ﬁ water

Article

Climate Change Projections of Aridity Conditions in the
Iberian Peninsula

Cristina Andrade 1>*(, Joana Contente !

check for

updates
Citation: Andrade, C.; Contente, J.;
Santos, J.A. Climate Change
Projections of Aridity Conditions in
the Iberian Peninsula. Water 2021, 13,
2035. https://doi.org/10.3390/
w13152035

Academic Editor: Ana Iglesias

Received: 21 June 2021
Accepted: 23 July 2021
Published: 26 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Joao Andrade Santos 2

1 Natural Hazards Research Center (NHRC.ipt), Instituto Politécnico de Tomar, Quinta do Contador,
Estrada da Serra, 2300-313 Tomar, Portugal; joana.contente@ipt.pt

Centre for the Research and Technology of Agro-Environmental and Biological Sciences (CITAB),
Universidade de Tras-os-Montes e Alto Douro (UTAD), 5001-801 Vila Real, Portugal; jsantos@utad.pt
*  Correspondence: c.andrade@ipt.pt; Tel.: +351-249-328-100

Abstract: The assessment of aridity conditions is a key factor for water management and the imple-
mentation of mitigation and adaptation policies in agroforestry systems. Towards this aim, three
aridity indices were computed for the Iberian Peninsula (IP): the De Martonne Index (DMI), the Pinna
Combinative Index (PCI), and the Ering Aridity Index (EAI). These three indices were first computed
for the baseline period 1961-1990, using gridded observational data (E-OBS), and subsequently, for
the periods 2011-2040 (short range) and 2041-2070 (medium range), using an ensemble of six regional
climate model (RCM) experiments generated by the EURO-CORDEX project. Two representative
concentration pathways (RCPs) were analyzed, an intermediate anthropogenic radiative forcing
scenario (RCP4.5) and a fossil-intensive emission scenario (RCP8.5). Overall, the three indices dis-
close a strengthening of aridity and dry conditions in central and southern Iberia until 2070, mainly
under RCP8.5. Strong (weak) statistically significant correlations were found between these indices
and the total mean precipitation (mean temperature) along with projected significant decreasing
(increasing) trends for precipitation (temperature). The prevalence of years with arid conditions
(above 70% for 2041-2070 under both RCPs) are projected to have major impacts in some regions,
such as southern Portugal, Extremadura, Castilla-La Mancha, Comunidad de Madrid, Andalucia,
Region de Murcia, Comunidad Valenciana, and certain regions within the Aragén province. The
projected increase in both the intensity and persistence of aridity conditions in a broader southern
half of Iberia will exacerbate the exposure and vulnerability of this region to climate change, while
the risk of multi-level desertification should be thoroughly integrated into regional and national
water management and planning.
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1. Introduction

Climate variability and change may have significant impacts not only on the envi-
ronment but also in many important socio-economic sectors, such as agriculture, water
availability, or energy production. Temperature and precipitation are fundamental atmo-
spheric variables to define the climate of a region [1]. Numerous climate indices are thereby
based upon these two parameters, also playing a relevant role as a diagnostic tool to
understand the potential impacts of climate change on a given region. As aridity and conti-
nentality are important factors in climate characterization, the assessment of their evolution,
in both space and time, is highly relevant to determine the aforementioned impacts.

Under a changing climate, aridity conditions can be modified through a multitude
of processes, depending on the study region. For instance, decreases in precipitation,
increasing trends in air temperature and evapotranspiration, and higher thermal contrasts
associated with increases in air temperature ranges, occurring from the daily to the seasonal
timescales, may have a deep impact on aridity conditions, particularly when acting syner-
gistically. In this case, several studies consistently referred to the Iberian Peninsula (IP) as
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a climate change “hotspot” within the Mediterranean region [2-5]. Therefore, assessing
the potential impact of climate change on aridity conditions within this region is of the
foremost relevance [6]. This will require systematic updates of the existing knowledge,
as well as the integration into the decision-making processes of different perspectives
provided by diverse methodologies, which will contribute to defining the uncertainty level
of regional climate change projections.

Many previous studies have used aridity indices in different regions, as they measure
the degree to which a region’s climate lacks effective and life-promoting moisture [7]. Spa-
tial and temporal variations of several indices were analyzed for Bahrain [8], Bangladesh [9],
Turkey [10-13], Greece [7], Romania [14-17], Ethiopia [18,19], Iran [20-22], Pakistan [23],
IP [24-26], Iraq [27,28], Extremadura in southwestern Spain [29], Serbia [30-32], India [33,34],
the Middle East and North Africa [35], Calabria in Southern Italy [36], and southeastern
Europe [37]. However, these studies were conducted over historical periods and do not
project potential shifts under future climate change scenarios. Therefore, climate change
projections for these indices are highly pertinent, since they will help to identify and
implement suitable and timely adaptation measures to cope with land degradation and
desertification, as well as to delineate better water resource management policies.

Along the previous lines, this study aims at assessing the spatial and temporal evo-
lution of the aridity conditions over the IP. More specifically, the spatial evolution of De
Martonne [38], Pinna Combinative [39], and Ering [40] aridity indices will allow determin-
ing the boundaries of dry land types in IP. Furthermore, they will enable assessing aridity
conditions. The three indices are computed for a baseline period (1961-1990), as well as for
a short-range (2011-2040) and a long-range (2041-2070) future period to determine the pro-
jected shifts in aridity conditions, under two representative concentration pathways (RCPs).
An intermediate anthropogenic radiative forcing scenario (RCP4.5) and a fossil-intensive
emission scenario (RCP8.5) are selected for this purpose. A gridded observation-based
dataset is used for the historical period, whereas a six-member ensemble of bias-corrected
regional climate model (RCM) experiments is used for assessing climate change projections
in the future periods.

2. Materials and Methods
2.1. Data and Bias Correction

In this study, projections for daily accumulated precipitation (P, in mm), daily mean
(T, in °C), and maximum temperatures (TX, in °C) for the historical period 1951-2005 and
two scenarios between 2011 and 2070 were retrieved from the EURO-CORDEX project plat-
form (http:/ /www.euro-cordex.net/, accessed on 5 January 2020). This initiative provides
RCM runs covering a European sector at ~12.5 km (EUR-11) grid resolution. The regional
simulations result from dynamical downscaling (global-regional model chains) derived
from the Coupled Model Intercomparison Project 5 (CMIP5) global climate projections [41].
EURO-CORDEX scenario simulations use the RCPs [42,43]. In this research, two scenarios
were taken into consideration: RCP4.5 that corresponds to a stabilization of the additional
anthropogenic radiative forcing relative to the pre-industrial levels, without overshoot
pathway, at 4.5 W/m? by the end of the 21st century; RCP8.5 that corresponds to an increase
in radiative forcing of 8.5 W/m? by the end of the 21st century.

All regional changes were analyzed within the 35.25° N—44.75° N and 10.25° W-5.75° E
geographical sector comprising the IP (Figure S1), using daily data for three time periods:
1961-1990, 2011-2040, and 2041-2070. The analysis was carried out using a six-member
ensemble of bias-corrected RCM data under both RCPs (Table 1). More information regard-
ing each model can be found in the relevant references provided in Table 1. All calculations
are undertaken for all grid points and will only be clipped for the figures presented herein,
thus excluding grid boxes in the Atlantic Ocean and the Mediterranean Sea.
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Table 1. Acronyms of the selected regional climate models (RCM) and their corresponding driving
global climate models (GCM), along with the contributor institutions for the simulations.

RCM, References GCM Contributor

ALADINS3, [44] CNRM-CM5 Météo France, CNRM
Climate Limited-area Modelling

CCLM4-8-17, [45,46] ICHEC-EC-EARTH .
Community, CLMcom
HIRHAMS5, [47] ICHEC-EC-EARTH Danish Meteorological Institute, DMI
Royal Netherlands Meteorological

RACMO22E, [48] ICHEC-EC-EARTH Institute, KNMI

Max Planck Institute for Meteorology,
REMO2009, [49] MPI-ESM-LR MPI-CSC

WRE331E, [50] IPSL-CM5A-MR Institute Pierre-Simon Laplace,

IPSL-INERIS

For bias-correction of RCM data, daily accumulated precipitation (P), daily mean (T),
and maximum (TX) air temperatures from the E-OBS gridded dataset (version 23.1e)
were retrieved from the EU-FP6 project UERRA (http://www.uerra.eu, accessed on
1 March 2021) between January 1961 and December 1990, on a 0.1° regular grid [51]. Bias
correction was applied using the quantile-quantile bias correction method, which assumes
that the distribution function of a variable may change in the future. This methodology was
already used in other publications, such as Andrade and Contente [1] (for further details
see Amengual et al., [52]; Maraun, [53]), and allows for the correction of the complete
distribution, tails included. Subsequently, all variables were bias-corrected for all periods,
and an ensemble of the six bias-corrected RCMs was eventually used to compute the aridity
indices. For the sake of succinctness, in the following sections, P, T, and TX will refer to the
bias-corrected ensemble-mean variables, unless otherwise stated.

2.2. Aridity Indices

The analysis carried out in this study involved the computation of three aridity indices,
namely, the De Martonne Index (DMI), the Pinna Combinative Index (PCI), and the Ering’s
Aridity Index (EAI). De Martonne in 1926 [38] developed the DMI, which is based on
annual total precipitation and annual mean temperature. Although DMI is one of the
oldest and simplest aridity indices, it is still widely used due to its efficiency and relevance
in identifying dry/humid climates in several regions worldwide [7,12,15,21,25,35,54].

DMI (in mm/°C) is defined by the following equation:

P

DMI = ,
T+10

)

in which P is the total annual precipitation (in mm) and T the annual mean air temperature
(in °C). Its corresponding climatic classification is detailed in Table 2.

The PCI (in mm/°C) was developed by Pinna [39] and takes into consideration not
only the total annual precipitation (P, in mm) and the annual mean air temperature (T,
in °C) as DMI, but also the total precipitation and mean air temperature of the driest month
(P’q and T’4, respectively). This index is computed by:

1/ P 127/
PCI :< +—d ) @)
2\T+10 Tga+10

and the climate types are described in Table 2.
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Table 2. Climatic classification for the De Martonne Aridity Index (DMI), the Pinna Combinative

Index (PCI), and the Ering Aridity Index (EAI).

Index Climate Type Abbr. Index Values P Values (mm)
Dry D DMI < 10 P <200
Semi-dry SD 10 < DMI <20 200 < P <400
Mediterranean M 20 < DMI < 24 400 < P <500
DMI Semi-humid SH 24 < DMI < 28 500 < P <600
Humid H 28 < DMI < 35 600 <P <700
Very humid VH 35 < DMI <55 700 < P <800
Excessively humid EH DMI > 55 P > 800
Dry D PCI<10
PCI Semi-dry SD 10 <PCI<20
Humid H PCI>20
Severe arid SvA EAI <S8
Arid A 8<EAI<15
Semi-arid SA 15<EAI <23
EAI Semi-humid SH 23 <EAI < 40
Humid H 40 <EAI <55
Perhumid PH EAI > 55

The EAI (in mm/°C) [40] is attained using the total annual precipitation (P, in mm)
and the annual mean of the daily maximum air temperature (TX, in °C), according to the

following equation:
FAI= -, ®)
TX
for which the climate types are also depicted in Table 2.
The frequencies of occurrence (in %) of the most severe climates within the D or A
climates for the three indices were computed for 20412070 (30-year period) under both

RCPs. For example, the frequency of occurrence for PCI was computed as follows:

Total number of dry months

Frequency of occurrence = x 100 (%), 4)

Total number of months
in which the total number of dry months is attained for each grid point where PCI < 10
(Table 2). This same procedure was applied for the remaining indices and climate types.

2.3. Statistical Analysis

For the three aridity indices, a comparison between the short-range period of 2011-2040,
a medium-range period of 2041-2070, under both RCPs, and the past conditions of
1961-1990 (baseline climate) was carried out. The anomalies were computed as the differ-
ences between the two later periods and the baseline climate. The statistically significant
anomalies (S.5.) were assessed by the Mann-Whitney-Wilcoxon test (MWW), at a 5% signif-
icance level [55,56], using the 30-year mean values for each period and at each location of
the study area. This nonparametric test assumes that the null hypothesis indicates whether
the data have equal medians, against the alternative hypothesis (Ha). Therefore, Ha =1
implies the rejection of the null hypotheses, thus highlighting different medians. These
locations will be identified by a grey pattern in all related figures.

Aiming at assessing which climatic variable (P or T) has more influence in the indices
and where this influence is more relevant, statistically significant correlations, at a 5% sig-
nificance level, were calculated between the three indices and the total annual precipitation
or annual mean air temperature for all periods and indices. Only the statistically signif-
icant correlations (rejection of the null hypothesis) by the corresponding determination
coefficient (values between 0 and 1) are analyzed. The respective figures will be provided
as Supplementary Materials (Figures 52-54).

The overall methodological framework of this study is represented in Figure 1.



Water 2021, 13, 2035 50f17

- “Temmr’
| bilinear
interpolation Percentage
- ~

| -‘

DMI
o
EAI

.
Percentage of Territory
Percentage of Years

Figure 1. Methodological schematics of this study.
All maps are projected onto the GCS ETRS 1989 Geographical Coordinate System.

3. Results
3.1. Projections of Total Annual Precipitation and Annual Mean Temperature

As the total annual precipitation and annual mean air temperature are key variables
in the computation of DMI, PCI, and EAI, the statistical significance of their anomalies at
the 5% significance level will be first analyzed. For the total annual precipitation, averaged
over the pre-defined 30-year periods, the results show negative anomalies throughout
the IP. For 2011-2040, the statistically significant anomaly regions comprise areas with
values ranging from —109.9 mm to —20 mm, mainly in southern Portugal under both RCPs
(Figure 2a,b). For 2041-2070, the statistically significant anomalies are in the southeastern
and northernmost regions under RCP4.5 (Figure 2c) and comprise areas with anomalies
between —130 mm and —20 mm per year. Under RCP8.5, however, these regions are
broader and comprise the southernmost regions of IP, as well as in the north, with anomalies
ranging between —130 mm and —20 mm per year (Figure 2d). The mean values for
precipitation for the total mean area were computed, and the anomalies between the future
periods under RCP4.5 and RCP8.5 and the baseline climate were also computed. The
results show a decrease of 346 mm (346 mm) for 2011-2040 and 349 mm (350 mm) for
2041-2070 under RCP4.5 (under RCP8.5) in comparison with 1961-1990 for the study area.

Overall, it can be concluded that projections point out to a progressive decrease in
total mean precipitation in IP, particularly in 20412070 and under RCP8.5, though with
high spatial heterogeneity and relatively low coherency among periods and scenarios. This
finding highlights the relatively large uncertainties in the precipitation projections at a
finer-grid scale over the IP, thus being an important limitation for developing local-scale
climate projections of precipitation and precipitation-based indicators.
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Figure 2. Total annual precipitation (mm) anomalies (Mann-Whitney-Wilcoxon test at a 5% sig-
nificance level) for the period (a,b) 2011-2040, (c,d) 2041-2070, with respect to the baseline climate
(1961-1990), under RCP4.5 (left) and RCP8.5 (right).
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Figure 3. Annual mean temperature (°C) anomalies (Mann-Whitney-Wilcoxon test at a 5% signif-
icance level) for the period (a,b) 2011-2040, (c,d) 20412070, with respect to the baseline climate
(1961-1990), under RCP4.5 (left) and RCP8.5 (right).

Concerning the annual mean temperature anomalies for 2011-2040, statistically signif-
icant positive values throughout the IP are projected, with values ranging from 0.6 °C to
1.4 °C under RCP4.5 (Figure 3a) and from 0.6 °C to 1.6 °C under RCP8.5 (Figure 3b). For
2041-2070, the anomalies range between 1.2 °C and 2.4 °C under RCP4.5 (Figure 3c) and
from 1.6 °C to 3.0 °C under RCP8.5 (Figure 3d). In all cases, higher anomalies are found in
central-southern Iberia.
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As for precipitation, the mean temperature values for the total mean area and related
anomalies were also computed. The results show an increase of 1.2 °C (1.3 °C) for 2011-2040
and 1.9 °C (2.5 °C) for 2041-2070 under RCP4.5 (under RCP8.5) in comparison with
1961-1990 for the study area

3.2. Projections for the Aridity Indices

For 1961-1990 (Figure 4a) and DMI, results show a prevalence of D and SD climatic
conditions in the northeastern and central regions of IP (34.3%; Table 3), a transitional
M zone prominent in the southern half of Portugal, in the Guadiana and Guadalquivir
River basins and between Valencia and Madrid in central Spain (23%; Table 3). The
remaining of the territory in the north and northwestern presents humid climate (HC)
types, from SH to EH (42.7%; Table 3). An increase in dry climate (DC) types is projected for
2011-2040 (Figure 4b,c) and 2041-2070, rising to 12.9% (16.3%) by 2041-2070 under RCP4.5
(RCP8.5), more pronounced in the southeastern regions of IP (Figure 4d,e). Consequently,
it is predicted a decrease in HC types (—6.6% and —7.7% under RCP4.5 and RCP8.5,
respectively) in the northern and northwestern regions. This decrease is also projected
for both periods on the Mediterranean (M) type, particularly in 20412070 (—6.3% and
—8.6% under RCP4.5 and RCP8.5, respectively) and more noticeable in southwestern
regions (Figure 4d,e).

a)

=} -

DMl | Semi-dry 1 Semi-hurnid Il Very humid
[0 Dry [ Mediterranean 00 Humid B Excessively humid
* |P main cities
France
IP admin NUTS |
[ Major rivers and lakes

b)

d)

Figure 4. The De Martonne Aridity Index (DMI) spatial distribution for the Iberian Peninsula for the
period (a) 1961-1990, (b,c) 2011-2040, and (d,e) 20412070, under RCP4.5 (left) and RCP8.5 (right).
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Table 3. Percentage of the territory for each climate of the De Martonne Aridity Index (DMI), the Pinna Combinative Index
(PCI), and the Ering Aridity Index (EAI) for 1961-1990 and 2011-2040 and 20412070 under RCP4.5 and RCP8.5 (note that
A =2041-2070-1961-1990 in %).

5]
- - 2011-2040 2041-2070
- - = .2
® S w2
% £d £ 1961-1990
T 8% 5S¢
S i S s RCP4.5 RCPS.5 RCP4.5 RCPS.5
5
@) (b) %@ %b) %@ %@ %@ %b) %A@ %b) %@ %A
D ] 0.9 18 15 25 32
SD DC 334 34.3 414 413 447 47.2 12.9 474 50.6 16.3
M MC 23.0 23.0 183 188 16.7 167  —63 144 144 —86
DMI SH 9.8 7.7 76 7.2 72
H 9.0 8.1 8.2 71 6.5
VH HC 16.4 42.7 15.9 16.1 16.3 36.1 =66 164 35.0 —77
EH 75 6.8 6.5 55 49
D 343 30.4 305 355 401
PCI SD DC 464 80.7 442 447 408 76.3 —44 450 76.8 —3.9
H HC 19.3 193 25.4 24.8 237 23.7 44 232 232 39
SvA 0 0 0 0 0.1
A AC 21 28.4 46 45 53 338 5.4 6.1 39.1 107
AL SA 26.3 25.0 24.8 285 329
SH e 434 412 417 38.8 347
H 10.4 71.6 9.1 9.2 8.7 662  —54 8.4 609  —107
PH 17.8 20.1 19.8 18.7 17.8

These changes are corroborated by the analysis of the statistically significant DMI
anomalies between 2011-2040 or 2041-2070, under both RCPs, and the baseline climate
(Figure 5). Statistically significant negative anomalies are predicted for central, southeast-
ern, and southwestern regions, more prominent in the latter area and higher for 2041-2070
under RCP8.5 (Figure 5d). Conversely, statistically significant positive anomalies are pro-
jected in the north, nearby Santander, again reaching higher values by 2041-2070 under
RCP8.5 (Figure 5d). These results hint at an intensification of DC in the southeastern areas
until 2070 under RCP8.5.

Regarding the spatial patterns of PCI for 1961-1990 (Figure 6a), the DC prevail in
central and southeastern regions (80.7%; Table 3), whereas the HC occurs in the north
and northwesternmost areas (19.3%; Table 3), with the SD in between. These patterns are
in clear accordance with the ones observed for the related climatic conditions for DML
However, conversely to DMI, PCI does not present transitional climatic classes like M or
SH. Therefore, it seems that the DC characteristics are projected to decrease —4.4% and
—3.9% under RCP4.5 and RCP8.5, respectively. This projected decrease is influenced by
SD areas. Nonetheless, there is a clear projected increase in DC conditions of 1.2% under
RCP4.5 (Figure 6d) and 5.8% under RCP8.5 (Figure 6e). It is still noteworthy that this index
has only three climate types. Hence, these transitional climates are superimposed in areas
within SD and H regions.

For 2011-2040, under both RCPs, the statistically significant anomalies occur in the
entire territory, with a northeast-southwest axis dividing the negative anomalies (dryness
increase) towards the south and the positive anomalies towards the north (Figure 7a,b).
For 2041-2070, under both RCPs, this axis is more zonally tilted (west—east), diving the IP
into a northern half with positive anomalies and southern half with negative anomalies
(Figure 7c,d). As for DMI, PCI anomalies tend to be higher for the latter period and under
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RCP8.5 (Figures 5d and 7d). These results are in clear accordance with DMI, since they hint
at an enhancement of DC in the south and southeastern areas until 2070 under RCP8.5.
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Figure 5. DMI anomalies (Mann-Whitney—Wilcoxon test at a 5% significance level) for the period
(a,b) 20112040, (c,d) 2041-2070, with respect to the baseline climate (1961-1990), under RCP4.5 (left)
and RCP8.5 (right).
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Figure 6. The Pinna Combinative Index (PCI) spatial distribution for the Iberian Peninsula for
the period (a) 1961-1990, (b,c) 2011-2040, and (d,e) 2041-2070 under RCP4.5 (left) and RCP8.5
(right) scenarios.
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Figure 7. PCI anomalies (Mann—-Whitney—Wilcoxon test at a 5% significance level) for the period
(a,b) 20112040, (c,d) 2041-2070, with respect to the baseline climate (1961-1990), under RCP4.5 (left)
and RCP8.5 (right).

Similar to the previous indices, the spatial patterns for EAI in 1961-1990 (Figure 8a)
show a prevalence of SvA to SA climates in central and southeastern regions, in this case
in 28.4% of the territory. Conversely, for the remaining 71.6%, SH to PH climates are
depicted, with prevailing PH climate in the north and northwesternmost portions of the
IP (Figure 8a). It is worth mentioning that no SvA conditions were found for 1961-1990
(Figure 8a). The climate change projections for the whole IP in 2041-2070 reveal an increase
in AC of 5.4% under RCP4.5 and 10.7% under RCP8.5, whilst for the HC, a decrease is
predicted. The EAI patterns generally maintain spatial coherence with the previous indices.
The AC prevails in central and southeastern IP (Figure 8d,e), while the HC can be found
in the north and northwest (Figure 8). A closer inspection of the patterns reveals that in
2041-2070, the extension of the most extreme climates SvA and A (H and PH) undergoes
an increase (decrease) of 3.2% and 4.1% under RCP4.5 and RCP8.5 (—0.8% and —2% under
RCP4.5 and RCP8.5, respectively (Table 3). Furthermore, for the transitional climates,
SA experiences an increase of 2.2% and 6.6% under RCP4.5 and RCP8.5, respectively),
whereas for SH the reverse is projected, i.e., —4.6% and —8.4% under RCP4.5 and RCP8.5,
(respectively Table 3).

Concerning the EAI anomalies (Figure 9), negative values are projected over the entire
IP, increasingly higher from 2011-2040 to 2041-2070, mainly under RCP8.5. The statistically
significant regions comprise most of the central and southeastern regions, hinting at an
enhancement of AC until 2070 and under RCP8.5, which is in line with the previous
outcomes for DMI and PCIL.

The determination coefficients between P or T and the three indices were also com-
puted and are provided as Supplementary Materials (Figures S2-54). Overall, strong to
moderate statistically significant correlations are projected between all aridity indices and
P, mainly in the south and southwestern regions of Iberia. Conversely, for T, only weak
statistically significant correlations are predicted until 2070 for both RCPs. This might hint
at a more profound influence of changes in P in all indices in comparison with T.
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Figure 8. The Ering Aridity Index (EAI) spatial distribution for the Iberian Peninsula for the period
(a) 1961-1990, (b,c) 2011-2040, and (d,e) 2041-2070 under RCP4.5 (left) and RCP8.5 (right) scenarios.
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Figure 9. EAI anomalies (Mann-Whitney—Wilcoxon test at a 5% significance level) for the period
(a,b) 20112040, (c,d) 2041-2070, with respect to the baseline climate (1961-1990), under RCP4.5 (left)
and RCP8.5 (right).

4. Discussion

This study analyses the climate change projections of three well-documented aridity
indices, namely, DMI, PCI, and EAI, thus providing different, but complementary, per-
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spectives of the evolution of aridity conditions over the IP. Although a direct comparison
between these indices is not always possible (e.g., the PCI has only three climate divisions),
a general agreement between their outcomes was found, hinting at a coherent warming
and drying trend in the IP. A comparison of their patterns between the baseline climate
(1961-1990) and short-range (2011-2040) or medium-range (2041-2070) future climates,
under RCP4.5 and RCP8.5, was undertaken. Although these three indices are not novel,
to our knowledge, no previous studies applied them in the Iberian Peninsula and for
climate change impact assessment purposes. Furthermore, despite providing information
on aridity conditions, our study highlights their complementary, which is critical to support
scientifically solid decision making. This is critical in a region that is highly exposed and
vulnerable to dryness, strengthened by recent past drying trends, and threatened by their
projected intensification in the upcoming decades.

The results indicate a decrease in total annual precipitation (up to 130 mm per year),
mainly over southern Iberia, particularly for 2041-2070 and under RCP8.5, the severest
scenario. In effect, while annual precipitation is projected to increase in northern Europe,
drying trends are projected over southern Europe and the Mediterranean Basin [57], thus
also affecting the IP. Similar decreases in the annual precipitation over the IP were previ-
ously identified [57]. These projected changes also reveal seasonal variability, with major
decreases projected for Southern Europe during the summer months. Our findings are also
in accordance with Santos et al. [58] who highlighted a statistically significant decrease in
Spring precipitation, mainly in northern and central Portugal, but also projected an overall
decrease in precipitation, particularly in the northernmost regions. These outcomes are also
supported by several studies for Europe that have analyzed the variability of precipitation,
as well as of extreme precipitation [59] and its relationship with the large-scale circulation
patterns [60-62].

It is also known that there is an association between the weather types and precipita-
tion, more robust in winter for the westernmost areas, much weaker in the summer and
for eastern Iberia [63,64]. These overall changes can be attributed to fluctuations in the jet
stream flow and the accompanying changes in the cyclone activity and blocking frequency,
hinting at an increase in the frequency of the driest in detrimental to the rainiest types [64].
Additionally, these changes will impact the frequency and intensity of extreme events
that also reveal considerable spatial and seasonal heterogeneity across Europe. A recent
study suggested that projected increases in extreme precipitation events may become more
pronounced at a sub-daily timescale over Iberia, mainly in summer [65].

Regarding the mean temperature, results point to an increase (up to 3 °C) until 2070,
mainly under RCP8.5, which is in line with Viceto et al. [66]. The association between large-
scale dynamics can also be linked to the predicted changes in mean temperature [62,67].
The outcomes of this study are supported by the EURO-CORDEX projections across
Europe, which show that temperatures will continue to increase, at a higher rate than the
global average. In fact, the mean annual temperature increased between 1.7 and 1.9 °C
in comparison to the pre-industrial period [5]. Furthermore, these high warming trends
are particularly relevant in certain European regions, which include the Mediterranean
region and especially in the IP, already considered a climatic hotspot [2—4]. Our findings
are consistent with Jacob et al. [57] who project for different European regions an increase
between 1.4 and 4.2 °C under RCP4.5 (2.7 and 6.2 °C under RCP8.5) by 2071-2100 in
comparison to 1971-2000, again higher in southern Europe.

In conclusion, the conjunction of these factors leads to an increase in the area, intensity
and persistence of aridity conditions in a broader southern half of Iberia until 2070, mainly
under RCP8.5. Therefore, these predicted conditions can be considered as a real hazard,
increasing the threat of desertification of these areas, since projections also indicate a
significant decrease in summertime soil moisture in the Mediterranean region, especially
in northeastern Spain between 2021 and 2050 [68]. These changes also imply a significantly
increasing interannual variability in the future, with consequences in climate classification.
Indeed, the predicted changes in Koppen’s climate classification points towards the increase
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in desert (BW) and semi-desert (BS) climates in the Iberian southeast [1]. Furthermore,
recent studies also project an increase in intermediate to severe dry events until 2070,
mainly under RCP8.5 and in the southern region of the IP [69]. These climatic changes will
have deep impacts on agriculture [63,70], such as in Mediterranean olive orchards [71,72],
in wheat yield [73], and viticulture [74,75], among other crops.

5. Conclusions

In general, the shifts in the spatial variability of the three indices hint at an overall
increase in aridity or dry conditions until 2070, mainly under RCP8.5, and in central and
southern Iberia. An increase in DMI DC types, growing 12.9% (16.3%) by 2041-2070 under
RCP4.5 (RCP8.5), is foreseen and is more pronounced in the southeastern regions. Conse-
quently, a decrease in H type (—6.6% and —7.7% under RCP4.5 and RCP8.5, respectively)
is projected in the north and northwestern regions. Regarding the PCI, an increase in D
conditions of 1.2% under RCP4.5 and of 5.8% under RCP8.5 is also projected for 2041-2070.
Concomitantly, the EAI reveals, for 2041-2070, an increase in AC of 5.4% under RCP4.5
and 10.7% under RCP8.5, whilst a decrease is predicted for HC.

These increasingly higher AC are particularly relevant between 2041 and 2070 (Figure 10),
for which the spatial patterns of the frequency of occurrence (in %) of SD (for DMI,
Figure 10a,b), D (for PCI, Figure 10c,d), and A and SvA (for EAI Figure 10e-h) reveal areas
in the provinces of Aragon, Castilla-Léon, Comunidad de Madrid, Castilla-La Mancha,
Extremadura, Regién de Murcia, and Andalucia, mostly located in central and south-
eastern Spain, as well as Alentejo and Algarve, in southern Portugal (Figure S1), as the
most impacted.

For the abovementioned areas, projections highlight the persistence of dry/arid con-
ditions above 70% (over 21 years) by 2041-2070, more pronounced mainly in southern
Portugal under RCP8.5 (Figure 10). These outcomes are coherent with the strong statisti-
cally significant correlations found between these three indices and the climate mean total
annual precipitation. Weaker correlations were found for the mean annual temperature.

The projected increases in both the intensity and persistence of aridity conditions in
southern and central Iberia will strengthen the exposure and vulnerability of this region
to climate change, with a real risk of multi-level desertification. Therefore, a thorough
review of the adaptation potential of the different strategies and options is of the utmost
relevance, as water supply not only for human consumption, energy, or industry, but also
for agriculture, can be a limiting factor, with likely severe and irreversible socio-economic
and environmental implications.
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