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b Department of Applied Physics, Faculty of Physics, University of Alicante, Crta. San Vicente del Raspeig, s/n, 03080 Alicante, Spain 
c Multidisciplinary Institute for Environmental Studies (MIES) “Ramón Margalef”, University of Alicante, Crta. San Vicente del Raspeig, s/n, Alicante 03080, Spain 
d State Meteorological Agency (AEMET), Madrid, Spain   

A R T I C L E  I N F O   

Keywords: 
Annual and seasonal trends 
Dry spell 
Climate change 
Precipitation 
SPEI 
Drought 

A B S T R A C T   

The objective of the study is to quantify the effect of climate change on the climatic risks associated with 
droughts and diminished water resources in the eastern Iberian Peninsula. For this purpose, this work analyses 
the 70-year historical series (1952–2021) of daily rainfall data from 353 meteorological stations. They are 
located in a key recharge area of the hydrological system, the Sierra de Albarracín, where three important rivers 
originate, namely the Tagus, the Júcar and the Turia, as do several tributaries of the Guadiana and Ebro rivers. It 
analyses trends in: annual and seasonal rainfall volumes with specific studies about their intensity according to 
certain percentiles; the number of rainy days, dry spell duration (< 1 mm/day) and drought evolution with the 
Standardized Precipitation Evaporation Index. The most relevant results are: (1) the second 35 years of the study 
period (1987–2021) were notably drier than the first part (1952–1986), with smaller volumes and fewer days 
with recorded precipitation; (2) summer and winter were most affected by pluviometric decrease, with losses of 
>50% of rainfall volume at some stations; (3) moderate rainfall significantly reduced between the 50th and 95th 
percentiles, which were more important in the system's water recharge; (4) the stations with a negative pre
cipitation trend predominated; (5) the medium- and long-term analyses (12 and 36 months) highlighted the 
drought situation in which the headwaters of the analyzed basins are immersed. The trend indicates that the 
situation will become critical.   

1. Introduction 

Climate change is a major threat that humanity faces in the 21st 
century. It puts the environment at risk and implicates not only society, 
economy and growth, but also development models. Numerous studies 
predict that such changes will lead to more extreme heat waves, and also 
to severer and more persistent droughts. Water is an indispensable 
resource for human life. Any change in precipitation patterns can disrupt 
its availability and, thus, have profound effects on society and nature 
(Randall et al., 2007). In this context, it should be highlighted that since 
1950, changes in extreme weather and climate events have been 
observed, such as increases in the frequency and intensity of heavy 
precipitation and, therefore, of floods (Intergovernmental Panel on 
Climate Change (IPCC), 2022; Giorgi, 2006). With this critical change 
aspect, the Mediterranean region is a clear example of this situation. In 
fact, the Mediterranean basin has been defined as a hot spot for global 

warming (Giorgi, 2006; Lionello et al., 2012; Lionello and Scarascia, 
2018), where forecasts indicate a generalized rise in temperature and 
decreased precipitation that will mean serious water supply problems 
for the region (Christensen et al., 2007; Cos et al., 2022; Gualdi et al., 
2013; Ulbrich et al., 2013). 

There is no doubt that the hydrological cycle in the Mediterranean 
basin will be profoundly affected by climate change. Different studies 
predict that less rain will fall in the basin due to not only the increased 
divergence of water vapor in subtropical areas, which will move toward 
the poles (Held and Soden, 2006), but also the contraction of the 
circumpolar vortex (Frauenfeld and Davis, 2003; Trenberth et al., 2007). 
Recent studies predict a future for this region marked by subtropical- 
tropical anticyclonic subsidence for most of the year, which will 
clearly imply less precipitation and more torrential rainfall and flooding, 
plus longer-lasting dry periods (Barcikowska et al., 2018; Zappa, 2019). 

The Mediterranean coast of the Iberian Peninsula is no stranger to 
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this problem and the scientific community has traditionally paid 
attention to the effects that climate change may have on it. Although the 
first studies carried out on precipitation evolution in the second half of 
the 20th century for the entire Spanish territory did not show any 
generalized trend of change (Castro et al., 2005; Serrano et al., 1999), a 
study in the 21st century affirmed that there was sufficient evidence for 
changes (Bladé and Castro Díez, 2010). In line with this, Alpert et al. 
(2002) employed precipitation data from 265 Mediterranean stations for 
the 1951–1995 period (182 in Spain), and observed significantly more 
days with the most intense precipitation. These results coincide with 
those obtained by Goodess and Jones (2002) in a similar study. How
ever, total amounts of rainfall have been reduced by 10–20% for the 
same period with a statistically significant trend (Piervitali et al., 1998). 
In recent years, several studies that have resorted to surface databases 
inform about a negative trend in annual precipitation amounts and 
wider interannual variability (De Luis et al., 2009, 2011; Miró et al., 
2009, 2018). 

Headwaters are key sectors of river systems, and a large part of the 
water in large rivers comes from them (Martínez-Fernández et al., 
2013). Their importance increases in regions where water is scarce and 
rainfall is irregular (Thornes et al., 2009), which is the case on the 
Mediterranean facade of the Iberian Peninsula. Recent studies carried 
out in headwater catchments in the Iberian Peninsula, which are slightly 
or not at all anthropized, report a generalized negative trend in river 
flows (Martínez-Fernández et al., 2013). In such headwaters, the main 
factors controlling water flows over time are climatic oscillations, and 
variations in land use and land cover (Kundzewicz et al., 2007). As 
precipitation is the main input of the hydrological system in this 
southeastern sector of the Iberian Range (López-Moreno et al., 2009; 
Millán et al., 1998), it is essential to analyze its behavior and expected 
trends because changes in the distribution of water inputs can lead to a 
discrepancy between water availability and demand (López-Moreno 
et al., 2004). We ought not to forget that the Mediterranean coast of the 
Iberian Peninsula is a densely populated area, and with a high level of 
industrial and agricultural activity, which all imply considerable water 
use. It is also one of the main tourist destinations in the Mediterranean 
basin, with intense tourist activity and higher population density in 
summer months and, thus, water use increases during this season. It is, 
therefore, an area where water is considered a scarce resource, whose 
optimal management is essential for the future of this region. It should 
be noted that the water that originates in this sector is used by the 
population of the Valencian Community and the Region of Murcia, two 
densely populated regions. These regions very much depend on the 
flows of the Júcar, Turia and Tagus rivers (through the artificial Tagus- 
Segura Water Transfer Canal). Hence the importance of this study. 

In order to carry out a robust and reliable analysis of precipitation 
trends, it is essential to work with meteorological networks with long 
homogeneous series. This is essential in mountainous areas, such as 
rivers' headwaters, where a dense network of rainfall gauges is neces
sary. Here the terrain is complex, which can bring about significant 
variations in precipitation volumes between spatially proximate areas. 
In the Iberian Peninsula, several studies have been carried out on 
changes in precipitation in some headwaters and their influence on river 
runoff, but with no conclusive results about the influence of precipita
tion. Using data from 23 weather stations for an area of 10,646 km2 

during the 1945–1995 period, Gallart and Llorens (2004) observed a 
negative trend in precipitation in the northern headwaters of the Ebro 
river basin in 15 rainfall series (four were statistically significant), while 
the observed trend was positive in the other stations. López-Moreno 
et al. (2010) analyzed the precipitation trend in the whole Ebro river 
basin using data for 1955–2006 from 217 stations, and found negative 
trends in winter and spring in northern headwaters. In the Duero river 
basin headwaters (northern half of the Iberian Peninsula), and using 
data for 40 years (1963–2002) from 11 rain gauges and an area of 552 
km2, no significant negative trends in annual precipitation totals were 
detected (Morán-Tejeda et al., 2010). However, Miró et al. (2018) 

analyzed temporal rainfall evolution over the whole territory of the 
Júcar and Segura basins with data from 1955 to 2016 and a dense 
network of stations (890 series). These authors reported statistically 
significant negative trends in moderate rainfall (10–40 mm) at the sta
tions located in the headwaters of both basins (Miró et al., 2009, 2018). 

Drought is the main natural hazard in Spain in terms of economic and 
environmental impacts (Vicente-Serrano et al., 2017). Future forecasts 
in the climate change context justify the importance of studying 
droughts in Spain (Clemente et al., 2018). Drought indicators are 
extremely important tools for preventing socio-economic impacts, 
especially in regions where variability in the precipitation regime is 
wide. This is the case of the Iberian Peninsula, which is located in a 
climatic transition area where drought conditions have a differentiated 
pattern due to its intermediate location between a temperate and a 
subtropical climate (Peña-Gallardo et al., 2016). By considering this 
issue, several authors have studied drought evolution in the Iberian 
Peninsula (García-Herrera et al., 2007; Lana et al., 2001, 2006; Vicente- 
Serrano et al., 2004; Vicente-Serrano, 2006). However, very few studies 
have focused on analyzing headwater droughts. Only Lorenzo-Lacruz 
et al. (2010) have studied drought in detail in the Tagus river headwa
ters using standardized indices that allow comparisons to be made to 
other studies, such as the SPI (Standardized Precipitation Index) and the 
SPEI (Standardized Precipitation Evapotranspiration Index). Vicente- 
Serrano et al. (2010) compared both indices in detail and highlighted 
that, for a global warming scenario, employing the SPEI is more 
appropriate because temperature is taken into account. 

The aim of this work is to analyze annual and seasonal trends, the 
evolution of dry and wet periods, changes in the precipitation structure 
and drought evolution in a key sector of the Iberian Peninsula, the 
headwaters of the Júcar, Turia and Tagus river basins and in several 
tributaries of the Guadiana and Ebro rivers, which are water supply 
areas of large sectors of the east coastal and central peninsular areas. In 
turn, all the water that feeds the most important river transfer in Spain, 
the artificial Tagus-Segura Water Transfer Canal, comes from this area, 
and is used to supply several regions of SE Spain, one of the driest areas 
in Europe with regular water deficit due to low annual rainfall volumes, 
irregular rainfall, and high agricultural and urban water demands. 
Meteorological data from a dense network of meteorological stations 
over a 70-year period are employed to obtain detailed information about 
the changes that have occurred in this key sector of the water system. 
The thus-obtained results will provide valuable information for decision 
makers to implement future hydrological planning in the region, and all 
this in the climate change context, and by always assuming that the 
obtained trends are maintained in the future. 

2. Material and methods 

2.1. Study area 

A rectangular area of the eastern inland area of the Iberian Peninsula 
between latitudes 0.75◦W and 3◦W and 39.5◦N and 41.25◦W was 
selected as the study area, whose surface area covers 37,030 km2 

(approximately 189 km wide and 194 km high). This area includes the 
agricultural districts of Serranía Baja, Serranía Media and Serranía Alta in 
the province of Cuenca; Molina de Aragón in the province of Guadalajara; 
Serranía de Albarracín in the province of Teruel; Rincón de Ademuz in the 
province of Valencia (dashed line, Fig. 1). A decision was made to widen 
the area formed by the agricultural districts to include in the study the 
adjacent areas where important rivers originate, such as the Mijares, 
Alfambra (tributary of the Turia river), Jiloca and Huerva (tributaries of 
the Ebro river) to the east, and Guadiela, Tajuña and Henares (tribu
taries of the Tagus river) and the Cigüela and Záncara (tributaries of the 
Guadiana river) to the west. 

It is, therefore, an area with a complex hydrological system and one 
of vital importance for the recharge of headwaters from some of the most 
important rivers in the Iberian Peninsula. At the same time, four 
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different hydrographic basins converge on it: the Ebro, Guadiana, Júcar 
and Tagus (Ebro Hydrographic Confederation (CHE), Guadiana Hydro
graphic Confederation (CHG), Júcar Hydrographic Confederation (CHJ) 
and Tagus Hydrographic Confederation (CHT), respectively). In turn, all 
the water used in the artificial Tagus-Segura Water Transfer Canal is 
extracted from this area and employed to supply not only areas in the SE 
Iberian Peninsula belonging to the Segura Hydrographic Confederation 
(CHS) and the Andalusian Mediterranean Basin (CMA), but also sup
plementary irrigation to the Tablas de Daimiel National Park located in 
CHG. Therefore, it is one of the most important watersheds in the Iberian 
Peninsula for being the place where water flows to the Mediterranean 
Sea via the rivers belonging to CHE and CHJ, and to the Atlantic Ocean 
via the rivers corresponding to CHG and CHT. In CHE, and with a 
selected surface area of 8027 km2, there are two Ebro river tributaries, 
the second longest and most abundant in the Iberian Peninsula, such as 
the Huerva and Jalón rivers, along with the Jiloca river, a tributary of 
the latter. In CHJ, with an area of 15,081 km2, we find the Turia river 
and its tributary the Alfambra river, the Júcar river, its tributary the 
Cabriel river and two of its reservoirs (Alarcón and Contreras), as well as 
the Mijares river. In CHG, with an area of 3581 km2, there are the 
Cigüela and Záncara rivers, both of which are tributaries of the Guadi
ana river (the fourth longest river in the Iberian Peninsula). Finally in 

CHT, with an analyzed surface area of 11,224 km2, there are the Tagus 
river, the longest river in the Iberian Peninsula, several of its tributaries 
(Henares, Tajuña and Guadiela rivers) and two of its reservoirs 
(Entrepeñas and Buendía). The artificial Tagus-Segura Water Transfer 
Canal starts downstream of these two reservoirs and, after passing 
through the Alarcón reservoir (CHJ), it supplies water to areas of SE 
Spain in times of drought with up to a maximum of 650 hm3/year (600 
for both CHS and CMA, and 50 for CHG) (Melgarejo Moreno and López 
Órtiz, 2020; Morales Gil et al., 2005). This can have been, and still is, a 
source of conflict between governments and the population living in the 
affected regions (Gil Olcina, 1995). 

The selected study area is located in the eastern inland area of the 
Iberian Peninsula, specifically in the SE part of the Iberian Range, and is 
one of the most important mountain systems of the peninsula. This area 
has a complex orography and a dense network of rivers that originate 
there. The maximum altitude exceeds 1900 m in the central part of the 
study area, drops to 1000 m as we move away toward its edges, and its 
lowest point is reached in the SE, where it enters the littoral plain of the 
Turia river. 

The study area acts as an island with considerable rainfall in the 
Iberian Peninsula, with values between 800 and 1000 mm/year in its 
central part, which coincide with the highest altitude areas. As we move 
away from the center, rainfall lowers to values between 300 and 500 mm 
(Fig. 2). Regarding the number of rainy days, the maximum number in 
the study area is also for the central part, with an average between 75 
and 100 days/year, which lowers to 50–75 days/year in the remainder, 
except for a small area in the SE zone with lower values of 25–50 days/ 
year. In the Iberian Peninsula, the geographical arrangement of the re
lief, together with altitude, brings about islands with very high precip
itation maximums in relation to their surroundings. (Martín-Vide and 
Olcina-Cantos, 2001), which is the case in this sector. Except for the 
N-NW Iberian Peninsula with more rainfall, the selected area is one of 
these singular spots where rainfall is relatively high compared to 
neighboring areas, which reveals its hydrological and environmental 
importance. 

2.2. Daily rainfall database 

For this study, 353 series belonging to the State Meteorological 
Agency (AEMET) were selected for the 1952–2021 study period. The 
criteria for starting in 1952 was due to the few rainfall stations with data 
before that year. This meant that the statistical methods used for gap 
filling and homogenization no longer have dense enough spatial infor
mation to ensure the estimated data's sufficient reliability. Fig. 3 shows 
the stations availability from the beginning to the end of the study 
period (line chart). In the starting year of the rainfall series, the number 
of stations came close to 100, but this figure dropped close to half in 
previous years. The maximum number of stations appeared in the 1970s, 
with approximately 250, a number that has now dropped to <100. Fig. 3 
also shows the number of stations according to the number of years with 
all the valid original daily observations (bar chart). It illustrates how 
most of the used rainfall stations (59%) present rainfall series with fewer 
than 30 years of complete observations. Only seven stations have ob
servations with >60 complete years, which represents 2% of the total. 
All the selected stations have >8 complete years of original observa
tions. This means that the subsequent gap filling and homogenization 
processes are valid. 

As this is a network of manual stations, raw data have numerous gaps 
and inhomogeneities. So statistical methods had to be applied to obtain 
the finally used database, which solved these problems. The methodol
ogy described in Miró et al. (2017), which follows the NLPCA-EOF-QM 
(non linear principal component analysis-empirical orthogonal 
functions-quantile mapping) gap filling method, was applied to fill the 
data and obtain the complete series for the 1952–2021 period. This 
procedure performs the gap filling of missing data using the meteoro
logical information of the remaining stations from the fundamental 

Fig. 1. Study area. Pluviometric stations are represented by symbols according 
to the number of the originally available completed years. 
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variability components obtained by dimensionality reduction by 
employing all the spatial information available in each time step and the 
estimation of missing data by a non linear process with an inverse neural 
network (Miró et al., 2017). The validation process estimated low values 
for the Mean Absolute Error and Root Mean Square Error (1 and 3 mm), 
correlations close to 1 (> 0.9) and bias close to 0. Likewise, the cumu
lative distribution function and wet/dry events ratio were preserved in 
the estimated data (Miró et al., 2017). Furthermore, according to Miró 
et al. (2017, 2018), the minimum series length to correctly constrain the 
statistical relations with the information available from neighboring 
series was 5 years, but a 9-year one for the optimal estimation of ex
tremes (Miró et al., 2017, 2018). Following this criterion, all the series 
with >8 years of observed daily data were used in the process, which 
were reconstructed to the full 1952–2021 period with homogeneity and 
no gaps. This allowed the spatial-temporal analysis to be continuous; i. 
e., without changes due to discontinuities in the spatial-temporal in
formation available for the full 1952–2021 period. It was noteworthy 
that the ACMANT method (ACMANTv3.0-ACMANTP3day; Domonkos, 

2014, 2015) was followed in the homogenization process of the already 
filled precipitation series. 

Although the present study was limited to a specific area of interest, 
the gap-filling homogenization process was carried out using all the 
spatial-temporal information available in the entire eastern peninsular 
and Mediterranean basin. This involved 4780 daily rainfall series from 
the AEMET network covering the complete Ebro, Júcar and Segura ba
sins, the basins of Catalonia and the Balearic Islands, the Andalusian 
Mediterranean Basins, as well as the entire eastern half of the Tagus, 
Guadiana and Guadalquivir basins. This database was called the 
“Complete Daily Rainfall Database for a High-Resolution Analysis in the 
eastern Iberian Peninsula: 1952-2021” (CDRD-HR-EIP-1952-2021). In 
the study area covered by the present study, 353 complete series from 
this database were used. This resulted in an average density of 
approximately one station every 100 km2. 

2.3. Methodology to analyze trends and observed changes 

For the trend analysis of the time series throughout the study period 
(1952–2021), non parametric procedures were applied to detect the 
existence of statistically significant trends in each one. For this purpose, 
the following statistical parameters were calculated: 

• The Mann-Kendall trend test (Kendall, 1962; Mann, 1945) to deter
mine the presence of a statistically significant trend. It was tested 
according to statistical significance levels α = 0.01, α = 0.05 and α =
0.1, and plotted on result maps (filled point (confidence >99%), half- 
filled point (> 95%), circle-cross point (> 90%) and unfilled gray 
point when a non significant trend was obtained). Blue on the map 
represents positive trends, while red denotes negative ones. 

• The annual Sen slope of change obtained for each station. This in
cludes: 1) the annual Sen slope (absolute change); 2) the annual 
relative change derived from the Sen slope, which allows the relative 
importance of change in normal precipitation to be appreciated 
regardless of its absolute value being high or low. Both results were 
spatially interpolated and graphically displayed. 

In addition to the above, climate normals were obtained for two 
different periods lasting >30 years. For this purpose, the sample was 
divided into two 35-year periods (1952–1986 and 1987–2021) and the 
differences in precipitation between them were calculated. The results 
were spatially interpolated and graphically displayed. Although this 
method does not provide statistical confidence levels like the previous 

Fig. 2. Mean annual precipitation (left) and mean annual number of rainy days ≥1 mm (right) for the reference 1981–2010 period (State Meteorological Agency 
(AEMET), 2018). 

Fig. 3. Evolution of the number of available stations over the study period 
(line, right and bottom axis) and number of available stations based on the 
number of years with complete annual original series for the 1952–2021 period 
(horizontal bars, left and top axis). 
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method does, it allows the changes between the two periods to be simply 
visualized which, thus, improves the interpretation of the results. 

The local polynomial interpolation method, with a resolution of 200 
m, was followed to plot the results on maps, which was successfully 
tested with the precipitation data and was applied to identify a long- 
range trend, as reported by Wang et al. (2014). 

2.4. Precipitation variables tested for changes 

The statistical methods described in the previous section were 
implemented in the following fields related to precipitation:  

1. Precipitation volumes and number of days with annual and seasonal 
rainfall:  

• Trends of annual and seasonal precipitation volumes (Winter: Dec- 
Jan-Feb, Spring: Mar-Apr-May, Summer: Jun-Jul-Aug, Autumn: 
Sep-Oct-Nov) for the 1952–2021 period.  

• Spatially interpolated mapping of changes in the annual and seasonal 
mean precipitation and number of rainy days between the 
1952–1986 and 1987–2021 periods.  

2. Daily precipitation classified by percentiles.  

• First, the following 25th, 50th, 75th, 95th and 99th percentiles, and 
the maximum values of each series, were calculated with the daily 
precipitation data.  

• Second, the daily rainfall data between the 50th and 95th percentiles 
were classified as moderate rainfall. The following aspects of this 
type of rainfall were analyzed:  

i. Spatially interpolated mapping of changes in the annual mean 
precipitation between the 1952–1986 and 1987–2021 periods.  

ii. The Mann-Kendall trend test and Sen slope for the 1952–2021 
period by grouping all the series into two average series. The first 
one includes those series with a negative absolute change in total 
precipitation volumes between the 1952–1986 and 1987–2021 
periods. The second one contains those with a positive change. In 
this case, the annual number of events with rainfall amount 
falling between the 50th and 95th percentiles and the annual 
precipitation sum (average per station) for these events are 
analyzed.  

iii. Trends of annual precipitation volumes for the 1952–2021 period 
for each series (stations) separately.  

3. Length of dry and wet periods, by considering dry (or wet) periods to 
be those with two consecutive dry (or wet) days or more. The rule 
≥1 mm distinguishes wet days from dry days (World Meteorological 
Organization, 2016). The Mann-Kendall trend test and Sen slope 
(1952–2021) were calculated for the following variables:  

• Annual maximum dry spell duration (as consecutive days).  
• Annual average of dry spell duration (as consecutive days).  
• Annual average of wet spell duration (as consecutive days). 

2.5. The drought index: the SPEI 

The SPEI (Vicente-Serrano et al., 2010) is a well-known index, and is 
similar to the SPI, for measuring drought status in a given area by 
allowing comparisons to be made between climates. Like the SPI, the 
SPEI can be calculated on several time scales of response to drought of 
natural systems or dependent socio-economic activities (1 month to 48 
months, or more). Yet the SPEI takes into account not only precipitation, 
but also potential evapotranspiration (PET) in its calculation, which is 
more useful in the climate change context where the additional effect of 
rising temperatures leads to greater water losses through 

evapotranspiration. 
The SPEI was originally based on the monthly PET calculation by 

following relatively simple methods, such as Thornthwaite. Today it can 
be calculated even on a daily scale with more elaborate PET calculation 
methods (e.g. Wang et al., 2021). Such calculations on a daily scale 
allow a more accurate adjustment of the start and end of wet/dry 
periods. 

For the present study, the SPEI was calculated for each point series of 
the total series employed, and for time windows of 3, 12 and 36 months, 
as being representative of the short, medium and long terms, and also on 
a daily basis. As the index is sensitive to the choice of an appropriate 
probability function toward better performing extremes (Beguería et al., 
2013; Stagge et al., 2015, 2017), the method followed to calculate the 
SPEI was that proposed in Stagge et al. (2015). It is based on using the 
generalized extreme value distribution, together with daily precipitation 
and PET. 

For the PET calculation, we opted for the McGuinness-Bordne 
method because daily PET can be calculated with a few additional 
variables, in this case temperature, because most available stations do 
not have other variables needed for other methods. This method has 
been used with good results in the daily PET database covering the UK 
by Tanguy et al. (2017). It was, therefore, applied for all the available 
thermo-pluviometric series. 

The need for temperature series to calculate SPEI was met in a similar 
way to that used for precipitation. The same AEMET stations with daily 
temperature records (thermo-pluviometric) were used (132 stations 
within the study area). For quality control, gap filling and homogeni
zation, the same rules and procedures already described for precipita
tion and in Miró et al. (2017) were used, although in this case no 
adjustment of the dry/wet ratio was required. All the gap filling methods 
tested in Miró et al. (2017) were now applied to temperatures, but in this 
case the best filling method was Variational Bayesian PCA -VBPCA- (Ilin 
and Raiko, 2010) instead of NLPCA-EOF. In this case, for the validation 
data and after the adjustment to preserve the probability density func
tion (QM), the mean daily error (MAE) in the estimated daily missing 
data was always ≤1 ◦C and the RMSE was always ≤1.4 ◦C, an error that 
becomes negligible (< 0.1 ◦C) and without bias for the monthly (and 
annual) averages. 

On the one hand, the SPEI results herein presented graphically show 
full temporal resolution, but by grouping series by different river basin 
headwaters. That is, the average series is represented for all the series 
that fall within the headwaters in the river basin of each given river. A 
graph is, thus, represented for the Tagus (CHT), Ebro (CHE), Júcar (CHJ) 
and Guadiana (CHG). On the other hand, they are presented in the form 
of spatial interpolation of the results on a map, where the complete 
spatial information deriving from all the point series appears (spatially 
interpolated), but in a more simplified temporal form. In this case, as the 
SPEI is calculated by considering the entire 1952–2021 period, the 
change in the average SPEI value over the last 35 years of the series vs. 
the first 35 years is represented. 

A similar representation of the change between both periods is also 
considered by referring more specifically to the magnitude of the more 
characteristic dry/wet periods. In this case, the 20th and 80th percen
tiles of the full data distribution (1952–2021) in all the employed time 
windows come close to the SPEI values +1 (80th percentile) and − 1 
(20th percentile) on average. +1 and − 1 are frequently indicative levels 
to signal a wet period or drought when they are exceeded by the index. 
Therefore, the next step involves calculating the 80th and 20th per
centiles for the SPEI distribution (based on the 1952–2021 set), but by 
initially considering only the data for the first 35 years and then taking 
only the data for the last 35 years. This allows the mean change between 
both periods to be plotted as a way to assess the increase or decrease in 
the frequency of these dry/wet periods. 
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3. Results 

3.1. Changes in volumes and number of rainy days 

Changes in precipitation volume are studied by two analyses with 
similar results: a generalized reduction in precipitation over time. The 
first analysis shows the trends and slopes obtained (1952–2021) for the 
annual rainfall volumes and appears in Fig. 4 (the top images with all the 
available stations, while the bottom images only with the rainfall series 
with at least 40 years of the originally observed data to corroborate the 
findings). For both cases, this analysis illustrates how negative trends 
predominate and most are statistically significant at 99%. The second 
analysis depicts the average annual precipitation for the 1952–1986 and 
1987–2021 periods, as well as the difference between both periods, as 
shown in Fig. 5 (top images). This analysis also indicates generally 
reduced precipitation in the study area, except for the extreme SE (to
ward littoral areas), where there is one area showing an increase. When 
observed in detail, differences in the four river basins appear. In CHT, 
negative trends clearly dominate and a generalized decrease in precip
itation volume is observed. In fact, 63 out of the 80 analyzed stations 
reveal statistically significant and negative trends. In 40 of them, con
fidence is as high as 99%. At the same time, the slope throughout the 
area is negative, with more pronounced significant losses in the area 
bordering CHJ (from − 3 to − 5 mm/year). In turn, it is the basin with the 
most marked reduction in average precipitation (− 81 mm), and where 

reduction obtains the highest percentage in relation to the annual 
average (− 12.1%). In its central part, and coinciding with the highest 
altitude areas, there is an area with more pronounced decreases and loss 
values of >75 mm, which exceed 200 mm at some points. There are 
stations in this basin where the reduction in precipitation represents 
>25%. A similar behavior is observed in CHG, with 75% of the analyzed 
stations showing a negative and statistically significant trend, a negative 
slope and with general decreases throughout the area, with losses 
exceeding 48 mm in most of the area. The average reduction in this basin 
is 56 mm. Behavior in CHJ is not homogeneous and negative trends do 
not predominate and represent 36% of the analyzed stations. This means 
that, although the basin obtains an average decrease of − 25 mm, there 
are also areas where increases were detected, which are located in the 
extreme SE where the basin reaches its lowest altitude. In this basin, the 
drop in precipitation predominates in its western part and the area 
linking CHT stands out, which coincide with the Atlantic-Mediterranean 
watershed, for obtaining very pronounced significant losses of up to 200 
mm/year at some points. In slope terms, a clearly negative southeast-to- 
northwest gradient is observed. Finally in CHE, although the stations 
with negative trends only represent 39% with no positive trends in the 
whole basin, a general decrease is also observed throughout the area, 
albeit with smaller losses and decreases between − 5 and − 28 mm 
predominate. Losses increase in the areas bordering CHT, with peaks 
above − 75 mm at some points. The losses in this area represent 6.6% of 
the total. 

Fig. 4. Significant trends (1952–2021), annual slopes and relative (%) slopes for annual rainfall volumes. Top image, using all the stations. Bottom image, the same 
analysis, but using the only stations with >40 years of real observed data. 
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Similarly, a generalized drop in the number of rainy days appears 
throughout the study area. The average reduction in precipitation is 
approximately 10%. As Fig. 5 (bottom images) shows, the area with the 
most rainy days, which occupies the eastern part of CHT and reaches 
some CHJ sectors during the 1952–1986 period and with an average 
number of rainy days between 80 and 90, maintained its shape during 
the 1987–2021 period. However, the number of rainy days falls within 
the 70–80 interval, which implies a reduction. For the rest of the 
analyzed territory, the spatial distribution of number of rainy days re
mains, albeit with a reduction of 6–8 days of rainy days between both 
periods. A slight increase in number of rainy days is seen only in a small 
area located in the extreme NW of CHT. 

3.2. Changes in amounts of seasonal rainfall and number of rainy days 

Changes in amounts of seasonal rainfall are also studied by two an
alyses. First, Fig. 6 shows the precipitation trend and slopes obtained 
(1952–2021) for the seasonal rainfall volumes. Second, the changes 
between the 35-year study periods are analyzed for each season of the 
year (Fig. 7 left and center images, and supplementary Fig. S1). Differ
ences appear at distinct times of the year and between river basins. 
Winter is the season showing the greatest reduction in precipitation 
(average of − 24 mm, − 13.2% in relative terms) and that with the 
clearest negative trend, with statistically significant trends in two thirds 
of the analyzed stations. CHT and CHG are the most affected basins 
because >78% of the values display this trend for both, with the 

decrease in seasonal precipitation representing 22.7% (− 44 mm) and 
18.2% (− 30 mm), respectively. CHJ (− 19 mm and − 9% in relative 
terms) with the negative values located in the western part, and CHE 
(− 10 mm and − 9.5% in relative terms), are the least affected basins. 
During this season, there is no station with a positive trend for any 
studied basin. The slope map shows precipitation general loss 
throughout the study area, with more importance for precipitation in the 
western part and more incidence in higher altitude areas. Summer re
veals similar behavior than winter, although fewer stations show a 
negative trend and the general decrease is smaller (average of − 18 mm), 
the relative importance of this decrease is greater and represents 
− 19.3%. The most affected basins are CHG and CHT, with an average 
reduction of >22% in both and with 75% of the stations depicting a 
negative trend in the first case. CHE is the least affected area. Negative 
trends continue to predominate in autumn, but fewer stations obtain 
statistical significance than in winter and summer. A slight variation 
ranging from − 20 to +20 mm is noted throughout the area and repre
sents only a 1% average increase. Spring is the season when the most 
stations display no statistical significance. However, there are a 
considerable number of stations with a positive trend, which are located 
mostly in the SE part of the study area (CHJ). In this case, only CHT and 
CHG show decreased average precipitation between periods. 

A generalized decrease in the number of rainy days takes place in 
winter, summer and spring, but is more important on some (Fig. 7 right 
images and supplementary Fig. S2). Winter and summer are the most 
affected seasons, with an average decrease of 17% in relative terms for 

Fig. 5. Mean annual precipitation (top images) and mean annual number of rainy days (≥ 1 mm) (bottom images) for the 1952–1986 (left images) and 1987–2021 
(center images) periods, and absolute change between periods (right images). On the left, the mean and relative importance of these changes. 
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both. The most affected basin is CHG in summer and winter, and in CHT 
for winter, with reductions in the number of rainy days of around 20%. 
In spring, reductions throughout the territory are also generalized, but 
with smaller amounts and of relative importance (≈ 5%) than in winter 
and summer. In autumn, an alternation in areas of losses and gains oc
curs. This means that variation is, on average, almost non existent (+
0.2%) in the study area on the whole. 

3.3. Changes according to precipitation type classified by percentiles 

In order to find out how precipitation behaves in the study area, the 
box-whisker diagram of the 25th, 50th, 75th, 95th and 99th percentiles, 
as well as the maximum value of the series, of the daily precipitation 
values for all the stations in the study area for the 1952–2021 period is 
represented (Fig. 8). Likewise, to know the importance of precipitation 
according to intensity, Fig. 9 represents the percentage of the total 
accumulated precipitation for the 1952–2021 period of certain precip
itation intervals according to the 25th, 50th, 75th, 95th and 99th 
percentiles. 

As Fig. 8 depicts, the 25th and 50th percentiles represent weak or 
very weak precipitation, with average values of 2–5 mm/d. This type of 
precipitation is of very little importance for the hydrological system 
because, in some cases, water does not reach soil or evaporates before 
infiltration occurs. At the same time, its importance for total precipita
tion is slight and accounts for only 16% of the total (Fig. 9). Above the 
50th percentile and up to the 95th percentile, rainfall lies mostly be
tween 10 and 40 mm/day. These figures represent moderate rainfall, 
which is the most usable by the hydrological system. At the same time, 
the importance of rainfall between these percentiles represents 61% of 
the total recorded rainfall, and is the most representative set of the study 
area. Thus the analysis should focus on this type of rainfall. 

Fig. 10 represents the average annual precipitation between the 50th 
and 95th percentiles for the 1952–1986 and 1987–2021 periods, as well 
as the difference between both periods (top images). In turn, the same 
study is carried out using only the precipitation series with at least 40 
years of the originally observed data (bottom images). As this figure 
shows in both cases, precipitation reduces throughout the study area, 
except in the extreme SE, where some areas show no changes and slight 
increases. The area with the greatest losses lies between CHT and CHJ, 
and stations obtain decreases of >150 mm. This area extends over a 
large part of the CHT territory, where reductions are generalized, and 
also the western area of CHJ, which covers a smaller extension in this 
basin. In fact, losses become less significant as we move eastward and 
there are even increases in the extreme SE that sometimes exceed 65 
mm. In CHG and CHE, loss of precipitation spreads throughout their 
territory. The analysis carried out with the stations containing at least 
40 years of the originally observed data provides a distribution of pre
cipitation during both periods. Its variation is similar to that obtained by 
the study of all the stations, which confirms the obtained results. 

However, the results obtained in the above analysis may be ques
tionable if the high interannual irregularity of the precipitation is 
considered. But by grouping the stations according to their precipitation 
balance between the two periods, and by analyzing the complete 
average series (1952–2021) of each group separately, new information 
emerges refuting a scenario of positive changes for the second group, 
especially when considering the number of moderate events. For this 
purpose, Fig. 11 separates the rainfall stations with precipitation loss 
records between periods 1952–1986 and 1987–2021 from the top right 
image of Fig. 10, which are 269 stations (76% of the total number of 
stations), and analyses the trend in precipitation volumes and the 
number of events between the 50th and 95th percentiles (upper figure). 
Likewise, the same analysis is run with the stations with a recorded 
increase in rainfall (lower figure), which are 84 stations (24% of the 
total), and the behavior of both types of stations is compared. As Fig. 11 
depicts, there is a statistically significant negative trend for the stations 
showing an absolute negative change between periods in terms of both 

volume and the number of events. However, for the stations with an 
absolute positive change, no significant trend is observed in increased 
rainfall volume terms, while a significant negative trend appears (99% 
confidence) for the number of events, indicating a lower frequency of 
rainy days at these stations as well. 

In addition, the moderate precipitation trend has also been analyzed 
for all pluviometric stations and it has been found to be decreasing 
throughout the study area, with more than half the analyzed stations 
showing statistical significance (supplementary Fig. S3). The behavior in 
all the analyzed basins is similar, with a dominant negative trend in most 
of their territory. In CHT, the stations with a statistically significant 
negative trend represent 64%, but 50% in CHJ, while CHG and CHE take 
intermediate values. In CHJ, four of the only five stations display a 
significant positive trend for precipitation. According to the analysis of 
the stations with >40 years of real observed data, the obtained per
centages are similar, with >50% of them showing significant and 
negative trends, which validates the analysis with all the stations. The 
slope maps indicate the area between CHT and CHJ being that most 
affected by reductions, along with small areas in the watershed of the 
different basins. In contrast, the least affected area lies to the east of the 
study area and covers the areas that lie to the east of CHJ and south of 
CHE. 

3.4. Changes in dry-wet spell duration 

Fig. 12 shows the trend and absolute change in the maximum dry 
spell duration, the annual average dry spell and the annual average wet 
spell over the 1952–2021 period. This figure depicts a slightly increasing 
maximum dry spell duration trend, albeit with no clear predominance 
(upper figures). The stations with a positive trend represent 20% of the 
total, while 6% indicate decreases. In contrast, the map containing the 
observed absolute change (right) shows a slightly increased maximum 
duration over most of the territory, together with certain isolated spots 
with some decreases. At some analyzed stations, increases are of 30 days 
between the beginning and end of the study period. The annual average 
dry spell shows a clearly generalized trend of increasing duration 
(central figures). Approximately half the analyzed stations obtain sta
tistically significant positive trends in all the basins for rainfall, and CHE 
has the highest percentage of them all (60%). In turn, the map of 
changes between the beginning and end of the period depicts a general 
prolonged dry spell duration throughout the study area, except for some 
isolated small spots. All the basins present stations with increases of >4 
days per year, which exceed 8 days in CHJ. Regarding the wet spell 
duration trend (lower figures), stations with decreases clearly dominate 
and account for 75% of the total. This percentage even exceeds 90% in 
CHG, where all but three of the analyzed stations show a statistically 
significant negative trend. Therefore, the map of changes (right) reveals 
a general decrease in the whole study area. At some analyzed stations, 
decreases of >50 days of wet spell duration are recorded. 

3.5. Changes and trends in the SPEI index 

Fig. 13 shows the difference between the 1952–1986 and 1987–2021 
periods for the 20th (upper figures) and 80th (lower figures) percentiles 
of the daily SPEI values on 3-, 12- and 36-month time scales (the 20th 
and 80th percentiles value for each period appear in the supplementary 
figs. S4, S5 and S6). The variation between both periods widens 
depending on the time scale used in the analysis. Thus on average, on the 
3-month time scale, the decrease in SPEI for the entire study area is 
about 21% for both percentiles. However for the longest time scale (36 
months), the average differences are 150% (20th percentile) and 72% 
(80th percentile), and are 50% for the 12-month scale. So all of them 
obtain lower SPEI values. When analyzing basins separately, major 
differences appear. Basins CHE, CHG and CHT show generalized de
creases in all their areas for all the calculated time scales. Of them all, 
the CHT basin stands out with marked decreases in its SPEI values, 
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Fig. 6. Significant trends (1952–2021), annual slopes (mm) and relative (%) slopes for seasonal amounts of rainfall. A (winter), B (spring), C (summer) and D 
(autumn) trends. 
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especially in the southern area that coincides with the watershed. For 
the 36-month time scale and the 20th percentile, the decrease observed 
in the SPEI value for this basin exceeds 200% and is 89% for the 80th 
percentile. On the whole, the SPEI values for CHJ drop on the three 
analyzed scales and for both percentiles, but behavior is not homoge
neous throughout the area. In the area close to CHG and CHT, the 

drought index values significantly lower, similarly to those observed in 
the surrounding areas of the other basins. In the extreme SE, some areas 
obtain slightly higher SPEI values. 

The SPEI trend is analyzed on the same time scales (3, 12 and 36 
months) over the 1952–2021 period and the absolute change predicted 
by Sen slope was calculated (supplementary Fig. S7). The stations with a 

Fig. 7. Seasonal mean precipitation for the period 1952–1986 (initial precipitation) and absolute change in seasonal mean precipitation and seasonal mean number 
of rainy days (≥ 1 mm) between the periods 1952–1986 and 1987–2021. On the right, the relative importance of these changes. 
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negative trend predominate throughout the study area and on the three 
time scales. With the 3-month SPEI, 61% of the stations show statisti
cally significant negative trends, with CHG and CHT standing out for 
obtaining >70%. On the 12-month time scale, the number of stations 
with a negative trend increases, with 80% excess for CHG and CHT, and 
a 69% percentage for the whole study area. On the longest time scale, 
the highest percentage of stations with a statistically significant negative 
trend is reached, which exceeds 80% in the complete study area, with 
CHE standing out for obtaining 94%. No positive and statistically sig
nificant trends appear for the three time scales. Regarding absolute 
changes, lower SPEI values predominate throughout the study area and 
on the three time scales, with some minor differences: (1) the most 
marked decreases are observed in the area around the watershed sepa
rating CHJ, CHG and CHT, with a higher incidence in CHT; (2) positive 
changes are noted only in the extreme SE of CHJ, where areas show 
slight increases. 

Fig. 14 analyses the time series of the daily SPEI values on the 12- 
and 36-month time scales by distinguishing among the four studied river 
basins. For the medium-term drought data (12 months), a very clear 
predominance of drought periods since the 1980s is noted, while the 
periods with SPEI values above 0 predominates in previous years. It is 

worth highlighting the beginning of the 1990s and most of the years 
since 2000, when the lowest SPEI values are obtained. This behavior is 
accentuated with the long-term analysis (36 months). In this case, dur
ing the first 30 study years, the periods with positive SPEI values 
dominate, and are interrupted only by a drought period between 1954 
and 1958. However, since the 1980s onward, drought periods pre
dominate and are more pronounced. In the last 40 years, there have been 
five drought periods, all of which have lasted >4 years, and have been 
interrupted only by non drought periods lasting <2 years. The situation 
seen in CHT and CHG is particularly critical, which has been subjected to 
severe drought since the 2000s. It is in the short-term when drought 
effects are more difficult to appreciate. In fact, the time series calculated 
from the 3-month SPEI data (supplementary Fig. S8) shows wide vari
ability in all the basins, and alternating periods with positive and 
negative SPEI values mainly in recent years. 

4. Discussion 

With the results herein presented for the new database called 
“Complete Daily Rainfall Database for a High-Resolution Analysis in the 
eastern Iberian Peninsula 1952-2021” (CDRD-HR-EIP-1952-2021), the 

Fig. 8. Box-whisker plot of the daily precipitation values representing the 25th, 50th, 75th, 95th and 99th percentiles, and the maximum value of the series, for all 
the stations in the study area for the 1952–2021 period. 

Fig. 9. Total percentage of precipitation according to intensity and represented by the 25th, 50th, 75th, 95th and 99th percentiles based on the daily precipitation 
data from all the stations in the study area for the 1952–2021 period. 
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overall situation in the study area shows changes toward drier condi
tions between 1952 and 2021. At the same time, a general decrease in 
the most effective precipitation to be used by the hydrological system is 
observed for the following reasons:  

• The recorded precipitation volumes are lower during the more recent 
period (1987–2021) than for the older one (1952–1986), which 
suggests a trend toward drier and more arid conditions over time. 
The Tagus river basin headwater (CHT) obtains the most marked 
decreases in rainfall in the highest areas, which are also those with 
the highest average annual rainfall. They are also the most affected 
ones. The same occurs in the Júcar river basin (CHJ), where the area 
bordering CHT obtains the greatest losses. One of the causes is 
decreased precipitation volume, which might be due to loss of rainy 
days throughout the analyzed area. A homogeneous decrease of 
approximately 10% appears in all the basins. 

• Summer and winter are the seasons most affected by reduced pre
cipitation, with losses in some rainfall stations exceeding 120 mm 
between the two 35-year reference periods and, in some cases, with 
reductions of almost 50% for all the fallen rainfall. At the same time, 
climate projections tend to predict a significant reduction in rainfall 
for forthcoming years (Barcikowska et al., 2018; Grise et al., 2019; 
Miró et al., 2021; Zappa, 2019), mainly in the months of the above- 
cited seasons. The most affected basins are CHG and CHT, where 
80% of the studied stations show a significant negative trend for 

rainfall evolution for the last 70 years. Studies carried out in some 
headwaters located in the north of the Peninsula, such as the Ebro 
(López-Moreno et al., 2010), also show negative trends for winter 
and spring according to data from the 1955–2006 period and from 
217 stations. For the CHJ basin, similarly significant downward 
trends have been detected in the headwaters and inland of the basin, 
but not in coastal and pre-coastal areas (Miró et al., 2018). In addi
tion, climate projections for the region foresee that these trends will 
continue and become profounder. Thus in accordance with Miró 
et al. (2021), change scenarios are projected for the CHJ basin that, 
through statistical downscaling on CMIP-5 GCMs, affect a greater 
reduction in precipitation in the headwaters and inland of the basin 
(in contact with the other study basins) than on the littoral fringe. 
These projected changes (CHJ-interior) are also greater in spring, 
winter, and also summer, with decreases of >20% and up to 30% in 
headwaters. Similarly, the projections reported by Todaro et al. 
(2022) for the CHJ also foresee marked decreases in the spring (24%) 
and autumn (10%) precipitations for three future short- 
(2021–2040), medium- (1941–2060) and long- (2076–2095) term 
periods and two emission scenarios: moderate RCP4.5 and higher 
forcing RCP8.5. However, they indicate an increase in the short-term 
summer precipitation for RCP4.5 (+7.5%). For CHG, the results fall 
in line with those obtained here with significant decreases in the 
summer (61%) and autumn (35%) precipitations for all periods and 
scenarios. 

Fig. 10. Annual amounts of precipitation recorded only between the 50th and 95th percentiles: average for the 35-year periods (1952–1986 and 1987–2021) and the 
absolute change between both periods. Top images, using all stations. Bottom images, same analysis but using only stations with >40 years of real observed data. 
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• Moderate rainfall, represented by the daily rainfall recorded between 
the 50th and 95th percentiles, is the most effective on the water 
balance in our study area and represents approximately 61% of total 
precipitation. Given its importance, any alteration to this type of 
rainfall may have major effects on the evolution of the water re
sources in the studied area and downstream areas, which are fed by 
the water that comes from the rivers that arise there. In fact, the 
impact on the economic system of the eastern coastal regions in the 
Iberian Peninsula (Valencian Community, Region of Murcia and 
eastern Andalusia) is fundamental given that the tourism and agri
cultural sectors are basic pillars of their economic system (Cañizares 
et al., 2022; Miró et al., 2021). The reduction in captured volumes is 
notorious throughout the study area, but is more significant in CHT, 
where loss is general throughout its territory, and also in CHG and 
CHE. In CHJ, significant losses appear in the area bordering CHT, 
where the Júcar, Turia and Cabriel river headwaters are located. In 
this declining precipitation context, studies into future climate con
ditions only corroborate the marked and continuing declining pre
cipitation trend that, although already present in the short term, will 
become much worse in the last third of the 21st century (Miró et al., 
2021). Todaro et al. (2022) support these results, especially for the 
medium term (2051–2070) and for the RCP4.5 emission scenario, 
but they differ for higher forcing (RCP8.5). It is also worth 
mentioning that slight increases are detected in southeastern areas 
(toward the Mediterranean littoral). In any case, the trend of the 
pluviometric stations with reductions between the 1952–1986 and 
1987–2021 periods is very clearly negative for this type of rainfall, 
and also in terms of the number of events and precipitation volumes. 
In contrast, the stations with the biggest rainfall increase during the 

most recent period do not show any significant positive trend over 
time, and events in the lower range also tend to decrease. Therefore, 
this type of rainfall is expected to continue to decrease in forth
coming years in the studied area and, hence, the water capacity of 
downstream-dependent areas will decrease. Some hydrological 
studies have already pointed out this trend for the Tagus basin. Thus, 
Mezger et al. (2022) observe a general trend toward decreased 
availability of water resources, which is made visible in the trend 
toward decreased flow, an aspect that they relate to the combination 
of several non climatic factors, among which the very marked role of 
increased irrigated land (of the order of 400%) should be high
lighted. These results present a critical scenario of negative trends in 
river flows of several headwaters in the Iberian Peninsula at the same 
time, and these basins are not even anthropized (Martínez-Fernández 
et al., 2013). Therefore, they determine a key climatic reality to be 
taken into account in conjunction with other non climatic factors of 
the territory. 

Other studies have analyzed trends in several rivers of the Iberian 
Peninsula and obtained similar results. Miró et al. (2018) detected a 
negative trend and loss of precipitation in the Júcar river headwaters. 
Their results support those herein obtained. Likewise, in the Ebro river 
headwaters located in the Pyrenees, negative trends in precipitation 
have been shown as one of the causes of loss of runoff from rivers (López- 
Moreno et al., 2008). Similarly, López-Moreno et al. (2010) have 
detected a general trend in decreasing precipitation, rainfall days and 
precipitation intensity, prolonged dry spell duration in the NE Iberian 
Peninsula, and conferred special relevance to the headwaters of basins in 
winter and spring months. In the Duero basin, less runoff from river 

STATIONS WITH AN ABSOLUTE NEGATIVE CHANGE BETWEEN PERIODS 1952-1986 AND 1987-2021

STATIONS WITH AN ABSOLUTE POSITIVE CHANGE BETWEEN PERIODS 1952-1986 AND 1987-2021

Fig. 11. Top images: Slopes (Sen) and confidence intervals (95–99%) for the average trend (1952–2021) in the moderate (rainfall between the 50th and 95th 
percentiles) daily events of all the stations that, according to Fig. 10 (top right image), show an absolute negative change between periods 1952–1986 and 1987–2021 
(on the left, number of events; on the right, average rainfall accumulated per station and year for these events). Bottom images: Same analysis using all the stations 
that, according to Fig. 10 (top right image), show an absolute positive change between periods 1952–1986 and 1987–2021. 
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Fig. 12. Significant trends and absolute change in days for annual maximum dry spell duration (top images), annual average dry spell (center images) and annual 
average wet spell durations (bottom images) for the 1952–2021 period. 
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headwaters in spring due to loss of precipitation and rises in temperature 
has also been reported (Morán-Tejeda et al., 2010). 

The drought evolution analysis reveals that the most recent period 
(1987–2021) is drier than the previous one (1952–1986), with lower 
SPEI values throughout the study area, except the southeastern end of 
CHJ, where slight increases are recorded. At the same time, the trend 
analysis reveals that most analyzed stations show negative and statisti
cally significant trends, although the results differ according to the 
employed time scale. As the time scale used to carry out the study 
prolongs, the number of stations with a negative trend increases, and 
exceeds 80% in the long-term analysis (36 months). In turn, the wide 
interannual variability in precipitation, typical of the Mediterranean 
region, means that the high-frequency oscillations found in the short- 
term analysis (3 months) do not allow trends to be detected. However 
when the time scale is extended, and medium-term (12 months) and 
long-term (36 months) analyses are carried out, drought periods are 
clearly identified. This is indicative of a noticeable trend toward chronic 
long-term socio-economic drought conditions. 

From the 1980s to the present-day, drought periods clearly pre
dominate, many of which have lasted more than one decade. The situ
ation of CHT is particularly complicated because, in the last 4 decades, 
there has hardly been any period without drought, which have generally 
been short (<1 year). The situation is similar in the other analyzed ba
sins, but the duration of the periods with SPEI values above 0 has been 
longer. These results agree with those obtained by Lorenzo-Lacruz et al. 
(2010) in the Tagus river headwaters for the 1961–2006 study period. 

They confirm the continuity of the severe drought period that this area is 
undergoing. For NE Catalonia, Serra et al. (2006) have also detected a 
significant increase in the duration of dry periods, which supports the 
results obtained for this sector of the eastern Iberian Peninsula. 

The causes of these trends appear to be closely linked with changes in 
the general atmospheric circulation patterns on the southern edge of 
mid-latitudes and subtropical latitudes. The study area particularly de
pends on the range of the polar front associated with westerly winds of 
Atlantic origin (Millán et al., 1998, 2005; Miró et al., 2018). More pre
cisely, a northward expansion of subtropical high pressures has been 
identified with a greater predominance of the Azores anticyclone over 
the Iberian Peninsula, a contraction of the circumpolar vortex to the 
north, plus loss of weight for Atlantic flows in the region (Cresswell-Clay 
et al., 2022; Frauenfeld and Davis, 2003; Grise et al., 2019; Miró et al., 
2015; Trenberth et al., 2007). 

5. Conclusions 

The mountain ranges of the southern Iberian System are a particu
larly relevant area for the water system recharge and drought risk 
management of several Mediterranean basins in the Iberian Peninsula. 
This study reveals a critical situation for this hydrological context due to 
the continuous loss of precipitation over the last 35 years, and the sit
uation will continue to worsen in forthcoming years. This leads to the 
fact that we find ourselves in a drought period, which is a pressing 
matter in the four analyzed hydrological basins. In this regard, it is 

Fig. 13. Top: Absolute change between the 20th percentile SPEI daily values on the 3- (left), 12- (center) and 36- (right) month time scales of the two 35-year periods 
(1952–1986 and 1987–2021). Bottom: the same analysis for the 80th percentile SPEI daily values. 
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Fig. 14. Time series of the average daily SPEI values on the 12- and 36-month time scales for the 1952–2021 period and all the CHE, CHG, CHJ and CHT 
weather stations. 
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worth mentioning a remarkable trend toward chronic long-term drought 
conditions for the whole area and its hydrological-socio-economic con
nections with a large Mediterranean coastal region. The situation is 

particularly alarming in the Tagus basin headwaters, a situation that 
dates back to the 1980s. 

The water provided by these headwaters, particularly from Júcar and 

Fig. 14. (continued). 
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Turia, as well as that of the Tagus (the last one via the artificial Tagus- 
Segura Water Transfer Canal), is key for urban, agricultural, industrial 
and tourism water supply in the administrative communities of the 
Valencian Community and Region of Murcia, particularly on the coastal 
strip, where the largest population and economic activity of these re
gions concentrate. Therefore, the conclusions of this study are extremely 
relevant for the future hydrological planning and to achieve alternatives 
regarding the higher risk associated with the droughts of these regions. 
Camarasa-Belmonte et al. (2020) have already published some studies 
which, bearing in mind the general decreased precipitation trend, 
highlight the change in the valuation of water in the eastern interior of 
Spain, which has gone from being a resource to being a very pronounced 
risk to be taken into account. 

Finally, it is necessary to bear in mind the impacts on both this 
natural environment of high ecological value (the mountain ranges of 
the southern Iberian Range) and those produced beyond, such as feeding 
the aquifers of the La Mancha Region and of the wetlands located on the 
southern Iberian plateau (i.e., the Tablas de Daimiel National Park), 
because their environmental value is very high. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.atmosres.2023.106695. 
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Melgarejo Moreno, J., López Órtiz, M.I., 2020. External: The socio-economic value of the 
Tagus-Segura aqueduct for the province of Alicante. In: Melgarejo Moreno, J., 
Fernández Mejuto, M. (Eds.), Water in the province of Alicante. Diputación 
Provincial de Alicante and University of Alicante, pp. 157–182. 
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