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ABSTRACT

Climate aridity (the long-term balance between water availability through precipitation and the atmospheric evaporative de-
mand) has a fundamental role in determining water availability and the geographic distribution of ecosystems and agricultural
regions, and plays a crucial role in shaping ecological transitions under current climate change. We computed the Aridity Index,
computed as the ratio of precipitation to reference evapotranspiration, over Spain for the period 1961-2020. Here we present spa-
tially detailed climatologies of the Aridity Index, at the annual and the monthly scales, and an assessment of changes between
the normal periods 1961-1990 and 1991-2020. The results show a transition towards reduced values of the Aridity Index (i.e.,
towards drier conditions) at the annual scale, which was more intense in the Canary Islands (where 16.3% of the territory tran-
sitioned towards more arid climate categories) than in mainland Spain and the Balearic Islands (11.6%). At the monthly level,
the most striking changes over mainland Spain occurred in June, with 39.7% of the territory transitioning towards more arid
categories, while transitions towards more humid conditions have only been relevant in March (23.5%) and October (13.0%) and
did not compensate for the aridification trend when the whole year is considered. In the Canary Islands, the strongest changes
occurred in May (22.6%) and September (19.4%), although drying trends were found almost in all months except the summer.

1 | Introduction areas are characteristic, often leading to unique biodiversity

that has evolved to survive under harsh climatic conditions

Climate aridity, that is the long-term balance between water
availability through precipitation and the atmospheric evapo-
rative demand (AED), is a fundamental environmental char-
acteristic intrinsically linked to the geographical distribution
of biomes and the agricultural viability of regions (Stephenson
1990; Lian et al. 2021). Arid regions, characterised by limited
and erratic rainfall, typically support sparse vegetation well
adapted to water scarcity. The ecological dynamics in these

(Maestre et al. 2012). Agricultural practices in arid zones are
similarly constrained, requiring careful water management
strategies to sustain crop and livestock production (D’Odorico
et al. 2013). Regions such as the Sahel in Africa, central
Australia, and parts of the southwestern United States exem-
plify the significant influence of aridity on both natural eco-
systems and human activities (Mirzabaev et al. 2022). In these
areas, water scarcity largely dictates water resources, land
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use patterns, economic activities and settlements distribu-
tion. Consequently, the socio-economic development of these
regions is closely tied to their climatic conditions (Reynolds
et al. 2007). The concept of climate aridity is, therefore, es-
sential for understanding the geographical distribution of
ecosystems and the agricultural capacity of regions and their
temporal dynamics.

Long-term changes in climate aridity are a significant con-
tributor to ecological change, with vast consequences for eco-
systems and human societies (Vicente-Serrano et al. 2024).
Climate-driven shifts towards more arid conditions can lead to
alterations in vegetation composition and structure, as drought-
tolerant species outcompete others for limited water resources
(Feeley et al. 2020). This, in turn, can result in reduced ecosys-
tem productivity and fertility, as well as decreased carbon se-
questration capacity (Moreno-Jiménez et al. 2019; Schlesinger
and Bernhardt 2020). Furthermore, aridification can lead to
biodiversity loss, as sensitive or specialised species are unable
to adapt to the new environmental conditions (Vicente-Serrano
et al. 2012; Weiskopf et al. 2020). All these processes can even-
tually lead to irreversible degradation, such as desertification
(Glantz 2004; Berg et al. 2016; Berdugo et al. 2020; Lenton
et al. 2023; Vicente-Serrano et al. 2024).

There is a scientific debate on the factors that control cli-
mate aridity, and even on what is understood by that term
(Vaughn 2004). Some authors consider that aridity should be
based on the quantification of usable water resources, such as
soil moisture or water resources availability (Greve et al. 2019),
while others favour a broader meaning of the term consider-
ing ecological and agricultural dimensions as a consequence
of climatic aridity (Allen, Breshears, and McDowell 2015; Ma
et al. 2015; Macias et al. 2006). The definition of aridity is closely
related to the many indices that have been proposed to measure
it (e.g., the review by Stadler 2004). One of the most extended,
however, is the United Nations Environmental Programme
(UNEP) Aridity Index (AI), defined as the ratio of the annual
precipitation to potential evapotranspiration (P/PET), averaged
over a sufficiently large number of years (UNEP 1992). The
index categorises regions into hyper-arid, arid, semi-arid, dry
sub-humid and humid classes. The AI serves as a crucial tool
for policymakers and researchers in assessing the vulnerability
of regions to desertification and formulating appropriate miti-
gation strategies. By standardising the measurement of aridity,
the UNCCD ALl facilitates global comparisons, and the monitor-
ing of temporal changes over large time periods (UNCCD 2017;
Vicente-Serrano et al. 2024).

There is currently no scientific consensus on the behaviour of
climatic aridity under climate change. In the case of precipita-
tion, no substantial changes are observed at regional and global
scales (Vicente-Serrano, Garcia-Herrera, et al. 2022; Douville
et al. 2021), with natural variability being the main factor con-
trolling its dynamics in the last century (Trenberth et al. 2014).
Undoubtedly, global temperature has increased significantly in
recent decades (Gulev et al. 2021). This increase, together with
the decrease in relative humidity over large regions of the world
(Byrne and O'Gorman 2018; Vicente-Serrano et al. 2018) has
caused a notable increase in the atmospheric demand globally
(Vicente-Serrano et al. 2020; Douville et al. 2021). This fact has

affected climatic aridity, which would have increased over large
regions globally (Dai 2011; Fu and Feng 2014; Roderick, Greve,
and Farquhar 2015; Scheff and Frierson 2015; Milly and Dunne
2016; Ullah et al. 2022; Vicente-Serrano et al. 2024).

The Intergovernmental Panel on Climate Change (IPCC) high-
lights that arid and semi-arid regions are particularly susceptible
to the adverse effects of climate change, including shifts in pre-
cipitation patterns and increased evaporation rates (IPCC 2014;
IPCC 2021). This would explain that the most recent report of
the UNCCD, that analysed in depth global aridity trends and
future projections, shows increased aridity conditions in the
last decades, particularly as a consequence of human-induced
climate change (Vicente-Serrano et al. 2024). Nevertheless, ad-
aptation and mitigation regional policies necessitate a precise
understanding of aridity changes at detailed spatial scales.

In Spain, the recently approved National Strategy to Combat
Desertification (MITECO 2022) identifies changes in climate
conditions as one of the direct agents of land degradation and the
advance of desertification, alluding specifically to aridity and
drought. However, while both terms refer to the hydric balance
between water availability and water needs, and are sometimes
used as synonyms, there are fundamental differences between
them that need to be highlighted. Thus, while aridity refers to
a long-term characteristic of some location’s climate, drought
represents a temporary deviation from normal water availability
levels, leading to water shortages. Consequently, droughts can
occur in any climatic zone, including humid regions, whereas
aridity is a persistent characteristic of specific geographical
areas (Vicente-Serrano, Begueria, and Lopez-Moreno 2010;
Vicente-Serrano, Lasanta, and Gracia 2010; Dominguez-Castro
et al. 2019). The frequency and intensity of droughts are influ-
enced by broader climatic patterns that vary across time and
space, making it crucial to distinguish between short-term cli-
matic anomalies and changes in the inherent dryness of a region
(aridity).

There is clear evidence of an increase in temperatures over
Spain (Pefia-Angulo et al. 2020; Gonzalez-Hidalgo, Begueria,
Pefia-Angulo, and Sandonis 2022), while precipitation trends
are not so evident nor persisting over time (Gonzalez-Hidalgo,
Begueria, Pefia-Angulo, and Trullenque-Blanco 2022; Gonzélez-
Hidalgo et al. 2024). This sheds uncertainty towards the recent
evolution of climatic aridity in Spain, as it is influenced by both
fundamental climatic variables. The wide extension of semi-
arid climate regions in Spain suggests enhanced environmen-
tal degradation risk if these areas transition towards a more
arid climate (Van Leeuwen et al. 2019). Despite its relevance,
in Spain there are still few studies that assess the recent evolu-
tion of climate aridity from a broad temporal perspective, and
consider a detailed spatial resolution. Previous studies focused
on smaller regions, or omitted the island territories (Andrade
and Corte-Real 2016; Moral et al. 2016; Paniagua et al. 2019).
Other studies encompassing the whole Spanish territory did not
have sufficient spatial detail due to their more ample geographic
scopes (e.g., BeSt akova et al. 2023; Huang et al. 2016; Ullah et al.
2022; Spinoni et al. 2015). Lopez et al. (2017) compared the 30-
year periods 1951-1980 and 1981-2010, and they detected an in-
crease of annual and summer aridity and a general extension
of Mediterranean climate characteristics. To our knowledge, no
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other analyses of climate aridity and their recent changes have
been done.

In this article we present a novel dataset and a monitoring sys-
tem of climatic aridity in Spain, based on data from the obser-
vational network of the Spanish national atmospheric service
(AEMET). The aim of this system is twofold, as it will facilitate
undertaking studies that involve this important climatic variable
and also monitor their long-term changes. Using this dataset, we
present spatially detailed long-term climatologies (mean values
and variability) of the AI at the annual and monthly levels, and
we assess the changes experienced within 1961-2020.

2 | Study Area, Data and Methods

This study focuses on the entirety of the Spanish national ter-
ritory, encompassing its diverse geographical components
(Figure 1). This includes the mainland (peninsular) territory
between 36.0° and 43.6° N; the Balearic Islands archipelago in
the Mediterranean Sea, between 38° 37-40° 6’ N, and 1° 13'-
4° 17’ E; the autonomous cities of Ceuta (35° 53'N, 6° 39’ W)
and Melilla (35° 17’ N, 3° 3’ W), located on the North African
coast; and the Canary Islands archipelago in the Atlantic Ocean
between 27° 37-29° 25’ N and 13° 20'-18° 10’ W. The main-
land spans a considerable surface area 493,457 km?, while the
Balearic Islands cover approximately 5040km? and the Canary
Islands 7447 km?.

This geographical diversity is reflected in the varied relief.
Mainland Spain is characterised by a complex topography dom-
inated by the Northern Plateau (Meseta Central), a high plateau
surrounded by mountain ranges such as the Pyrenees to the

(a)

0° 5°E 10°E

20°0 15°0 10°0 5°0

north, the Cantabrian Mountains to the northwest, the Iberian
System to the east, and Sierra Morena and Sistema Bético to the
south. The Balearic Islands are also hilly, albeit with lower ele-
vations compared to the mainland. The Canary Islands, of vol-
canic origin, present a rugged landscape with steep slopes, deep
ravines and volcanic peaks, including Teide, the highest peak
in Spain.

This varied relief contributes to a range of climatic conditions.
Mainland Spain experiences climates ranging from oceanic
temperate (Koppen Cf*) in the north to Mediterranean climates
characterised by hot, dry summers and mild, wet winters in
the south and east (Koppen Cs*, BS*). In contrast, the Canary
Islands, due to their subtropical latitude and oceanic influ-
ence, range between temperate and desert climates (Koppen
Csb, BWh).

We constructed monthly and annual gridded data sets of the AT
over Spain (Figure 1), computed as follows:

Al =P /ETo,

where the AI (mm/mm) is the ratio of precipitation, P (mm)
to reference evapotranspiration, ETo (mm), accumulated over
months or years, respectively.

We obtained weekly gridded time series of both input variables
from the Spanish Drought Monitor (Vicente-Serrano et al. 2017;
https://monitordesequia.csic.es/historico), and we aggregated
them to monthly and annual time scales. Following the Spanish
Drought Monitor, we used the FAO-56 Penman-Monteith ref-
erence evapotranspiration (Allen et al. 1998; Tomas-Burguera
et al. 2017).

(b)

N.0S

N.O¥ N.G¥
N=0t

N.GE
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15°E 15°0

FIGURE 1 | Study area: (a) location within a regional context; (b) mainland Spain and the Balearic Islands; and (c) Canary Islands. The maps

show the elevation (meters above sea level) and the main geographic features and toponims mentioned in the article. [Colour figure can be viewed

at wileyonlinelibrary.com]

3of 14

85U8017 SUOWIWOD SAERID 3 dedt[dde au Ag peusenob a.1e sjole YO ‘9SN Jo Sojni o} AkeudiT8UIIUQ A8]1/ UO (SUONIPU0D-PUe-SWB /W00 A3 1M Arelq 1 juluo//SAny) SUORIPUOD pue SWiS 1 81 88S *[20z/c0/c0] uo Akeiqiaulju A(1m ‘ezoberez 8 pepsioAlun Aq G//8°90(/Z00T 0T/10p/Woo™A8|im Afe.d Ul UO'SIBLUL//SANY WOy pepeojumod ‘0 ‘8800260T


https://monitordesequia.csic.es/historico
https://onlinelibrary.wiley.com/

Currently, the dataset covers the period between January 1961
and December 2023, and includes the mainland territory, the
Balearic Islands and the Canary Islands. Following the exam-
ple of the Spanish drought monitoring system (Vicente-Serrano,
Dominguez-Castro, et al. 2022; Vicente-Serrano, Garcia-Herrera,
et al. 2022; Vicente-Serrano, Miralles, et al. 2022), the dataset will
be updated regularly at the beginning of each year, and can be ex-
plored interactively at https://monitordearidez.cisc.es.

Here we considered the period 1961-2020, spanning over
60years, to compute annual and monthly AT time series and cli-
matologies (long-term means and coefficients of variation).

In order to assess for changes within this timeframe we used the
Mann-Kendall trend test, a non-parametric test for statistical de-
pendence based on the Kendall's tau coefficient, which we applied
to annual time series of annual and monthly AT time series.

In addition to quantitative AI values, we characterised the cli-
mate aridity according to the categories defined by the UNEP
(Table 1). We assessed for changes or transitions across these
major classes between two 30-year (normal) periods 1961-1990
and 1991-2020 (WMO 2017). We distinguished between tran-
sitions towards more arid conditions (humid to sub-humid
humid, to sub-humid dry, to semi-arid, to arid, to hyper-arid)
and towards more humid conditions (reversed changes).

Although the AI is a general characteristic of the climate of a
region and therefore has only relevance at the annual level, we
have also analysed its monthly distribution, following the same

methodology used at the annual scale. This is somehow debat-
able, since at the monthly scale other factors the climatic water
balance is affected by other factors than just precipitation and
reference evapotranspiration, such as the water storage in the
soils. However, and keeping this in consideration, the nuances
of the intra-annual variability of the AI adds interesting infor-
mation regarding the different regional climates, and the trend
analysis at the monthly scale also allows determine when in
the year the changes towards more or less arid conditions took
place, which may be key to certain applications.

3 | Results

3.1 | Annual and Monthly Climatologies, 1961-
2020

Figure 2 shows annual AI climatologies for the period 1961-
2020. The mean value over the whole period is shown, as well
as the inter-annual coefficient of variation and the classification
into aridity categories. The percent area occupied by each cate-
gory is provided in Table S1.

Starting with mainland Spain (continental territory and the
Balearic Islands), the results evidence a large spatial vari-
ability of the mean AT values, with a streaking contrast be-
tween the humid regions in the north and north-west and the
rest of the peninsular territory where semi-arid conditions
prevail, with the exception of the mountain ranges and the
southernmost tip, with more humid climate. The inter-annual

TABLE1 | Climate classification scheme for Aridity Index values (UNEP 1997).

Climate class Hyper-arid Arid Semi-arid Sub-humid/dry Sub-humid/humid Humid
Aridity Index values <0.03 0.03-0.2 0.2-0.5 0.5-0.65 0.65-0.75 >0.75
Al mean Al CV Al class

@V )'vtf A
Vg A |7 A |5

Almean R NN Al CV I Al classification
e = 8 a g 0.00 0.25 0.50 Bl Hyper-arid Semi-arid Sub-humid humid
T 8 W " e . Aid Sub-hurid dry T Humid

FIGURE 2 | Aridity Index over mainland Spain and the Balearic Islands (top) and the Canary Islands (bottom), computed over the period 1961-

2020: (a) mean annual values; (b) coefficient of variation; and (c) Aridity Index categories. [Colour figure can be viewed at wileyonlinelibrary.com]
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coefficient of variation also shows a large spatial variability,
ranging between close to zero to 0.25 and exhibiting an almost
inverted spatial pattern with lower values in the north and in-
terior areas and higher values in the east and south, along the
Mediterranean coast, where the mean Al values are lower. As
for the categories into which the AI is divided, most of Spain
(37% of the area) is classified as semi-arid for the period 1961-
2020, with the next most abundant categories being dry sub-
humid (28%) and humid (26%). At the opposite extreme is the
arid class, with less than 1% of the territory and only appearing
in the SE extreme.

In the Canary Islands these differences are even more extreme,
exhibiting the largest range of mean Al values within a much
smaller territory. There is a clear spatial gradient from west
(more humid) to east (drier), and a strong modulation by the
relief. In particular, the easternmost islands, which also have
the lowest relief, have an arid climate, together with the south-
ern (leeward) areas of the central islands. On the contrary,
the westernmost island and the highest areas of the central
islands, exposed to the humid oceanic winds, have sub-humid
and humid characteristics. Another striking characteristic of
the climatic aridity in the Canary Islands is the large inter-
annual variability, which is highest in the more arid areas of
the archipelago.

The strong seasonality of the Spanish climate shows in the
monthly distribution of the AI (Figures 3 and 4). There is a pre-
dominance of the humid category in November, December and
January (close to 100% of the territory), followed by October and
February. At the opposite extreme are July and August, where in
more than two thirds of Spain the AI category is arid or hyper-
arid. Between these two extremes, there is a more or less grad-
ual transition, with the exception of a somewhat abrupt change
between September and October, which shows a direct passage
from semi-arid to humid predominance. This fact occurs specif-
ically in the Spanish mainland and the Balearic Islands, while
in the Canary Islands there is a smoother transition between the
2months.

Figures S1 and S2 show the mean AI and the inter-annual coef-
ficient of variation, calculated on a monthly scale. The mean AI
maps show spatial gradients that mimic quite closely those of
the AI categories shown above, but the inter-annual coefficient
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of variation is more interesting. Thus, between October and
February, when humid conditions prevail over mainland Spain,
there is higher variability along the Mediterranean coast. In
June and July, on the other hand, the highest variability is found
in the southern half of the Iberian Peninsula. In the Canary
Islands, the leeward side of the central islands shows the lowest
inter-annual variability, while the more arid eastern islands and
the humid western islands exhibit the largest variability, espe-
cially between January and June.

3.2 | Recent Changes in Climate Aridity

Inspection of the time series of the annual AI averaged over the
study area reveals a large inter-annual variability, with values
that ranged between around 0.5 and 1 over mainland Spain and
between circa 0.15 and 0.5 in the Canary Islands (Figure 5).
Application of the Mann-Kendall trend test to these time series
revealed a negative (towards drier) trend, with tau=-0.09 and
—0.183 for mainland Spain and the Canary Islands, respec-
tively, although significance was only achieved at an «=0.05
confidence level in the latter case (two-sided p=0.311 and 0.039,
respectively).

Comparison between the two normal periods 1961-1990 and
1991-2020 revealed a shift towards a drier AI climatology in the
latter period. This is apparent by comparing the mean annual
AT values of the two periods, which shifted between 0.74 and
0.71 over mainland Spain and between 0.30 and 0.25 over the
Canary Islands (Figure 5a), and also by inspecting the 30-year
density plots, where a shift to the right is apparent in both cases
(Figure 5b).

The analysis of the monthly AT time series (Figures S3 and S4)
offers further insight, and shows that 2months, February and
June, were the largest contributors to the negative trend of the
AT over mainland Spain. In the case of the Canary Islands, on
the other hand, May and September showed negative trends,
while July had a positive trend.

These changes have not affected the territory in a homoge-
nous way, as evidenced by the maps of the Mann-Kendall tau
statistic calculated at each grid node (Figure 6). At the an-
nual level, most of peninsular Spain and the Balearic Islands

100%
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FIGURE 3 | Percent area by aridity classes over 1961-2020: (a) Spanish mainland and Balearic Islands; and (b) Canary Islands. Colours corre-

spond to Aridity Index categories (legend as in Figure 2). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 | Aridity Index categories over mainland Spain, Balearic Islands and the Canary Islands, computed over the period 1961-2020 at

monthly time-scale. Legend colours as in Figure 1c. [Colour figure can be viewed at wileyonlinelibrary.com]

showed negative non-significant trends, with the exception of
the south-eastern area along the Mediterranean coast, with
non-significant positive trends. At the monthly level, signifi-
cant negative trends found in February and June in the global
time series over mainland Spain appear concentrated in the
southern half of peninsular Spain and some sectors of the
NE. Other months exhibit negative trends, such as the central
part of the Cantabrian coast in April and August, or sectors of
the south in July. There are also some areas showing positive
trends at the monthly scale, the most striking being along the
southern coast in September and some inner regions in July
and August.

On the Canary Islands, negative trends were predominant at
the annual level, with large areas achieving statistical signifi-
cance. At the monthly level, the regions affected by significant
negative trends were the north-western sector in April, May and
September, and the piedmonts of the central islands in the latter
2months. There were areas with positive trends in all the islands
in July, and in the central and western islands in August.

Perhaps more interesting than changes in the quantitative index
are the transitions in the aridity categories experienced between
the two normal periods. The aridity class maps for the two pe-
riods (Figure 7a) show little differences among them upon first
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FIGURE 5 | (a) Temporal evolution of the annual Aridity Index over the Spanish mainland and the Balearic Islands (black dots and black line)

and the Canary Islands (white dots and grey line), and mean Al values for the normal-periods 1961-1990 (blue horizontal lines) and 1991-2020 (red
lines); and (b) density plots of AI annual values over the two spatial and temporal domains, with points representing the mean annual AI of each
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inspection, but the transition maps and the Sankey diagrams offer
a deeper insight about class changes. Thus, aridity class transitions
towards more humid classes at the annual were marginal between
the two periods, affecting only 0.6% of mainland Spain and 0.1% of
the Canary Islands. Transitions towards more arid classes, on the
other hand, affected 11.6% and 16.3% of the two spatial domains,
respectively. Among these, the most relevant transitions were from
dry sub-humid to semi-arid, from humid sub-humid to dry sub-
humid, and from humid to humid sub-humid, accounting for 6%,
3% and 2% of the territory of mainland Spain, respectively. Only
slightly more than 1% transitioned from semi-arid to arid. The
spatial distribution of these changes reveals an interesting pattern,
with the more arid classes expanding their domain along the in-
terface with the less arid ones almost everywhere. Geographically,
most of these changes occurred on the margins of the depressions,
in the piedmonts of the main mountain areas.

On the Canary Islands, on the other hand, the most frequent tran-
sition was from dry sub-humid to semi-arid, affecting 8% of the
territory, followed by transition from semi-arid to arid (3%) and
humid sub-humid to dry sub-humid (3%). Most of these transi-
tions occurred on the hillslopes of the main reliefs on the central
and western islands, and especially on the leeward (N, NE) side.

Figures S5 to S7 and Table S2 provide a similar transition
analysis at the monthly scale. As a summary, Figures 8 and 9

provide maps and global statistics about transitions towards
more humid and more arid classes between the two periods.
The most noteworthy results are the expansion of the arid and
hyper-arid categories in May-June and August, respectively;
and the expansion of the semi-arid and dry sub-humid classes in
February, April and May. Overall, transitions towards more arid
classes prevailed over transitions towards more humid. Over
mainland Spain, June experienced the largest change towards
more arid classes, affecting 39.7% of the territory, followed by
April (22.7%), May (13.9%) and July (11.0%). On the other hand,
transitions towards more humid classes were only significant in
March (23.5%) and October (13%).

As for the Canary Islands, December (37.0%), November (34.3%),
February (30.4%) saw the largest transitions towards more arid
classes, followed by May (22.6%), September (19.4%) and April
(18.6%). Transitions towards more humid classes, on the other
hand, were less frequent, the most relevant being in October
(13.0%), March (12.8%) and August (9.5%).

4 | Discussion
We present the first high-spatial resolution climatologies

of the AI over an extended period (1961-2020), encompass-
ing the whole of Spain. Our results not only provide detailed
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FIGURE 6 | Results of the Mann-Kendall trend test for monthly and annual Aridity Index over 1961-2020: red, significant negative trend (more
arid); blue, significant positive trend (more humid). Results at the 95% confidence level. [Colour figure can be viewed at wileyonlinelibrary.com]

climatologies of annual and monthly climatic aridity, but also towards more arid climates. This is coherent with the evolution
show that aridity increased over vast areas in Spain through- of mean annual temperature and precipitation over recent de-
out the period 1961-2020, resulting in some areas transitioning  cades (Sandonis et al. 2021; Gonzalez-Hidalgo et al. 2024), and
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FIGURE 7 | Transitions of aridity classes between the two normal-periods, 1961-1990 and 1991-2020, at the annual scale: maps of Al classes for

each period, and areas that changed towards more humid and more arid classes (no-change areas shown in grey), and Sankey diagrams showing

the transitions of classes between the two periods (only those affecting more than 1% of the territory are labelled), for (a) mainland Spain and (b) the

Canary Islands. [Colour figure can be viewed at wileyonlinelibrary.com]

with the results of changes in bioclimatic indices observed by
Lopez et al. (2017) between 1951 and 1980 and 1981 and 2010.
Also, these results are consistent with changes in climatic arid-
ity described in other areas of the Mediterranean basin, over a
similar time frame (Gao and Giorgi 2008; Spinoni et al. 2015;
Andrade and Corte-Real 2016; Huang et al. 2016; Cheval,
Dumitrescu, and Birsan 2017; Paniagua et al. 2019; Myronidis
and Nikolaos 2021). In their assessment of AI changes over
Europe, Bestakova et al. (2023) found a general trend towards

a more arid climate over the period 1950-2019. Transitions to-
wards drier categories in this study occurred mostly at latitudes
between 45° N and 55° N, but not in the Mediterranean area, but
that is due to the study focusing only on the transition between
humid and dry climates, in a broad sense.

Chronologically, some authors argued that aridity increase
over the Iberian Peninsula occurred especially in the late 1970s
(Paniagua et al. 2019), while others maintain that it occurred
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mostly since the 1990s (Bestakova et al. 2023). Here we focused AT suggests that, over mainland Spain and the Balearic Islands,
on assessing changes between the two normal periods, 1961- the main decreasing period for that index (therefore, increasing
1990 and 1991-2020, but inspection of the time series of annual aridity) occurred around 1980 and 1995. In the Canary Islands,
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FIGURE9 | Percentgrid surface that transitioned towards a drier or wetter AI category, or that remained stable, between 1961 and 1990 and 1991

and 2020 normal periods in: (a) mainland Spain and the Balearic Islands and (b) the Canary Islands. [Colour figure can be viewed at wileyonlineli-
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on the other hand, the decrease of the annual AT happened more
steadily through the analysis period. Given the climate differ-
ences by their latitudinal position, it seems that mechanisms of
change could differ between both areas.

At the monthly scale, the most striking result has been the
drying trends in February and June, which in the latter case
caused transitions towards more arid climate classes over most
of peninsular Spain. In the Canary Islands, transitions to-
wards more arid classes took place mostly between November
and February in the south and south-eastern slopes of the
main reliefs (leeward side of the predominant trailing winds),
and in September and April-May in the northern slopes (wind-
ward side). These intra-annual changes may have serious
implications on the development of agriculture or the pheno-
logical cycles of natural vegetation, as pointed out by Tumajer
et al. (2021) and by Haro-Monteagudo et al. (2023). Except for
a few examples focused on small regions such as Moral et al.
(2016), there are hardly any studies of aridity changes at sub-
annual scales.

These results are coherent with the evolution of monthly tem-
perature and precipitation over mainland Spain in the last
decades. Gonzdilez-Hidalgo, Begueria, Pefia-Angulo, and
Sandonis (2022) and Gonzalez-Hidalgo et al. (2024) studied
the evolution of annual and monthly precipitation in main-
land Spain considering different temporal domains. For the
time window of this work (1961-2020), monthly precipitation
totals exhibited negative trends over most of peninsular Spain
in February and June. On the other hand, March-April, and
September-October precipitation totals showed increasing
trends over large parts of the Iberian Peninsula in the latter half
of our study period (1991-2020 and 1981-2010, respectively).
With respect to temperatures, Gonzdalez-Hidalgo, Begueria,
Pefia-Angulo, and Trullenque-Blanco (2022) and Pefia-Angulo
et al. (2020) showed that monthly temperature increased over
most of mainland Spain in all months between 1965 and 2015,
but most notably so between April and July (maximum daily
temperature) and between April and November (minimum daily
temperature). Maximum temperature is one of the drivers of the
atmospheric evapotranspirative demand (AED), with a positive
effect. Therefore, an increase in mean temperature has an effect
of increasing AED, leading to more dry conditions (lower AI).
In their study of potential evapotranspiration drivers and trends
over Spain in the period 1961-2011, Azorin-Molina et al. (2015)

found a global increase of this variable at the annual and sea-
sonal scales. In addition to the evolution of temperature, these
authors showed that the recent evolution of relative air humid-
ity also played a role in the evolution of AED, being therefore a
main driver of climatic aridity, too.

On the Canary Islands, on the other hand, Vicente-Serrano
et al. (2016) found that annual AED increased significantly
over 1961-2013, with stronger trends in the summer months.
Comparing the relative contributions of the radiative and aero-
dynamic components of potential evapotranspiration, they
concluded that the latter had the largest contribution to the
trend in potential evapotranspiration, with relative air humid-
ity being the main driver of the observed changes. The digi-
tal climate atlas of the Canary Islands (S6llheim, Suarez, and
Hernandez 2024) provides insight into the evolution of precipi-
tation and temperature. Considering the period 1991-2020 (thus
covering only the second half of our study), temperature exhib-
ited significant increases over most of the area at the annual
level, with the trend concentrated in the summer months (July
to October). Considering different time periods for the different
islands (varying between 1970 and 2020 and 1991-2020), the
digital atlas indicates that most precipitation trends are negative
at the annual and monthly levels, although not achieving signif-
icance in most cases.

The Al calculated as the ratio of precipitation (P) to potential
evapotranspiration (PET), was selected for this study due to
its ease of calculation and interpretation, widespread use, and
established status as a standard metric for quantifying aridity
(Vicente-Serrano et al. 2024). This widespread application fa-
cilitates direct comparison of our results with numerous other
studies. While the AT has limitations, its advantages in terms of
simplicity and comparability justify its use here.

A primary concern regarding the Al is its sensitivity to PET es-
timation. Although the UNEP's original definition employs the
Hargreaves equation, we opted for the more physically based
Penman-Monteith method. While different PET calculations
can lead to minor variations in the spatial distribution of aridity
classes, they are unlikely to substantially affect the analysis of
temporal AI changes, which is the focus of this study.

Other criticisms of the AT include its neglect of spatial variations
in soil water storage and precipitation concentration. While soil
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water storage can influence plant water availability under simi-
lar climatic conditions, incorporating it requires a more complex
water balance model, which is beyond the scope of this climatic
index analysis. Similarly, while highly concentrated precipita-
tion (common along the Mediterranean coast of Spain; Serrano-
Notivoli et al. 2018) can reduce effective precipitation and thus
increase effective aridity, the AI's reliance on total precipitation
over a longer period (typically annual) is consistent with its
focus on broad-scale climatic conditions.

5 | Conclusion

Our study examined current conditions and recent change of
climatic aridity over Spain, covering the period 1961-2020. The
main conclusions drawn from our work are:

« We present spatially detailed climatologies of the AT (ratio
of precipitation to potential evapotranspiration) over the
whole Spanish territories, at the annual and the monthly
scales, over the period 1961-2020.

» Aslightdecrease in the Al values has been detected between
the two normal periods 1961-1990 and 1991-2020 on an an-
nual scale, which was more intense in the Canary Islands
than over peninsular Spain and the Balearic Islands.

+ A 12% of peninsular Spain and the Balearic islands have
experienced a transition towards more arid AI categories
between 1961 and 1990 and 1991 and 2020, while almost
no areas have undergone a transition towards more humid
ones.

« In the Canary Islands, the transition towards more arid
classes involved 16% of the territory.

At the monthly level, the most striking changes occurred in
June, with almost 40% of the territory transitioning towards
more arid categories.

« Transitions towards more humid conditions have only been
relevant in March (24%) and October (13%) of the territory,
and did not counter the negative trends found in other
months.
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