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The Iberian Peninsula (IP) is a drought-prone area located in the Mediterranean which presents a significant tendency towards
dryness during the last decades, reinforcing the need for a continuous monitoring of drought. The long-term evolution of drought
in the IP is analyzed, using the Standardized Precipitation Evaporation Index (SPEI) and the Standardized Precipitation Index
(SPI), for the period of 1901–2012 and for three subperiods: 1901–1937, 1938–1974, and 1975–2012. SPI and SPEI were calculated with
a 12-month time scale, using data from the Climatic Research Unit (CRU) database. Trends in the drought indices, precipitation,
and reference evapotranspiration (ET

0
) were analysed and series of drought duration, drought magnitude, time between drought

events, and mean intensity of the events were computed. SPI and SPEI significant trends show areas with opposite signals in the
period 1901–2012, mainly associated with precipitation trends, which are significant and positive in the northwestern region and
significant and negative in the southern areas. Additionally, SPEI identified dryer conditions and an increase in the area affected by
droughts, which agrees with the increase in ET

0
. The same spatial differences were identified in the drought duration, magnitude,

mean intensity, and time between drought events.

1. Introduction

In recent decades, changes in climate have affected not only
the average in temperature and precipitation but also the
frequency of extreme events causing impacts on natural and
human systems on all continents and across the oceans [1, 2].
Nevertheless, increases in climate variability have a greater
effect on society than changes in mean climate because it is
more difficult to adapt to changes in extremes [3]. The last
major assessments performed by the IPCC on extreme events
[1, 2] confirm that a changing climate can lead to changes in
the frequency, intensity, spatial extent, duration, and timing
of weather and climate extremes that combined with larger
exposure can result in unprecedented risks to humans and
ecosystems [1]. Several studies have also stressed the role
played by recent climate change in the increased likelihood of
occurrence of some of these extremes [4–7]. In particular, the
observed impacts of droughts in western Mediterranean area
are mounting [8–10]. At the European scale, droughts can
have huge economic impacts, as shown by recent estimation
of 100 billion Euros of losses inflicted by droughts between
1976 and 2006 [11]. Consequently, it is crucial to ensure a

continuous monitoring of drought, as well as a deeper capac-
ity of modelling its variability and impacts on environment,
society, and economic activities. Nevertheless, a quantitative
assessment of drought characteristics is revealed to be very
challenging, particularly due to the existence of several
definitions of drought [12], as well as of different criteria
used to determine the onset, end, and duration of a dry
event. This challenge is further increased by the difficulty of
quantification of drought bymeans of a specific observational
dataset, together with the sparsity of the available historical
records of soil moisture [13]. Thus, in the last two decades,
several drought indices have been developed, with the aim to
monitor dry (and wet) episodes, using precipitation and tem-
perature datasets [14–16], as well as satellite information [17,
18].The systematic analysis of drought evolution and severity
has been traditionally performed through the computation
of the Palmer Drought Severity Index (PDSI) [19] or of the
multiscalar Standardised Precipitation Index (SPI) [20].More
recently, a new formulation of the not so generalist PDSI, the
so-called self-calibrated PDSI (scPDSI), was developed and
used successfully to assess droughts over the Mediterranean
region [21, 22]. As different systems and regions respond to
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drought at very diverse temporal scales, some of the above-
mentioned drought indices present some caveats considering
that they are unable to produce a multiscale outcome. Thus,
the analysis of droughts for distinct time scales is frequently
performed using multiscalar drought indices, such as the SPI
[20, 23], which uses precipitation data to identify dry/wet
conditions, and more recently the Standardized Precipitation
Evaporation Index (SPEI) [16], which uses a simple water
balance, incorporating evapotranspiration and indirectly sev-
eral related climate variables that play an important role in
drought occurrence and characterization.

A clear trend towards drier conditions during the 20th
century over Mediterranean Europe, including the Iberian
Peninsula (IP), has been identified in several studies per-
formed bymeans of drought indicators [24–26], although the
period ranging from the 1940s until the 1970s does not present
the same trend [26]. Different sources of data have been used
to compute drought indicators including observations from
meteorological stations [26–28], gridded datasets [22, 29],
and reanalysis datasets [30]. Several authors have provided
evidences of an increasing number of droughts forced by
higher temperatures and enhanced dry conditions [28, 31,
32]. However, there are still several uncertainties related to
observed global scale drought trends [33, 34], mainly due to
the opposite trends identified in many regions. Additionally,
Ficklin et al. [35] reinforced the regional character of drought
events, emphasizing the need for a regional assessment of
this phenomenon and consequently the added value of the
regional analyses of the driving forces of drought trend con-
ditions for regional management plans that should reduce
the vulnerability of the different systems and minimize the
drought impacts [36].

Severe and long drought events are frequent in the IP,
with strong effects in ecosystems and the related social and
economic impacts [10, 18]. In the last decades, the severity of
droughts in the IP has increased, together with an increased
tendency for dryness and decrease of vegetation cover, due to
the higher atmospheric evaporative demand [28, 37]. These
agree with the findings of Greve et al. [38] that identified
the Southwest of the IP as one hot spot of the pattern “dry
gets drier.” The need for a deeper knowledge of drought
frequency, duration, and intensity over the IP during the last
century is reinforced by the findings by Hoerling et al. [39]
using Sea Surface Temperature data that have shown that
the period of 1970–2010 over the Mediterranean region was
considered drier when compared with 1901–1970. Together
with the increasing dryness, the projections pointing for
an increase of drought conditions during the 21st century
[39] will tend to exacerbate these problems. However, and
to the best of our knowledge, there is no regional study
covering equally the entire IP (including Portugal) which
analyzes drought evolution for such a long period (112 years),
disentangling the drought behavior in 3 subperiods charac-
terized by different historical, social, and climate conditions.
In particular, when assessed on a long-term period, global
temperature trends present breakpoints around the years 1945
and 1975, corresponding to the start and ending dates of
a cooling period, preceded and succeeded by two warming
periods [40, 41]. These temperatures breakpoints have been

identified in studies at a continental scale in Europe [42] and
at a country scale in Portugal [43] and Spain [44], and their
effect on drought trends should be taken into consideration.

Thus, our analysis aims to characterize for the first time
the long-term evolution of drought in the IP for more than
one hundred years (1901 to 2012) by means of twomultiscalar
indices, SPI and SPEI, as obtained from the Climate Research
Unit TS3.21 high-resolution gridded dataset (0.5∘ × 0.5∘).
An additional aim was associated with the low number of
meteorological stations overWestern Iberia in themajority of
the works, namely, in the case of the works by Coll et al. [26]
that used only two stations in Portugal and 1 in the north-
western region of Spain. Furthermore, the identification of
the above-mentioned temperature breakpoints motivated the
separated assessment and characterization of drought events
for three consecutive subperiods (1901–1937, 1938–1974, and
1975–2012) within the 112-year long-term period. To the best
of our knowledge there are no other studies that perform
such type of analysis using multiscalar drought indicators.
Moreover, wewill also assess if the observed trends of dryness
severity and area affected by drought in Iberia as obtained
using CRU dataset are similar to the ones obtained by other
authors. Finally, it will be assessed for the first time the long-
term trends of drought duration, drought magnitude, time
between drought events, and mean drought intensity at grid
point scale. At the European scale, a study performed by
Spinoni et al. [25] focusing on the drought climatologies
and trends analysis was performed covering only the period
from 1950 onwards. We are sure that the inclusion of the
previous 50 years allows a better understanding of climate
extremes in the first half of 20th century. This analysis,
combined with the spatial patterns of droughts over the
IP during the long-term period of 112 years, together with
the spatial pattern observed for the three subperiods will
allow increasing the knowledge of drought trends evolution
and their temporal variability on a climatic perspective,
disentangling the roles played by diminishing precipitation,
and increasing evapotranspiration, while identifying extreme
events and IP most drought-prone areas.

2. Data and Methods

2.1. Data and Drought Indices. The climatic data used to
compute the drought indices were obtained from the Climate
Research Unit TS3.21 database [45], covering the period from
January 1901 to December 2012.The dataset covers uniformly
the globe and includesmonthly values of several climate vari-
ables (e.g., precipitation, temperature, cloud cover, and vapor
pressure, among others) computed on a high-resolution grid
(0.5 × 0.5 degrees).

The CRU dataset derives from thousands of stations
scattered nonrandomly across the Earth, with much higher
densities at mid-latitudes than in the tropics or the Arc-
tic. Although, in terms of temporal bias, the CRU dataset
logically contains many fewer observations in the early
part of its record, this happens mostly in the tropical and
Arctic regions [46], thus not affecting so much the more
covered mid-latitude regions. Despite the smaller number of
meteorological stations used to obtain the data in the first
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half of the 20th century when compared to the remaining
years, Harris and coauthors [45] show that their precipitation
and temperature time series have a high correlation value
with other datasets [45]. Macias-Fauria and coauthors [46]
show that for global studies the analyses should be under-
taken using data after 1950s. However, the analysis of the
present work is restricted to the IP region which includes
a relatively homogeneous number of stations. Additional
information about the number of stations for the considered
variables in several years along the 20th century and also the
methods used for interpolation and the representativeness
of the available data is also provided in New et al. [47]
and Mitchell and Jones [48]. According to these authors
the dataset is useful for a variety of climatic applications
including hydrological modelling, climate change scenarios,
and evaluation of regional climate models. Moreover, this
database has been previously used by the authors [49, 50],
which have obtained good results in the IP, including for the
earlier years [50].

In order to compute SPEI it is necessary to estimate the
reference evapotranspiration (ET

0
) based on an appropri-

ate method (e.g., Thornthwaite, Hargreaves, and Penman-
Monteith). The choice of the method must be made con-
sidering the meteorological data available and its possible
influence on SPEI. Although the Penman-Monteith method
[51–53] is generally recommended, in order to include the
important effects of the available energy, humidity, and wind
speed [32], it requires considerably more meteorological data
than the Thornthwaite [54] and Hargreaves [55] methods.
While Sheffield et al. [32] showed an increase in drought
trends that may be associated with an overestimation of the
Thornthwaite method, Spinoni et al. [56] opted for the Har-
greaves method as it uses maximum and minimum tem-
peratures to account for solar radiation. Additionally, the
lower quality of CRU TS3.21 database in the earlier years led
us to opt for a method that required fewer meteorological
variables. In this work, a comparison of ET

0
obtained using

the three above-mentioned methods was made, being the
Hargreaves method chosen since it shows a better correlation
with the Penman-Monteith than the Thornthwaite method
[57].

Average series of precipitation and ET
0
over the entire

IP were computed and subsequently the indices SPI and
SPEI were computed with a 12-month time scale in order to
quantify long-term drought periods. The SPI was computed
using a Pearson III distribution and SPEI using a log-logistic
distribution, as suggested, respectively, by Guttman [23] and
Vicente-Serrano et al. [16]. The computation of both indices
was made using the long-term period as the baseline period.
With the aim of highlighting the differences on the ability
of each index to assess the tendency for dryness over the
IP, the difference between the two indices (SPEI-SPI) was
also computed following the approach of Vicente-Serrano
et al. [28]. Moreover, monthly values of ET

0
, SPI, and SPEI

were also calculated for each grid point covered by the CRU
database, to assess the spatial variability of drought in the
IP, as suggested by the spatial variability of the precipitation
regime in this territory [58, 59]. Still, the analysis of the
drought indices computed from average climate variables

provided additional information to support the choice of the
subperiods, as well as to assess the quality of the dataset by
comparing the results with those obtained by other authors.

Drought indices allow for the identification and classifi-
cation of drought or wet events, as well as for the computation
of its intensity, duration, and magnitude. The intensity of
an event in a given month corresponds to the value of the
index on thatmonth, and it allows qualitatively classifying the
events [20].The classification used in this work was proposed
by Agnew [60] and comprises three drought classes: moder-
ate, if −0.84 > index ≥ −1.28; severe, if −1.28 > index ≥ −1.65;
and extreme, if −1.65 > index.These thresholds correspond to
0.201, 0.100, and 0.050 probability of occurrence, respectively.
Drought’s mean intensity should be looked at as the mean of
the drought index values (using either SPI or SPEI) within a
drought event.The duration of a drought event is the number
of consecutive months with the index lower than a certain
threshold, and the magnitude of a drought event is the sum
of the index values on those months [20].

2.2. Drought Assessment. This study focuses on IP drought
evolution excluding the Pyrenees, for the entire period of
112 years. According to previous works, and similar to other
regions, the IP suffered nonmonotonic temperature changes
during this period, with a warming period prevailing until
the 1930s reported by Coll et al. [26] and again from the 1970s
onwards [26, 43, 44]. A cooling period in between these two
periods was also reported by Ramos et al. [43] and Brunet et
al. [44], and since these temperature changes may influence
the drought analysis performed by SPEI, we decided to split
the 112-year period into 3 smaller periods that reflected the
warming and cooling subperiods with approximately the
same length: 1901–1937, 1938–1974, and 1975.

The trends of the drought indices and their difference
(SPEI-SPI) were assessed, as well as the trends on precipita-
tion and ET

0
, after a moving sum with a 12-month window

was computed. It is a common practice to analyze annual,
seasonal, or monthly precipitation and ET

0
, but the com-

putation of a moving sum with the same time scale as the
drought index allows identifying the influence in SPEI of
changes in precipitation and ET

0
, as well as the influence of

the precipitation in SPI. For instance, when a 12-month time
scale is used to compute the drought index, the annual
precipitation and ET

0
account only for the drought index

values on the month of December [61], which would not be
sufficient to explain the behavior of the complete time series
of SPEI and SPI.

Based on both SPI and SPEI indices, time series of
drought duration, droughtmagnitude, time spanned between
drought events, and mean intensity of the drought events
were built for each grid point of the IP. Following the work
of Spinoni et al. [25], events that lasted only one month
were not considered and were merged to the contiguous
events. Due to the reduced number of drought events in
some of the subperiods which does not allow for a significant
statistical assessment, the analysis was only performed for
the long-term period (1901–2012). Based on the grid points’
calculations, the percentage of area affected by drought was
also determined and the results obtained with each index
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Figure 1: Moving sum of the spatial averaged precipitation (a) and reference evapotranspiration (ET
0
) (b) determined by the Hargreaves

method over the IP during the period 1901–2012, and the corresponding linear trend (red bold line).

were compared. The change of these time series during the
period analyzed was also assessed.

2.3. Trend Analysis. The existence of significant trends in
meteorological fields and drought indices was assessed based
on the application of appropriate trend tests which were
chosen taking into account the presence of outliers and/or
autocorrelation in the analysed time series. The drought
indices do not present significant outliers, but they are
autocorrelated, and so it is not advisable to test the statistical
significance of the trend of these time series with the standard
Mann-Kendall test [22]. This caveat is also present in series
derived with moving sums and moving averages, and thus it
is necessary to use a more advanced test that can deal with
the autocorrelation such as the modified Mann-Kendall test
[62]. On the other hand, as the series of drought duration,
magnitude, mean intensity, and time between drought events
do not present autocorrelation, the Spearman-Rho test was
used instead of the Mann-Kendall test, since the former test
is less affected by outliers than the latter [63].When using the
Spearman-Rho test only time series with at least 20 points
were considered, following the suggestion of Lanzante [63].
The slope and intercept were always calculated with theTheil
Sen method [64, 65].

3. Results

3.1. Averages for the Iberian Peninsula. The moving sums
of the precipitation and ET

0
estimated with the Hargreaves

method over the IP are presented in Figure 1, as well as the
corresponding linear trends obtained for the entire period.
Table 1 presents the statistical significance of the detected
trends, the slope, and the intercept for the moving sums of
precipitation and ET

0
. While precipitation does not present

a significant trend during the long-term period, ET
0
shows

a marked increase, although not visible throughout the
whole period (Figure 1). The trend analysis performed on
the three subperiods highlights this behavior; while, in the
case of precipitation, only the intermediate period presents a
significant positive trend (Table 1), in the case of ET

0
, all the

three subperiods present significant trends, being negative
in the intermediate period and positive in the first and last
subperiods (Table 1).

The drought indices obtained with the averagedmeteoro-
logical parameters for the IP are presented in Figure 2. Both

Table 1: Significance (significance level of 0.05), slope (mm/year),
and intercept of trends in accumulated precipitation and ET

0
. The

slope values shown were multiplied by 10−3. NS, nonsignificant; +,
significant and positive; −, significant and negative.

Period Precipitation ET
0

Trend Slope∗ Intercept Trend Slope∗ Intercept
1901–2012 NS 18.5 609.4 + 56.5 1064.4
1901–1937 NS 10.1 615.4 + 45.7 1069.5
1938–1974 + 160.6 607.6 − 22.8 1106.5
1975–2012 NS 4.5 609.4 + 163.8 1091.8
∗
×10−3.

drought indices agree in identifying the longest and most
intense drought events during the decades of 1940, 1950, and
since the 1980s. Otherwise, whereas the 1960s and 1970s were
predominantly wet, the 1910s and 1930s presented wet and
dry periods shorter and less intense than in other decades
[66]. Moreover, the recent 2004/2005 and 2011/2012 extreme
drought events are also clearly evident on all indices. The
difference between SPEI and SPI (Figure 2(c)) also presents
a marked decrease and the highest differences are coincident
with the periods where an increase of ET

0
occurred.

Additionally, Table 2 presents the trend and correspond-
ing statistical significance for SPI and SPEI and also for
the difference between SPI and SPEI during the considered
periods. SPI and SPEI show a compliant positive significant
trend during the 1938–1974 period, whereas in the first period
no significant trend is present. The simultaneous positive
SPEI and SPI trendsmay be associated with the simultaneous
existence of a positive trend in precipitation and nonexistence
of a trend in ET

0
during this period. The SPEI time series

shows significant negative trends for the remaining periods.
Moreover, the SPEI-SPI time series also presents a significant
negative trend for all the periods (except for 1938–1974). Both
negative trends in SPEI and SPEI-SPImay be explained by the
existence of a positive significant trend in ET

0
.

3.2. Local Trends. The trends ofmoving sums of precipitation
and ET

0
, for the four periods considered, are presented in

Figure 3. The spatial pattern of the significant precipitation
trends (values highlighted with a black dot) for the long
period shows areas with opposite signals: while the north-
western region presents a positive trend, the southern region
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Figure 2: Average SPI (a) and SPEI (b) using Hargreaves’ method and the difference between SPEI and SPI (c) and linear trend (red line) for
the Iberian Peninsula during the period 1901–2012.

Table 2: As in Table 1, but for SPI, SPEI, and the difference between SPEI and SPI. The slope values shown were multiplied by 10−3.

Period SPI SPEI SPEI-SPI
Trend Slope∗ Intercept Trend Slope∗ Intercept Trend Slope∗ Intercept

1901–2012 N.S. 0.0 −0.01 − 0.7 0.45 − 0.6 0.42
1901–1937 N.S. 0.0 −0.04 NS 0.4 0.29 − 0.6 0.42
1938–1974 + 1.9 −0.33 + 1.9 −0.31 NS 0.1 0.03
1975–2012 N.S. 0.2 −0.24 − 1.7 −0.10 − 1.8 0.17
∗
×10−3.

shows a negative one. Two aspects should be stressed: (i)
the decadal trends in the first period are much higher than
in the remaining periods, reaching trend values higher than
200mm/decade in some grid points; (ii) during the last two
periods, there are less grid points with significant trends than
in the first period and, in the later period, these are mostly
located in theNorth and have a negative signal.These changes
are not visible in the case of the average precipitation in the IP
(Figure 1), which may indicate that the increase in the North
is balanced by the decrease in the South. Nevertheless, the
results on the first period should be interpreted with caution,
due to the lower quality of the data in the early years of the
CRU TS3.21 database.

While presenting distinct spatial patterns on the differ-
ent time periods, ET

0
shows a consistent rising tendency

(Figure 3, ET
0
). In fact, the majority of the IP presents a

positive trend for the complete period (1901–2012). However,
both the eastern region in the first period (1901–1937) and
central Portugal in the last period (1975–2012) reveal a
negative trend. In agreement with the average ET

0
in the

IP, most of the significant trends in the intermediate period
(1938–1974) are negative.

The trends for SPEI and SPI and the difference between
SPEI and SPI for the considered periods are presented in
Figure 4. As expected, the spatial patterns obtained for the
various SPI trends are in good accordance with the corre-
sponding spatial patterns for the precipitation (Figure 3).The
impact of both precipitation and ET

0
is evident in the results

obtained for SPEI trends (Figure 4, SPEI). When compared
with SPI (Figure 4, SPI), SPEI presents more significant
points for the complete period, being mostly negative. The

positive trends are located in the northwestern area (where
precipitation has increased), and the negative trends spread
throughout the central area. In the first period, the tendencies
of SPEI and SPI are very similar, although SPEI presents
slightly more negative trends and slightly less positive trends
than SPI, which also occurs in the last period. The interme-
diate period is almost identical in the two cases, reflecting
the small number of significant trends in ET

0
. In the third

period, both indices present negative trends in the North
and positive trends in the West, and the remaining territory
presents negative trends in the case of SPEI. The influence
of ET

0
is more obvious in the results obtained for the

difference between the two indices (Figure 4, SPEI-SPI) than
for individual indices, as the spatial distribution of the trends
is almost identical to the distribution of ET

0
trends, although

with opposite signal, as expected.
The percentage ofmonthly area of the IP affected bymod-

erate drought computed using both indices and the threshold
−0.84 is shown in Figure 5, as well as the difference between
the area affected by the two indices and respective trend line.
It is evident that the periods with the highest percentage of
area affected by droughts in the IP are coincident with those
identified as showing the highest drought intensity, based on
the overall series (Figure 2), namely, during the decades of
1940s and 1950s and after the 1980s. However, neither index
presents a significant trend, independently of the threshold
used to classify the drought events (not shown). On the other
hand, the results obtained with SPEI-SPI are significant and
positive (slope = 0.001), being evident the positive trends in
the earlier and longer periods, as well as the absence of a trend
in the middle period (Figure 5(b)). The above-mentioned
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Figure 6: Significant trends in drought duration, drought magnitude, time between drought events, and mean intensity of droughts. Red
(blue) grid points represent positive (negative) trends, and white represent no significant trend. Gray is used for the grid points where the
time series of moderate/severe drought events has less than 20 points.

trends are still significant when we consider only the more
severe and extreme drought events (thresholds −1.28 and
−1.65, resp.).

Table 3 presents the monthly relative frequency (%) by
which droughts are affecting more than 40% of the IP for
moderate, severe, and extreme drought events. As expected,
the frequency is higher for less severe droughts. In the case of
moderate droughts, the frequency is lower, despite presenting
higher frequencies for SPI relative to those reached by SPEI
in the earlier period (13% and 6%, resp.). However, the
frequency of drought episodes increases along the century,
with SPEI (34%) and SPI (24%) presenting the highest
occurrence in the later period. The results for severe and
extreme drought frequency (affecting more than 40% of the
IP) depict a percentage close to zero in the first period and
a significant increase of the larger and spreader drought
episodes in the latest period 1975–2012.

Drought duration, magnitude, time spanned between
drought events, and mean intensity were also computed con-
sidering moderate and severe droughts (i.e., using the −0.84
and−1.28 thresholds). Figure 6 presents the significant trends
for the above-mentioned metrics for SPI and SPEI indices,
considering only the complete period. The three subperiods
were also analyzed but are not shown, since the number of
grid points where the time series has at least 20 values is

very small and could result in misleading interpretations.
Likewise, the trend associated with extreme droughts events’
characteristics (duration, drought magnitude, time between
drought events, and mean drought intensity) with reduced
number of points was also not considered.

In the case of the results obtained using the SPEI index
for severe droughts (i.e., using the −1.28 threshold), the
drought duration and magnitude trends are mostly positive.
The trends in the time spanned between drought events
are negative for both drought categories covering approx-
imately 30% of the entire IP, when considering the −0.84
threshold (Figure 6, SPEI). The significant trends are located
mostly over central and eastern IP. On the other hand,
grid points characterized by significant trends of drought
duration and drought magnitude are scattered throughout
the Peninsula and do not present spatial homogeneity.
However, there is an increase in both parameters over the
region connecting northern and southeastern IP, for both
thresholds (Figure 6, SPEI). Concerning the trends computed
using SPI and the −0.84 threshold (Figure 6, SPI), the
results mirrored the spatial pattern observed for SPI trends
(Figure 4). Although presenting a smaller number of grid
points with significant trends, the North-South difference
is still visible on both duration and magnitude (Figure 6,
SPI).
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4. Discussion and Conclusions

Several authors have discussed the role of including ET
0
in

the trend analysis of droughts at global [25, 31, 32, 38, 56],
continental [35, 67], and national or regional scales [68, 69].
Using distinct datasets and/or different drought indices for
various regions of the Mediterranean basin and considering
shorter periods, several authors identified colder/wetter and
warmer/dryer periods over different regions [22, 25, 44, 70,
71]. A marked pattern of decreased precipitation spread over
the IP, with the exception of theNWof the Peninsula, was also
identified byMerino et al. [72], using the Global Precipitation
Climatology Center database, and by Coll et al. [26], which
used data from meteorological stations during the period
1906–2010. Other studies based on meteorological stations
over Spain and the entire IP have also shown a general
increase of ET

0
for the last 50 years [28, 69]. On the other

hand,Coll et al. [26] showed a general increase in temperature
and a clear drying trend for most of the IP when using SPEI.

The first goal of this work was to evaluate for the first
time such trends for the entire IP during the long-termperiod
of 112 years (1901–2012), using the high-resolution (0.5 × 0.5
degrees) gridded database available by Climate ResearchUnit
TS3.21 [45], and evaluate its usefulness to assess drought
evolution in the entire IP by means of two drought indices,
namely, SPI and SPEI. An additional motivation of this
analysis was related to the low spatial representation of
meteorological stations over Portugal in the majority of the
works mentioned above, namely, in the case of the works by
Coll et al. [26] that used only two stations in Portugal and
1 station in the northwestern region of Spain. The drought
indices obtained with the averaged precipitation and ET

0
are

consistent with the results obtained by Coll et al. [26]. The
analysis of the indices in our work revealed a nonstationarity
of the trends particularly significant in the first and third
periods, consistentwith the nonstationarity of the ET

0
trends,

but virtually absent during the central period encompassing
the 1940s, 1950s, and 1960s. This trend analysis ensured the
second goal of this work that was to assess for the first time
the drought trends for three successive subperiods within
the long-term period. The third objective of this work was
to assess if the observed trend of dryness severity and area
affected by drought in the IP as obtained using CRU dataset
is similar to the ones obtained by other authors. Finally,
it was also aimed to assess for the first time the long-
term trends of drought duration, drought magnitude, time
between drought events, and mean drought intensity at grid
point scale, allowing the identification of drought-prone areas
of the IP.

The estimation of ET
0
considered its influence on long-

term trends of drought indices reported by Sheffield et al. [32]
and so the Hargreaves method was chosen, since it avoids
the overestimation of drought trends [32, 55]. The analysis of
the spatial distribution of ET

0
over the IP showed a general

increase in this meteorological variable during the long-term
period of 1901–2012, which is consistent with the general
increase in temperature observed using meteorological sta-
tions covering most of the 20th century [26, 44], as well
as covering more recent years [43]. This feature highlights

the need to compare the ability of SPI and SPEI indices to
monitor drought trends on IP. As expected, the analysis of
the averages of SPI and SPEI time series over the IP showed
an increase of dryness during the last 112 years, mainly due to
the increase in evapotranspiration [28].

The analysis of the spatial pattern of precipitation in the
long-term period showed a decrease of precipitation on most
of the territory, except for the Northwest of the Peninsula
in accordance with the works mentioned before [26, 72].
On the other hand, the spatial patterns of ET

0
present a

general tendency to rise despite being less significant when
the analysis is performed for the individual subperiods.
Consequently, the impact of both precipitation and ET

0
is

evident in the results obtained for SPEI, since it presents
more significant trends than SPI, being moreover mostly
negative. However, some positive trends are observed over
the northwestern area, where the rise in precipitation seems
to exceed the growth of ET

0
. Nevertheless, the influence of

ET
0
is more evident in the differences obtained between SPEI

and SPI, as the spatial distribution of the trends is almost
identical to the distribution of ET

0
trends, although with

opposite signal, as expected. Moreover, the similarity of our
results for the long-term period to the ones obtained by Coll
et al. [26] indicate that although the level of confidence in
the earlier years of the CRU TS3.21 dataset is low, this does
not appear to influence the results obtained here for the
longer period.Thus, we are confident that the use of the long-
term CRU TS3.21 dataset in southern Europe will contribute
to enhancing the knowledge of drought events, its spatial
evolution, and characteristics in the last century and at early
21st century and that the use of data prior to the year 1950
does not pose a problem to this type of analysis.

The analysis of the three subperiods pointed to different
behaviors in terms of drought trends, highlighting the need
to perform a separate analysis at regional scale for the
IP [35] aiming to reduce the vulnerability of the different
regions and minimize losses induced by drought [36]. The
results for the three smaller subperiods (1901–1937, 1938–1974,
and 1975–2012) point to a generalized trend towards higher
evaporative demand in the first and last period and of a lower
ET
0
in the intermediate period. While in the case of the first

period a small area with positive trends of ET
0
was found in

the southeastern region, in the last period a corresponding
area was found in the eastern part of Portugal. The spatial
patterns of precipitation trends in the first 3 decades of the
20th century are similar to the spatial patterns found for
the long-term period, with negative trends in the South and
Southwest and positive trends in the North and Northwest
of the IP. Moreover, a clear trend for wet conditions was
observed in the intermediate period. Finally, less significant
trends were observed in the last period and mainly concen-
trated in the North, where they are mostly negative, thus
showing a shift in the trend. The comparison with other
results should be performed carefully, not only because most
works analyze annual, seasonal, or monthly precipitation, but
also because the time periods used are rarely coincident. Our
results are generally in good agreement with the precipitation
trends obtained by De Luis et al. [73], who reported negative
trends in seasonal precipitation in Spain on all seasons except
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Autumn, on the period 1946–2005, when analyzing a gridded
dataset, although a previous work using meteorological
stations showed a more complex pattern on Eastern Spain,
where both negative and positive significant trends were
reported on the period 1951–2000 [74]. In Portugal, De Lima
et al. [71] found mostly nonsignificant trends in the periods
1945–1975 and 1976–2007 and a small number of significant
and negative trends in the northern region in the second of
these periods, which also support our findings for the second
and third subperiods.

Consequently, the impact of both precipitation and ET
0

is evident in the results obtained for SPEI, namely, in the
latest period that showed a widespread tendency for dryer
conditions (with the exception for the western region over
Portugal), a pattern that is not so clear with SPI. In the
case of the two first subperiods the spatial patterns of SPI
and SPEI trends are consistent, showing a clear tendency
for wet conditions in the intermediate period and over the
Northwest and North of the IP in the first period. A negative
trend of both drought indicators was observed in the South
of the IP, presenting higher number of significant trends
in the case of SPEI. Therefore, the results for the three
smaller subperiods (1901–1937, 1938–1974, and 1975–2012)
point to a generalized trend towards wetter conditions in the
intermediate period and widespread drier conditions in the
two other periods. The exception is central Portugal, which
shows a positive trend, caused by an increase in precipitation
and a decrease in ET

0
. This result is also reported by

Vicente-Serrano et al. [28], when analyzing SPI and SPEI
calculated with data obtained from meteorological stations
for the period 1961–2011. The works mentioned above failed
to report this wetting trend, probably due to the shorter
time period being coincident with the intermediate period
considered in the present study. The tendency for dryness,
as obtained by the difference between SPEI and SPI in the
last period, is in agreement with the findings of Vicente-
Serrano et al. [28] for the IP that showed an increase of
drought severity during the last 50 years, as a consequence
of an increase of atmospheric evaporative demand resulting
from temperature rise. However, our results highlighted
that this tendency was also observed in the first three
decades of the 20th century, being interrupted by a period
showing a tendency to wet conditions mainly in central
IP.

The different patterns of dryness obtained in the last two
periods are compatible with the findings of Páscoa et al. [50]
when studying the relationship between drought events in
the IP and wheat yields for two different periods (1929–1985
and 1986–2012) that were identified due to the characteristic
of crop yields in both Iberian countries. They also found
areas in Spain presenting negative correlations in the winter
months for the period between 1929 and 1985, located in
the western territory and forming a homogeneous zone
with areas of negative correlation in Portugal. Additionally,
Páscoa et al. [50] found for the period from 1986 to 2012 a
westward spread of positive correlations between SPEI and
wheat yield. A marked decrease of negative correlations was
observed, accompanied by the striking decrease of significant
correlations in the western Iberian territory, particularly in

the Portuguese territory. These results reinforce the change
of the trends’ signal in the spatial domain.

Even though the spatial patterns of droughts are very
complex, and in some situations close areas may be expe-
riencing different drought conditions, the evolution of the
monthly percentage of area affected by drought (using SPEI)
points to a significant increase for all drought categories. It
should also be noted that the increase, along the long-term
period from 1901 to 2012, of very spread drought episodes
(more than 40% of IP affected) was better detected with SPEI
than with SPI, being the increase more accentuated in the
last four decades. Vicente-Serrano et al. [28] also pointed
to a rise of drought severity in the last 5 decades, together
with an increased tendency for dryness and stressed that this
increment is independent of the evapotranspiration approach
used. Similarly, the global assessment of wetting/drying
trends during the period 1948–2005 performed by Greve and
coauthors [38] has identified the Southwest of the IP as one
hot spot of the pattern “dry gets drier.”

On the other hand, Spinoni and coauthors [25] have
found a significant increase in drought frequency, duration,
and severity over the IP since 1951. Following Spinoni and
coauthors [25], it was our goal to assess such tendencies
along the long-term period, specifically the spatial patterns
of trends on drought duration and magnitude, aiming to
identify the more susceptible areas in the IP. Our first results
pointed out the higher number of significant trends identified
using SPEI than using SPI.The signal of the trends obtained is
more consistent in the case of SPEI than in case of SPI, which
presents trends with opposite signals spread over certain
regions of the IP. The results arising from the application of
SPEI also depict an increase in the duration and magnitude
of drought events, although these are scattered throughout
the IP and do not present spatial homogeneity. However,
the number of significant trends of duration and magnitude
of moderate droughts (SPEI < −0.84) is mainly located in
southern and central IP.

The tendency along the long-term period (1901–2012)
of the time spanned between drought events and mean
intensity of drought was also computed, presenting clear
and significant spatial patterns in the case of moderate
drought that were identified using SPEI. A decrease in the
time spanned between drought events is evident in central
IP, covering approximately 30% of the IP in the case of
moderate droughts. Our results revealed to be crucial for the
development of mitigation strategies as the most productive
regions of cereals are in central IP [50]. Moreover, over
southwestern IP a clear pattern of positive trends of drought
mean intensity is observed,which are coincidentwith the area
affected in the last severe drought events of 2005 and 2012
[9, 10, 18] that were responsible by severe losses in crop yields
and energy [8, 9]. When studying the streamflow droughts in
the IP, Lorenzo-Lacruz et al. [75] also obtained an increase in
drought duration and magnitude in similar areas. There are
many factors that explain these results, mainly related to the
high regulation of rivers in the IP, but the authors point to
precipitation as an important factor.

Despite agreeing with the previous studies performed
on the last 5/6 decades, our results also constitute the
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first long-term evaluation with 112 years of CRU dataset,
presenting additionally a regional character over the IP, a
region that presents itself as an important hot spot in the
Mediterranean region [24]. Nevertheless, the IPCC report on
extremes emphasizes the large uncertainties associated with
observed droughts trends around the world [1]. Seneviratne
et al. [34] also pointed out the need of further research about
these uncertainties, including studies of paleoclimate that
relate specific changes in temperature with drought. Thus,
we are convinced that our study brings new insights about
temperature, ET

0
, and drought behaviors within a long-term

period of 112 years starting in the beginning of the last
century. We are also confident that our results concerning
the identification of regions over the IP that showed a clear
pattern of increased dryness severity, drought intensity, and a
decrease of time between consecutive drought events will be
very useful, supplying managers with robust tools aiming for
the development of mitigation plans that will be crucial in the
case of the occurrence of more intense and frequent drought
events over the IP within a context of climate change [39].
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“Observed spatiotemporal characteristics of drought on various
time scales over the Czech Republic,” Theoretical and Applied
Climatology, vol. 115, no. 3-4, pp. 563–581, 2014.

[69] S. M. Vicente-Serrano, C. Azorin-Molina, A. Sanchez-Lorenzo
et al., “Reference evapotranspiration variability and trends in
Spain, 1961–2011,”Global and Planetary Change, vol. 121, pp. 26–
40, 2014.

[70] A. M. Ramos, N. Cortesi, and R. M. Trigo, “Circulation weather
types and spatial variability of daily precipitation in the Iberian
Peninsula,” Frontiers in Earth Science, vol. 2, 2014.

[71] M. I. P. De Lima, F. E. Santo, A. M. Ramos, and R. M. Trigo,
“Trends and correlations in annual extreme precipitation
indices for mainland Portugal, 1941–2007,” Theoretical and
Applied Climatology, vol. 119, no. 1-2, pp. 55–75, 2014.
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