. 2005; Coll et al. 2017; García-Her-
rera et al. 2007; Gouveia et al. 2012; Moemken and Pinto 
2022; Páscoa et al. 2017). Nevertheless, different spatial 
patterns were found regarding drought trends across the 
territory. Thus, some studies have detected a tendency for 
wet conditions over the northwestern region, while droughts 
tended to increase in the southern areas (Coll et al. 2017; 
Páscoa et al. 2017, 2021; Sousa et al. 2011; Vicente-Serrano 
et al. 2004, 2011).
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Overall, there was a consensus about the northwestern 
region, considered an exception to the predominant trend 
toward drier conditions detected for most of the IP in the 
twentieth century. In contrast to these results, a recent work 
carried out in the northwestern IP from 1960 to 2020 (Lor-
enzo et al. 2022) indicated a general increase in drought 
conditions over this region toward the end of the period ana-
lyzed. Results revealed more frequent droughts during the 
first two decades of the twenty-first century, highlighting 
the need to perform separate analyses at the regional scale 
for the IP.

Under future climate conditions, projections for the IP 
indicate a change in the precipitation regime through an 
increase in meteorological water scarcity and frequency of 
drought episodes (Dai 2013; Forzieri et al. 2016; Heinrich 
and Gobiet 2012; Moemken et al. 2022; Ojeda et al. 2021; 
Spinoni et al. 2018, 2020; Stagge et al. 2015). More severe 
drought conditions are also projected for most of the IP. 
Nevertheless, different spatial distributions were observed 
across the territory with a north–south gradient. The worse 
drought conditions were identified over the southeastern 
region, while the northwestern region presented milder 
droughts. These spatial differences underline once again the 
importance of conducting studies at the local level to clearly 
identify areas where drought is projected to become more 
frequent and severe.

In fact, Galicia, located on the northwestern IP, consti-
tutes an important region to study future droughts. Due to its 
location, Galicia is a transition area for oceanic air masses 
heading inland, hindering the study of climate change in the 

IP. This area, strongly influenced by Atlantic low-pressure 
systems, is the rainiest part of the IP (Rodriguez-Puebla 
et al. 1998; Trigo et al. 2004) and is characterized by high 
groundwater availability (Raposo et al. 2012, 2013). The 
Galician aquifers have low storage capacity and short resi-
dence time, and thus future droughts could cause a notable 
decrease in the availability of water resources (Feyen and 
Dankers 2009; Raposo et al. 2013).

In this framework, the main objective of this study is 
to characterize the occurrence and variability of future 
droughts in Galicia over the twenty-first century by the 
widely extensively used drought index, the SPI (Mckee et al. 
1993). The projections from RCM provided by the EURO-
CORDEX project with a resolution of 0.11º were used to 
characterize the reference period (1971–2005), and to repre-
sent the future changes in precipitation and drought for two 
different periods (2025–2060 and 2061–2096) and two rep-
resentative concentration pathways (RCP 4.5 and RCP 8.5).

2 � Data and methodology

2.1 � Study area

According to the Köppen-Geiger climate classification (Kot-
tek et al. 2006), most of the Galicia region (Fig. 1) has a 
warm temperate climate (Csb and Cfb according to Köppen 
notation).

The region is characterized by a high mean annual accu-
mulated precipitation of around 1300 mm/year, reaching 

Fig. 1   The elevation map of 
Galicia (meters above sea level) 
and the location of 18 meteoro-
logical stations (black dots)
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2500 mm/year in some points of the Galician mountains, 
with maximum seasonal rainfall in winter and minimum in 
summer (Gómez-Gesteira et al. 2011). This high precipita-
tion regime influences the existence of many small aquifers 
developed on fractured bedrock throughout the territory, 
which means high groundwater availability. These aquifers 
are highly dependent on rainfall recharge, and coming cli-
matic conditions are particularly relevant in determining 
the amount of recharge and the availability of groundwater 
resources in the future (Raposo et al. 2012, 2013).

2.2 � Model evaluation

To evaluate the numerical models' performance a compari-
son between observed and simulated precipitation was per-
formed. Monthly rainfall data from 18 rain gauges (Fig. 1) 
were analyzed from 1971 to 2005 (reference period). These 
rain gauges, distributed across the study area, are managed 
by the Regional and National Meteorological Agencies 
(METEOGALICIA and AEMET), which provide data with 
strict quality controls. The name, code, and exact location of 
the rain gauges are presented in Table 1. The monthly mean 
precipitation for each of the 5 EURO-CORDEX models used 
in this study was calculated in the meteorological stations 
coordinates for periods concurrent with the observations. 
Then, the centered root mean square (RMS) difference, 
the standard deviation (STD), and the correlation (COR) 
between the time series of observations and the results of 

each of the models were determined, in order to assess their 
performance.

2.3 � Model simulations

Daily outputs of precipitation data from one RCM (Regional 
Climate Model—RCA4) driven by five (CNRM-CM5 
(CNRM), EC-EARTH-ICHEC (ICHEC), IPSL-CM5A-MR 
(IPSL), HadGEM2-ES-MOHC (MOHC), and MPI-ESM-
LR (MPI)) global climate models (GCMs) from the EURO-
CORDEX project (http://​www.​euro-​cordex.​net/) were 
selected to assess future changes of drought in the study 
area (Fig. 1). The EURO-CORDEX initiative offers model 
simulations over Europe considering global climate simu-
lations from the Coupled Model Intercomparison Project 
Phase 5 (CMIP5) long experiments up to 2100 (Jacob et al. 
2014; Taylor et al. 2012). Simulations from the RCA4 model 
have been selected since no other RCM from the EURO-
CORDEX project has downscaled any large fraction of the 
CMIP5 GCMs at 0.11º resolution. In addition, precipitation 
simulations from this RCM have been previously used in 
the area under study (Lorenzo and Alvarez 2020). These 
projections contain two representative concentration path-
ways (RCPs), RCP 4.5 and RCP 8.5, based on greenhouse 
gas emission scenarios corresponding to the stabilization of 
radiative forcing after the twenty-first century at 4.5 W/m2 
(RCP4.5) and 8.5 W/m2 (RCP8.5) (Moss et al. 2010).

2.4 � SPI

The SPI (Mckee et al. 1993) is a widely used index to char-
acterize droughts of different time scales. In fact, the SPI 
has been recommended as the world standard for determin-
ing meteorological drought by the World Meteorological 
Organization (WMO). This index considers rainfall as the 
only variable to determine whether a region during a period 
presents a deficit or excess of precipitation compared to 
normal conditions (Espinosa et al. 2019; Hayes et al. 1999; 
Lloyd-Hughes and Saunders 2002; Tadesse et al. 2004; 
Tošić and Unkašević 2014). It is a simple index that can 
be used seasonally, is not affected by topography, and can 
be calculated for different time scales (Ji and Peters 2003; 
Keyantash and Dracup 2002; Komuscu 1999).

The SPI does not consider other variables that may influ-
ence drought conditions as, for example, temperature. An 
increase in temperature implies an increase in evapotranspi-
ration and, consequently, an unfavorable water balance, and 
more severe impacts upon natural systems or human activi-
ties. Nevertheless, on the one hand, the absence of qual-
ity temperature data at some of the meteorological stations 
considered has made it difficult to use another index. On the 
other hand, Galicia is characterized by a high level of rainfall 
over the year (Gómez-Gesteira et al. 2011), and precipitation 

Table 1   Identification, code, and coordinates of the stations repre-
sented in Fig. 1

Name Code Latitude (N) Longitude (W)

Allariz 1 42.18 7.80
Campo Becerros 2 42.07 7.33
Castrelo 3 43.06 9.04
Coruña 4 43.37 8.42
Fragavella 5 43.45 7.45
Lavacolla 6 42.89 8.42
Lugo Fingoi 7 43.00 7.55
Mabegondo 8 43.24 8.26
Marco Curra 9 43.34 7.89
Montaos 10 43.04 8.42
Ourense 11 42.33 7.86
O Xipro 12 43.18 7.05
Paramos Guillarei 13 42.06 8.61
Peinador 14 42.22 8.63
Ponte Lor 15 42.51 7.34
Rozas 16 43.11 7.46
Xinzo 17 42.10 7.72
Xunqueira 18 43.63 7.63

http://www.euro-cordex.net/
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can be considered the main driver in the temporal variability 
of droughts over this region (Lorenzo et al. 2022; Noguera 
et al. 2021). Thus, the use of the SPI is suited to identify 
droughts in this area.

In this work, three different time scales of 3- (SPI-3), 
6- (SPI-6), and 12- (SPI-12) months were calculated and 
analyzed to capture both short-term and long-term droughts 
throughout the study area. The SPI was calculated consider-
ing rainfall data from the observation dataset and the RCM 
outcomes for the period 1971–2005 to evaluate the model’s 
performance in reproducing drought characteristics. We used 
a gamma distribution to transform each of the historical pre-
cipitation time series. Then, the probability distribution was 
transformed to a standardized normal distribution to obtain 
the historical SPI resulting in negative values for dry con-
ditions and positive values for wet conditions. Two future 
periods (2025–2060 and 2061–2096) were also analyzed to 
characterize drought statistics during the twenty-first cen-
tury. The period 1971–2005 was used as a reference period, 
and future scenarios were compared to this historical period.

A drought event is identified when the SPI value is equal 
to or below -1.0 for at least two consecutive months. The 
event ends when the index recovers positive values. Then, 
we determine the duration and intensity of each drought 
event. The duration is the number of consecutive months in 
each drought event, and the intensity is the absolute cumula-
tive sum of the SPI values from each event. The frequency 
of drought events was also analyzed as the number of events 
in a given period.

Also, the Mann–Kendall test (Kendall 1975; Mann 
1945), a non-parametric test widely used to detect signifi-
cant trends in a given dataset, was applied to identify trends 
in the increase and decrease of SPI. This test is frequently 
used in hydrological and meteorological variables and is 

recommended by the WMO to analyze environmental data-
sets (Irannezhad et al. 2016; Nashwan and Shahid 2019).

3 � Results and discussion

3.1 � Model evaluation

3.1.1 � Historical precipitation

Monthly rainfall data from 1971 to 2005 measured in 18 rain 
gauges across Galicia (Fig. 1) were considered to validate 
the model’s predictions. The monthly mean precipitation 
for each simulation from EURO-CORDEX was calculated 
in the coordinates of the meteorological stations (Table 1) 
for the same period. Figure 2 shows the centered root mean 
square (RMS) difference, the standard deviation (STD), and 
the correlation (COR) among time series used to compare 
observations and model results. The RMS and STD are nor-
malized by the standard deviation of the observational data-
base, which is considered the reference field.

All the stations show similar RMS equal to or lower than 
1.5 from the five models, except stations 8 and 9. These sta-
tions, located in the northwestern region (Fig. 1), present 
higher RMS, especially for the IPSL model (yellow line). 
The same pattern can be observed for the STD, with the 
highest deviation also obtained for the IPSL. The most simi-
lar pattern among simulations and observations is found for 
the ICHEC (orange line) and MOHC (purple line) models 
showing lower RMS and STD. However, the STD between 
1 and 1.5 achieved for the five models in most stations indi-
cates that these models simulate the amplitude of the vari-
ations very similarly. The correlation coefficient presents 
low values (around 0.3) for all the simulations and stations, 

Fig. 2   Root mean square (RMS) difference, standard deviation (STD), and correlation (COR) of the monthly precipitation measured at each 
meteorological station compared with simulations from 1971 to 2005
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which is to be expected given the difficulty of the models 
in representing precipitation (Cardoso et al. 2013; Marta-
Almeida et al. 2016).

Given the agreement among the different GCMs, a mul-
timodel ensemble was considered, and the RMS, STD, and 
COR results are shown in Fig. 2 with a light blue line. The 
RMS and STD are lower for the multimodel ensemble com-
pared to each model individually. At the same time, the cor-
relation coefficient increases from 0.3 to over 0.4 for almost 
all stations indicating a better match between simulations 
and data.

To better examine the model’s capacity to reproduce the 
precipitation over Galicia, the annual climatological cycle 
of area-averaged precipitation (mm/month) was calculated 
considering the multimodel ensemble and the observational 
dataset (Fig. 3).

Comparing the annual precipitation cycle, the average 
monthly precipitation obtained from the model’s ensemble is 
consistent with observations from July to September. How-
ever, the simulated precipitation overestimates the obser-
vations from October to June, with the highest differences 
identified during the high precipitation months. This pattern 
was previously detected in different works using simulations 
from several RCMs over the IP during the last decades. 
Some authors found that the high precipitation, a charac-
teristic of winter in Galicia, corresponds to the season and 
region where the models worst represent the observations 
(Cardoso et al. 2013; Marta-Almeida et al. 2016).

A recent work by Lorenzo and Alvarez (2020) analyzed 
different precipitation indices over Spain using the same 
simulations as this study from the EURO-CORDEX pro-
ject. 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), although the 
simulations produced higher precipitation than observed. 
Despite the observed differences, these works found an 
acceptable match between model results and observations, 

stating a clear confidence in using these RCMs to perform 
future climate simulations over the IP.

3.1.2 � Historical droughts

The SPI was calculated at the 3-, 6- and 12-month time 
scales using observed and simulated precipitations from 
1971 to 2005 to analyze historic drought conditions. Then, 
drought events were identified, and drought characteristics 
(number of events, duration, and intensity) were calculated. 
Figure 4 shows the overall statistics of drought events in the 
historical period for SPI-3.

In general, the number of events identified using model 
simulations is lower than those detected by observations. 
The highest difference (6 events) is obtained in stations 5 
and 6, located in the northern and northwestern regions, 
respectively. Conversely, stations 3, 9, and 15 present the 
same number of observed and simulated events. Regard-
ing drought duration, model results show slightly larger 
values in most stations, with the highest and lowest differ-
ences found in stations 1 and 3, respectively. The maximum 
observed differences are approximately three months, while 
some stations show minor differences (around one month). 
For drought intensity, most stations show slightly stronger 
simulated values, although, in most cases, the differences 
between observations and model results are minimal.

The results for the 6 and 12 months time scales are pre-
sented in Figs. 5 and 6, respectively. The number of drought 
events identified by observations and model simulations 
tends to decrease as the time scale increases. For both time 
scales, a good consistency can be observed for the number 
of detected events, showing the lowest differences between 
simulations and observations at the 12 months scale, where 
11 of the 18 stations present differences of 1 single event. 
Regarding drought duration, at the 6 months time scale 
(Fig. 5), it is observed the same pattern as for SPI-3 (Fig. 4), 
with slightly longer periods for the model’s simulations at all 

Fig. 3   Climatological annual 
cycle of area-averaged precipi-
tation (mm/month) over Galicia 
from 1971 to 2005 as observa-
tions (red line) and simulations 
(blue line). Shading denotes the 
data range
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stations (except station 9). Nevertheless, for SPI-12 (Fig. 6), 
several stations show longer observed duration. The high-
est differences (7 months) are obtained in stations 12 and 
15 for SPI-6 and SPI-12, respectively. Even so, most sta-
tions show differences of less than 4 months. For drought 
intensity, SPI-6 follows the pattern of SPI-3, where a higher 
intensity estimated from the simulations is present at most 
stations. The drought intensities obtained for SPI-12 (Fig. 6) 
show very close values between simulations and observa-
tions, except for station 12.

From the above analysis, slight differences between the 
observed and simulated drought characteristics are apparent. 

These results indicate that despite the observed differences in 
the analysis of precipitation between models and observations, 
the models perform well in capturing drought events during 
the historical period, which supports the assessment of future 
drought in the study area with the considered models.

3.2 � Projections for drought events

3.2.1 � Trends

To identify possible significant trends in the future drought 
evolution, the increasing and decreasing trends of the SPI 

Fig. 4   Droughts characteristics 
(nº of events, duration, and 
intensity) for the historical 
period considering SPI-3

Fig. 5   Droughts characteristics 
(nº of events, duration, and 
intensity) for the historical 
period considering SPI-6
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were analyzed in the 18 stations (Fig. 1) considering the 
multimodel ensemble projections. Figure  7 shows the 
observed trends per decade at each station for both RCP 
scenarios over the period 2025–2096.

Under the RCP 4.5 scenario, a significant decreasing 
trend is projected across the territory at the three-time 
scale, indicating an intensification of drought conditions. 
For SPI-3 (Fig. 7a), decreasing trends between 0.03 and 0.08 
per decade are expected for all stations. For SPI-6 and SPI-
12 (Fig. 7b, c), the pattern is slightly different, with higher 
decreasing trends in the northern area (stations 5, 9, 12, and 
18) reaching values close to 0.10 and 0.15 per decade for 
SPI-6 and SPI-12 respectively.

Concerning the RCP 8.5 scenario, similar results are 
found for the SPI-3 and SPI-6 (Fig. 7d, e) with decreasing 
trends all over the study area, being higher in the northern 
region, particularly at station 5 (0.10 for SPI-3, and 0.11 
for SPI-6). These results are statistically significant all over 
the region for SPI-3, while for SPI-6 significant trends are 
observed mainly in the northern region. For SPI-12, Fig. 7(f) 
presents increasing and decreasing trends spread through-
out the area. Statistically significant decreasing trends are 
mainly concentrated in the northern area, while most of 
the other stations show increasing trends. Moreover, the 
decreasing trends detected in the northern area are larger in 
magnitude than the increasing trends, around 0.10 and 0.13 
per decade. The increasing trends are lower than 0.02 per 
decade, except at station 6 (0.04 per decade).

These results indicate a general decreasing trend in the 
SPI over the twenty-first century, projecting an intensifica-
tion of drought conditions across the territory for both sce-
narios. These trends contrast with the results obtained by 
previous studies in the IP analyzing data for the twentieth 

century. Over this period, the northwest Iberian region was 
considered an exception to the predominant trend toward 
drier conditions detected over most of the region (Ojeda 
et al. 2021; Sousa et al. 2011; Vicente-Serrano et al. 2011; 
Vogel et al. 2021). In fact, humid or normal conditions have 
frequently been observed across Galicia throughout the last 
century, finding that drought events have not increased over 
this period. A recent work by Lorenzo et al. (2022) stated 
that droughts across Galicia occurred more frequently over 
the first two decades of the twenty-first century concern-
ing the past century. These authors characterized drought 
evolution in Galicia from 1960 to 2020 using data from sev-
eral rain gauges, revealing an increase in the frequency and 
severity of drought events toward the end of the period.

3.2.2 � Changes in drought characteristics

Drought metrics within a 35-year reference period 
(1971–2005) and two future periods (2025–2060, 
2061–2096) were considered to characterize future changes 
in drought events. Figures 8 and 9 show the projected per-
centual changes in the number of drought events, duration, 
and intensity of SPI-3 for the future RCP 4.5 and RCP 8.5 
scenarios.

In the near future (Fig. 8), for RCP 4.5, model results 
indicate an increase in the number of events in most sta-
tions, with an increase in the event intensity at the northern 
stations. For RCP 8.5, the change in the number of events 
is more heterogeneous in all stations, ranging between − 25 
and 25%, but the intensity map indicates a decrease at all 
stations. The duration is very similar for both scenarios, with 
a reduction in all stations except stations 4 and 8. For the 
far future (2061–2096), Fig. 9 shows that the events and 

Fig. 6   Droughts characteristics 
(nº of events, duration, and 
intensity) for the historical 
period considering SPI-12
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intensity maps are different compared to the near future 
maps. The events and intensity are expected to increase for 
both RCP scenarios, with more severity for the RCP 8.5. 
The duration maps present a similar pattern to Fig. 8, but 
stations 4 and 8, for the RCP 4.5, in this far future, have 
lower durations.

For SPI-6, Figs. 10 and 11 show the events, duration, 
and intensity maps for the near and far futures, respectively.

The near future maps in Fig. 10 have a similar pattern 
to the Fig. 8 maps for both RCP scenarios. However, the 
percentual change in the number of events is now higher 
than for SPI-3. The far future maps for SPI-6 indicate an 
increase in the events and intensity, but a decrease in the 
duration. These outcomes are also similar to the SPI-3 for 
future maps, but in that time scale, the number of changes 

Fig. 7   Spatial trend variation for the 18 stations according to the 
Man-Kendall test (tau statistic) for SPI-3 (a, d), SPI-6 (b, e), and SPI-
12 (c, f) under RCP 4.5 and RCP 8.5 from 2025 to 2096. The color 

scale designates the magnitude of the trends. The upward (downward) 
triangles indicate the trend’s increase (decrease). The central black 
point shows trends with a significance greater than 95%



Drought projections for the NW Iberian Peninsula under climate change﻿	

is higher in the events and duration maps and lower in the 
intensity maps.

Figures 12 and 13 present the SPI-12 results for the RCP 
4.5 and 8.5 scenarios in the near and far future, respectively.

In the first, for both RCPs, the patterns are similar to the 
SPI-3 and SPI-6 near future maps (Figs. 8 and 10, respec-
tively). The increase in the number of events is higher for 
the RCP 4.5 scenario than for RCP 8.5. The drought duration 
is lower for RCP 8.5, but for RCP 4.5 the changes are more 
heterogeneous, and the intensity maps show a slight increase 
for RCP 4.5 and the opposite for RCP 8.5. Regarding the far 
future (Fig. 13), the changes of SPI-12 show an increase in 
the number of events with a smaller duration in the central 
and south stations, but a longer duration in the northern sta-
tions. The intensity maps indicate more severity for RCP 
8.5 at all stations and more moderate intensity for RCP 4.5.

Overall, these results highlight some differences 
between the two futures analysed and also between the 
two RCP scenarios. Model predictions for the RCP 4.5 
indicate an increase in events at all SPIs in the near and far 

future. For RCP 8.5, the number of events in 2025–2060 
will increase in the stations near the west coast and remain 
the same or diminish in eastern stations. In the far future, 
the number of events will increase in all stations. The 
future events will be shorter for both scenarios all over 
the century, with some exceptions at northern stations. In 
fact, the SPI-3 and SPI-6 project more prolonged events 
for the northwest stations (Figs. 8, 9, 10, and 11). Never-
theless, for SPI-12 drought events will be longer in a wider 
area covering the entire northern region, especially in the 
far future (Fig. 13). The southern stations (south station 
15) will have shorter drought events for all scenarios. The 
near future events will be more intense for RCP 4.5, but 
less strong for RCP 8.5. However, in the far future, drought 
events are expected to be more severe for RCP 8.5. These 
results indicate that different patterns of drought behavior 
may emerge across the Galician territory in the future, 
highlighting that the development of regional studies is 
essential. However, there is still a lack of such studies over 
the IP, which makes comparison with our results difficult.

Fig. 8   Projected changes (%) of SPI-3 metrics for drought in the period (2025–2060) under RCP4.5 and RCP8.5, relative to the reference period 
(1971–2005)
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3.2.3 � Discussion

Several works have been carried out in terms of future 
droughts throughout Europe and the IP in recent decades. 
Most of these studies found that western Europe, especially 
the IP, is projected to be characterized by an increase in the 
frequency and severity of droughts (Guerreiro et al. 2017; 
Heinrich and Gobiet 2012; Moemken et al. 2022; Naumann 
et al. 2018; Spinoni et al. 2018, 2020; Stagge et al. 2015). 
This increase is observed at the beginning of the twenty-first 
century and is projected to continue and grow stronger as 
the century passes, particularly under the RCP 8.5 scenario. 
Our results differ from these, as during the first half of the 
century, drought events are expected to be more frequent 
and severe for the RCP 4.5 scenario (Figs. 8, 10, and 12). 
Some of these studies also showed an increase in the dura-
tion of droughts for the IP, indicating that droughts will 
become longer-lasting. Nevertheless, our result points out 
that drought events will be shorter over most of the Galician 
territory throughout the century. This outcome could be a 
consequence of the shortcomings still observed in climate 
models.

It should be noted that our results were obtained using 
the SPI. The use of different indices to identify droughts 
could lead to potentially different results due to the variables 
involved in calculating the drought indices (Dubrovsky et al. 
2009; Loukas et al. 2008; Touma et al. 2015). The SPI relies 
only on precipitation as an input variable and neglects the 
effect of other atmospheric variables such as temperature, 
and consequently of evapotranspiration.

Although many published studies around the world 
indicated that precipitation has a major role in explaining 
the occurrence of droughts, it is no novelty that the impact 
of enhanced evapotranspiration in a warming climate can 
aggravate drought conditions (Mishra and Singh 2010). 
Recent studies over the Iberian Peninsula have compared 
different drought indices which only consider precipitation 
and precipitation and also temperature (Gaitan et al. 2020; 
García-Valdecasas et al., 2021; Noguera et al. 2021; Páscoa 
et al. 2021; Vicente-Serrano et al. 2022; Vogel et al. 2021). 
The different indices detected a similar spatial occurrence of 
drought, although the effect of increased evapotranspiration 
could reinforce the severity of drought events mainly in dry 
areas such as the southern IP and the Mediterranean river 

Fig. 9   Projected changes (%) of SPI-3 metrics for drought in the period (2061–2096) under RCP4.5 and RCP8.5, relative to the reference period 
(1971–2005)
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basins. Results corresponding to the northern areas, such as 
the Galician territory, are variable, although a general con-
sensus can be derived about the precipitation deficits playing 
a major role in the occurrence of droughts.

Differences in the duration of future drought events 
among some studies and our results may also be due to the 
climate models considered. As shown above (Fig. 3), the 
analyzed models overestimate the precipitation in winter 
months, which is a common characteristic of several RCMs 
over the Galician territory (Cardoso et al. 2013; Lorenzo 
and Alvarez 2020; Marta-Almeida et al. 2016). These differ-
ences could directly affect the SPI calculation and drought 
detection. In general, there is still considerable uncertainty 
when it comes to the impact of climate change on precipita-
tion in the IP due to its large spatial and temporal variability 
(Rodriguez-Puebla et al. 1998; Muñoz-Díaz and Rodrigo 
2004; Rodrigo and Trigo 2007; Rodrigo 2010; Gallego et al. 
2011; Serrano-Notivoli et al. 2018). Nevertheless, precipita-
tion data from the EURO-CORDEX simulations have been 
extensively compared against observations not only by the 
official modelling groups but also by the scientific commu-
nity. Overall, results seem consistent with the ones obtained 

for the observed data with an improvement in precipitation 
variability and extremes compared to global experiments 
(Fantini et al. 2018; Iles et al. 2020; Prein et al. 2016; Soares 
and Cardoso 2018).

Iberian precipitation also presents large interannual vari-
ability which is linked to the variability in the atmospheric 
circulation of mid-latitudes such as, for example, the weather 
types or regimes (Cortesi et al. 2013; Goodess and Jones, 
2002; Rodríguez-Puebla et al. 2001; Santos et al. 2005; 
Zhang et al. 2015). Understanding how a warmer climate 
will affect atmospheric circulation over this region is essen-
tial to anticipate changes in weather conditions and could be 
closely related to the occurrence of extreme events such as 
droughts (Brunner et al. 2018; Screen and Simmonds 2014; 
Sousa et al. 2018; Vautard et al. 2007).

Although the present study is not oriented to analyze 
the synoptic causes of droughts, the latest research on the 
future behaviour of Atlantic atmospheric dynamics may 
be explored. Detecting variations in circulation is a chal-
lenging task, but some studies have analysed changes in 
weather regimes considering future projections over Europe 
and the North Atlantic region (Breton et al. 2022; Cattiaux 

Fig. 10   Projected changes (%) of SPI-6 metrics for drought in the period (2025–2060) under RCP4.5 and RCP8.5, relative to the reference 
period (1971–2005)
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et al. 2013; Fabiano et al. 2021; Lorenzo et al. 2011; Ull-
mann et al. 2014). Some of the obtained results indicated a 
decrease in westerly types affecting the IP region expecting 
more dry conditions in the future over this area. In addition, 
an increase in the frequency of the positive phase of the 
NAO regime is also expected. This increase is associated 
with a north-eastward shift of the Atlantic storm track caus-
ing lower precipitation and a higher risk of droughts and heat 
waves over the Mediterranean region, showing an apparent 
consistency with our results which point out more numer-
ous drought events toward the end of the century over the 
Galician territory. Even so, the link between the increase in 
droughts and the circulation changes must be investigated 
further to understand the local-scale implications of these 
circulation changes.

In general, our results indicate that Galicia is not an 
exception to the predominant trend toward drier conditions 
detected for the IP by previous works (Ojeda et al. 2021; 
Sousa et al. 2011; Vicente-Serrano et al. 2011; Vogel et al. 
2021). The present study shows that, although droughts over 
Galicia could be less long-lasting, they will be more frequent 
and intense. These results agree with the observations in 

Galicia in the period 1960–2020 (Lorenzo et al. 2022), and 
are consistent with heat waves predictions, which will also 
be more intense and frequent (Lorenzo et al. 2021, 2022). 
This will lead to the need for increased attention to adapta-
tion plans for drought-related phenomena.

The development of more regional studies in the IP is 
important to efficiently manage water resources, and prevent 
the consequences of water scarcity. Drought is an extremely 
regionally specific phenomenon and should possibly only 
be examined at the regional scale to create regional manage-
ment plans that can minimize its impact (Ficklin et al. 2015). 
Thus, the present work could contribute to the understanding 
of the regional performances for drought mitigation meas-
ures and the efficient management of water resources.

4 � Conclusions

Previous studies for the IP have identified an increase in 
the number of droughts, predicting that these will be more 
intense and frequent throughout the twenty-first century. 

Fig. 11   Projected changes (%) of SPI-6 metrics for drought in the period (2061–2096) under RCP4.5 and RCP8.5, relative to the reference 
period (1971–2005)
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Yet, these variations are not uniform throughout the ter-
ritory, and further analysis at a local level is necessary.

This study explored the impact of climate change in 
droughts over the NW region of the IP using the SPI 
index. This index was applied to observed rainfall data 
and EURO-CORDEX simulations of precipitation in 
three-time scales (3, 6, and 12 months) to capture short- 
and long-term droughts. Projections of SPI-3, SPI-6, and 
SPI-12 were explored under RCP 4.5 and RCP 8.5 sce-
narios to assess drought trends until the end of the century 
(2025–2096) and to assess changes in drought characteris-
tics considering two futures (2025–2060 and 2061–2096). 
The main results could be summarized as follows:

–	 A decreasing trend in SPI over the twenty-first century 
projects an intensification of drought conditions over 
Galicia for both scenarios, with the northern region 
being the most affected.

–	 In the near future (2025–2060) of the RCP 4.5 scenario, 
SPI drought events will increase, being slightly more 
intense but less prolonged. For RCP 8.5, the number 
of events will be almost the same, but shorter and less 
severe.

–	 At the end of the century (2061–2096), for both sce-
narios, events are expected to be more numerous, less 
durable, and more intense. The northern region has a 
slightly different result for the SPI-12, where the event's 
duration is expected to increase.

Fig. 12   Projected changes (%) of SPI-12 metrics for drought in the period (2025–2060) under RCP4.5 and RCP8.5, relative to the reference 
period (1971–2005)
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