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Abstract

This study describes temperature and precipitation trends in the two National
Parks located in the two highest mountain ranges on the Iberian Peninsula:
the Sierra Nevada (Sierra Nevada National Park, SN) and the Pyrenees
(Aigliestortes i Sant Maurici National Park, ASM). Special focus is placed on
analysing disparities between the lowlands and the highlands, as well as the
agreement between observational data and grid data (IBERIAO1 and E-OBS).
For this purpose, a quality-controlled and homogeneity-adjusted database of
the daily maximum temperature, minimum temperature and precipitation
(SMADS database) has been generated. Regional trends in mean temperature
indicate that warming in ASM (0.17°C-decade™") was greater than in the Sierra
Nevada (SN) (0.13°C-decade™) in the longest joint period, 1930-2020. For
annual precipitation, the trends over the past nine decades were negative,
although not significantly. Only the summer in SN showed a significant nega-
tive trend, which has intensified in recent decades to —13.4%-decade™! for
1975-2020. A parallel evolution was observed in the annual mean temperature
of the highlands (>1500 m) and lowlands (<1500 m) of ASM, with a common
trend of 0.17°C-decade™", while in SN negative elevation-dependent warming
was detected. Differences between lowlands and highlands were also noted in
precipitation trends in both mountain ranges: a positive trend in precipitation
was found in the lowlands while in the highlands practically null trends
(ASM) or decreasing precipitation trends (SN) were detected. The comparison
of the Spanish Mountain Adjusted Daily Series (SMADS) results with the IBE-
RIAO1 and E-OBS grid series yielded differences no greater than
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1 | INTRODUCTION

High mountain regions share common features, includ-
ing rugged terrain, a low-temperature climate regime,
steep slopes and institutional and spatial remoteness
(IPCC, 2022). Due to their higher elevation compared
with the surrounding landscape, mountains often feature
cryosphere components, such as glaciers, snow cover and
permafrost, which significantly influence bordering low-
land areas, including those located far from the moun-
tains (Huggel et al., 2015). The mountains act as the
main store of fresh water for many of the world's major
river basins. The presence of solid water in the moun-
tains plays a fundamental role in the regulation of the
river flows (Bradley et al., 2006; Viviroli et al., 2011) on
which an increasing number of people depend (Viviroli
et al., 2020).

Climate change does not affect all regions equally: the
warming rate can differ from area to area (Gulev
et al., 2023), with mountain ranges being particularly vul-
nerable (Hock et al., 2019). In recent decades, several
studies have examined the evolution of temperature sig-
nals in mountain areas across the world (Diaz &
Bradley, 1997; Pepin & Lundquist, 2008; Pepin
et al., 2022; Qixiang et al., 2018; Wang et al., 2016a; Zeng
et al, 2015), consistently revealing significant trends
towards temperature increases. Long-term studies have
discovered positive temperature trends in European
mountain areas during the last century which have
become more intense in recent decades. For instance, in
the Alps, Europe's most extensive mountain range, sus-
tained temperature increases have been detected since
the 19th century with trends of around 0.12°C-decade™
(Auer et al., 2007; Begert & Frei, 2018). In more recent
periods, the trends have become more pronounced, espe-
cially after the 1970s, with increases of around
0.3°C-decade™ in the last 60 years (Ceppi et al., 2012;
Lejeune et al., 2019; Ohmura, 2012). Precipitation trends,
meanwhile, vary between positive in the mountain areas
of northern Europe (Irannezhad et al., 2017) and negative
(~1.8%-decade™) in the area of the Alps and in Italy
(Masson & Frei, 2016; Scorzini & Leopardi, 2019).

+0.2°C-decade™". No notable differences were detected between the regional
trends calculated with observational series or with grid series. These results
worsened when the differences in the trends detected in the individual

observed temperature series were compared against the corresponding grid

climate variability, mountain climates, precipitation, Spain, temperature, trends

Many studies have suggested that mountain warming
rates are not homogeneous and are elevation-dependent
(Diaz & Bradley, 1997; Pepin et al., 2015; Qixiang
et al, 2018; Rangwala & Miller, 2012; Vuille &
Bradley, 2000), related to various physical mechanisms
that determine the evolution of local effects on a climato-
logical scale, such as snow albedo, atmospheric moisture,
thermal emission, aerosols and clouds. Elevation-
dependent warming (EDW) does not always imply that
warming is more rapid in mountains than in lowlands,
but rather that there is a systematic difference in warm-
ing rates based on elevation. Initially, higher warming
rates were detected in highlands than in lowlands in loca-
tions across the world (Diaz & Bradley, 1997; Qixiang
et al., 2018; Wang et al., 2016a; Zeng et al., 2015), but
closer examination of regional mountain/lowland studies
reveals no systematic difference in warming rates in
high- versus low-elevation groups (Pepin et al., 2022).

Similar to temperature, the evolving interaction
between synoptic flow and orographically induced circu-
lations can cause significant variations in the distribution
of precipitation on climatological time scales (Shi &
Durran, 2014). Precipitation changes based on station
data are inconsistent and, to our knowledge, no system-
atic comparison between mountain and lowland precipi-
tation trends has yet been conducted. Gridded datasets
show that mountain precipitation increases are weaker
than for lower elevations worldwide, which points to the
reduced elevation-dependency of precipitation, especially
in midlatitudes (Pepin et al., 2022).

Gridded datasets that enable the analysis of climatic
variables are commonly used in climate research as they
provide stable, continuous, and spatially homogeneous
signals. This has led to their widespread application in
the analysis of climate variability and trends in all types
of terrains, including those with poor observation station
coverage. Notwithstanding, the ability to reliably repre-
sent the behaviour of these climatic variables depends to
a certain extent on the density of the stations that provide
the base data, the topography of the terrain and the algo-
rithms used to carry out the spatial inference of the vari-
able (Avila et al., 2015; Begueria et al., 2016; Herrera
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et al., 2019a; Jodar et al., 2018). Gridded observational
datasets are affected by the likelihood of unrepresentative
sampling and interpolation errors due to the sparse and
uneven distribution of stations. In mountain areas,
weighting and interpolating station data across grid cells
is further complicated by the representativity of the eleva-
tion of individual stations. The assumption that the mean
elevation of stations contributing to a given cell estimate
is consistent with the mean average elevation of that cell
is not necessarily true. In addition, high-elevation regions
may be completely lacking stations, which causes moun-
tain averages to be biased towards lower elevation values.
Gridded data sets adopt several strategies to overcome
sparsely distributed input data. For example, applying
weighting schemes such as the inverse of the distance
between the stations and the grid point, their directional
distribution, and the gradients of the data field in the
vicinity of the grid point (Pepin et al., 2022).

The two highest mountain ranges in mainland Spain
are the Pyrenees in the North, on the border with France,
and Sierra Nevada in the Southeast of Spain. These areas
and their snow cover feed two of Spain's major river
basins, the Ebro Basin (Romani et al., 2010) and the Gua-
dalquivir Basin (Bhat & Blomquist, 2004). Their biologi-
cal diversity and water resources make the Pyrenees and
the Sierra Nevada valuable ecosystems that play an
important role in the local and regional development of
tourism (Marin-Yaseli & Martinez, 2003), energy produc-
tion, agriculture (Begueria et al., 2003; Ldopez-Moreno
et al., 2008a, 2008b) and biodiversity (Garcia-del-Amo
et al., 2023; Sdinz-Baridin et al., 2016). Changes in precip-
itation and temperature, and the decrease in snow cover,
together with an increase in vegetation density in head-
water zones, have led to a marked reduction in water
availability in these regions (Lopez-Moreno et al., 2008a,
2020). This situation is related to the rapid decline of the
glaciers in the Pyrenees (Bartolomé et al., 2024; Kamp
et al., 2023; Moreno et al., 2021) and to the absence of
widespread permafrost conditions in the Sierra Nevada
today (Oliva et al., 2014).

The evolution of temperatures and rainfall in these
mountain sectors has been assessed mainly from meteo-
rological stations with longer and more continuous data
periods, which usually coincide with population centres
located on valley floors (Esteban Vea et al., 2012), or from
data recorded at specific stations at different elevations
(Camarero et al., 1998; Vitaller, 2001). Studies with a
broader territorial scope that include stations at high and
low elevations have been primarily conducted in the Pyr-
enees and are based on an individual series (Espejo Gil
et al.,, 2008; Lemus-Canovas et al., 2021; Pérez-Zanon
et al., 2017) or on a continuous grid (Cuadrat et al., 2014;
Esteban et al., 2009; Lopez-Moreno et al., 2010). Most of

of Climatology

these works focus on the second half of the 20th century,
and only a limited number analyse the first half of the
20th century within a particular spatial region (Pérez-
Zanén et al., 2017), chiefly through stations located in
the lowlands of the massif. For the Sierra Nevada, some
works have addressed only the evolution of precipitation
in a more extensive area (Ruiz Sinoga et al., 2011) and
other short publications provide little detail (Pérez-Luque
et al., 2016).

Within this context, the first objective of this study is
to construct a quality-controlled and homogeneity-
adjusted database, referred to as the Spanish Mountain
Adjusted Daily Series (SMADS). This database will
encompass daily maximum and minimum temperatures
as well as daily accumulated precipitation for the two
largest and highest mountainous sectors of the Peninsula
Iberian (the Sierra Nevada and the Central Pyrenees).
The database will specifically incorporate individual and
regional series from high-elevation mountain areas
(above 1500 m). The second aim is to conduct trend ana-
lyses of climatic variables in these mountainous areas
and compare any identified trends in the lowlands and
highlands of both mountain ranges. The third objective
involves a comparative analysis of the climatic series
obtained from the database developed and the
series obtained from two of the most widely used grid
databases in Spain.

This paper is organized as follows. Section 2 describes
the study region and the data used to generate the
quality-controlled and homogeneity-adjusted series
(SMADS). Section 3 explains the quality control process,
the homogeneity adjustment of the climatic series and
the construction of regional anomaly signals for both
study areas. Section 4 examines the time variations and
temperature and precipitation trends for the entire
mountain massif and for the highland and lowland areas.
In addition, the variations and trends of the SMADS are
compared with those of the IBERIAO1 and E-OBS grid
databases both at the regional signal level for each study
area and for the individual temperature series in the Pyr-
enean highlands. Section 5 summarizes the results and
concludes the paper.

2 | DATA

2.1 | Study regions

The Sierra Nevada (SN) is a mountain range covering
over 1720 km? that runs parallel to the Mediterranean
shoreline in southeastern Spain (Figure 1), with a peak
elevation of 3479 m. Given its orographic variation, SN
presents a great variety of ecological conditions (Castillo
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FIGURE 1

Location of the two mountainous sectors on the Iberian Peninsula. The white line on the two right maps indicates the

1500 m contour line. The black dots indicate the location of the temperature and precipitation stations.

Requena, 1989; Raso Nadal, 2011). The region is one of
the most important European hotspots for biodiversity
(Blanca et al., 1998; Pérez-Luque et al., 2015), which
resulted in its protection as a designated Biosphere
Reserve by UNESCO in 1986 and National Park in 1999,
given its particular conditions, which combine the high-
est altitude of the Iberian Peninsula (3479 m of the Mul-
hacén peak) with its southern location on the European
continent. These characteristics allow the presence of
Mediterranean habitats along with others typical of other
latitudes, making this mountain range the most impor-
tant place of plant diversity in the Western Mediterra-
nean Region. SN is climatically identified with types Dsb,
Dsc, Csb and Bsk of the Koppen classification (Chazarra
Bernabé et al., 2018).

The Pyrenees are a mountain range straddling the
border of France and Spain. They extend nearly 500 km
long, although this study focuses on the National Park of
Aigiiestortes i Estany de Sant Maurici (ASM). The Park
was established in 1954 with the primary goal of protect-
ing the unique landscape of this area of the Pyrenees,
which is characterized by numerous glacial lakes and

valleys, as well as a wide variety of ecosystems resulting
from differing elevations and slope orientations. Below
1500 m, deciduous forests with oak, ash, beech and hazel
predominate but are heavily influenced by human activ-
ity. Above 1500 m, black pine forests dominate (Vigo &
Ninot, 1987). The park is located in the central Spanish
Pyrenees. It has a total surface area of approximately
400 km? and ranges from approximately 1200-3000 m in
elevation. The study area has been extended about 60 km
on all sides of the national park area, encompassing the
highest elevation sector of the Pyrenees with peaks up to
3404 m, and it includes the climatic types Dfc, Dfb and
Cfb (Chazarra Bernabé et al., 2018).

2.2 | Climate data

We selected the daily maximum temperature, minimum
temperature and precipitation series for the two sectors
analysed (Figure 1). In the ASM sector, series from the
quality-controlled database for the Pyrenees from
the Rovira i Virgili University Centre for Climate Change
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(Pérez-Zan6n et al., 2017) were incorporated and
updated. These series were augmented by the series avail-
able from the new observatories of the Spanish State
Meteorological Service (AEMET). The series from the sta-
tions managed by the Meteorological Service of Catalonia
(SMC) network further increased the density of stations.
The series from the SMC are shorter, beginning around
the year 2000, but correspond to stations located at high
elevations in an area that had not previously been moni-
tored. From an initial selection of 74 observatories, 41 sta-
tions for temperature and precipitation series were
chosen (19 of them above 1500 m) based on the following
criteria: spatial coverage, data period (>20 years) and per-
centage of missing data (<10%).

In the SN sector, we chose the stations managed by
AEMET with a minimum number of recorded years
(30 years). The Sierra Nevada Global Change Observatory
contributed to increase the number of climate observato-
ries included in the study by obtaining temperature and
rainfall series from different Spanish networks
and regional administrations: the Global Change Moni-
toring Programme in National Parks; the Andalusian
Mediterranean Basin Network; and SATH Network of the
Guadalquivir, Guadalete and Barbate Basins. From an
initial set of 263 stations, temperature series from 45 sta-
tions and precipitation series from 62 stations were
selected (eight of them above 1500 m) based on the same
criteria for spatial and temporal coverage and missing
values as in ASM. Figure 2 shows the amount of available
data for temperature and precipitation annually in the
two mountain ranges. The density of stations was very
low until the 1950s, partly due to the Spanish Civil War
(1936-1939). It is important to mention the increase in
the number of stations observed in both networks in the
decade 1985-1995. This corresponds to the implementa-
tion of new automatic meteorological station networks of

8 8 & 8 8
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different regional administrations, while there is a
decline in the oldest annual AEMET stations, which is
reflected in the decrease in the number of stations during
the last three decades. This substitution of networks
favours the continuity of some historical series thanks to
the composition of records from very close stations with
consecutive records, but it greatly increases the ruptures
of homogeneity, an increase also due to a greater diver-
sity of instruments, maintenance and objectives of the
different networks.

The common period of observational data in both
mountainous sectors is 1930-2020, although in Sierra
Nevada the records cover until 1894. The results are
shown for this common period in section 4.1.

3 | THE CREATION OF
THE SMADS

This section explains the construction of the Spanish
Mountain Adjusted Daily Series (SMADS) quality data-
base, available at http://www.c3.urv.cat/climadata.php.
The database consists of monthly, seasonal and annual
series of anomalies in mean, maximum and minimum
temperature and precipitation in the mountain areas of
the Sierra Nevada and the central sector of the Pyrenees.
The reference period is 1961-1990 for the calculation of
anomalies, the usual one in many climate change detec-
tion analyses. Anomalies have also been calculated for
the reference period 1991-2020 for the most recent and
shorter data sets, mainly the stations located at higher
altitudes. The SMADS is made up of 129 (63) mean, max-
imum and minimum temperature (precipitation) series
in the SN sector and 114 (38) in the ASM sector. Informa-
tion about the observatories integrated into SMADS, data
period, altitude and data source is shown in Table 1.

45
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0
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Amount of available data for annual temperature and precipitation series in the Sierra Nevada (SN; left) and the Pyrenees

(ASM; right). The blue line indicates the availability of stations with temperature series. The green columns indicate the availability of

precipitation series.

85U8017 SUOWILLIOD @A Ea.D 3|qedl|dde au Aq peusenob a e sejone O ‘@S Jo SNl 10y ArIqiT8uIIuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 1M ATelq 1jeul|Uo//SdnL) SUORIPUOD pUe swe 1 8Y1 88S *[5Z0Z/TO/ET] Uo AriqiTauluo Aol ‘(ouleAnde) aanopesy Aq 28v8'00(/200T 0T/I0p/Wio0 A3 |IM A eiq 1 pul U0 SIew//SAny WoJj pepeojumod ‘6 ‘vZ0Z ‘8800/60T


http://www.c3.urv.cat/climadata.php

2902 International Journal [SRMets SIGRO ET AL.

of Climatology

TABLE 1 SMADS temperature and precipitation stations.

Name ID station Period (years) Height (m) Source

Individual stations (TP)

Caniles 5044E 1974-1998 1260 AEMET
Gor 5094E 1994-2019 1280 AEMET
Guadix_ 5112A 1971-2019 930 AEMET
Guadix 5112B 1985-2019 905 AEMET
Atarfe_S_E_A 5524A 1971-1995 613 AEMET
Fuente_Vaqueros 55240 1974-2019 540 AEMET
Presa_De_Colomera 5544U 1992-2009 775 AEMET
Colomera_el_Leo 5545E 1977-2015 860 AEMET
Illora_Television 55550 1973-1992 1592 AEMET
Illora_Molino 5562E 1973-2020 778 AEMET
Pinos_Puente 55620 1971-2020 580 AEMET
Jayena 5568U 1986-2019 970 AEMET
Orgiva 6247 1973-2019 450 AEMET
Padul 6249 1961-2019 753 AEMET
Posturas 62570 1989-2020 1050 AEMET
Arquilla 62571 1989-2017 1652 AEMET
Lanjaron 6258 1948-2020 710 AEMET
Albondon 6274U 1986-2019 1015 AEMET
Abla 6302A 2001-2020 885 AEMET
Laujar_Monterrey 6308 1950-2020 1280 AEMET
Gergal _ 6316 1965-1987 730 AEMET
Viator_Base 6325A 1987-2006 131 AEMET
Nijar 6327 1954-2019 356 AEMET
Seron, Estacion 6348E 1969-1989 800 AEMET
Jerez Marquesado EARM10 1999-2020 1258 EARM
Laujar 6309 1947-2012 1800 CMA
Individual stations (P)

Embarcadero PSNO02 2008-2019 1530 RCG
Laguna_Seca PSNO6 2008-2019 2300 RCG
Veleta PSNO8 2008-2019 3097 RCG
Alboloduy 6306 1965-2009 460 AEMET
Bayarcal 6279 1964-2012 1260 CMA
Bérchules 6224 1961-2012 800 CMA
Berja_Castala 6286 1950-2010 1319 CMA
Cadiar 6225 1961-2012 1071 CMA
Félix 6295 1948-2012 812 CMA
Fifiana 6300 1965-2012 460 CMA
Gergal 6315 1961-2012 730 CMA
Guéjar_Fondon 6262 1965-2012 262 CMA
Mecina_Bombaron 6282 1961-2012 810 CMA
Nacimiento 6305 1961-2012 1190 CMA
Nacimiento_Gilm 6303 1961-2010 942 CMA
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TABLE 1 (Continued)

Name ID station Period (years) Height (m)
Ohanes 6310 1965-2010 1000
Rioja 6324 1961-2012 1842
Torvizcon 6226 1961-2012 684
Trévelez 6234 1965-2011 1476
Turén 6284 1934-2012 684
Ugijar 6281 1961-2012 559
Abrucena 6301 1962-2012 1100
Molinillo P06 1999-2018 1252

Composed Stations (TP)

Baza 5047 1989-2020 860
5047B 1971-1983

Aldeire 5108A 1990-2016 1270
5109E 1976-1989

Sierra_Nevada NO02 1999-2018 2507
5511E 1973-1993

Iznalloz 5536B 2006-2019 1095
55361 1975-2006

Valor 6281X 2009-2020 975
6281E 1990-2009

Berja 6286 1980-1992 800
6287 1973-1980

Laujar 6307X 2009-2020 1800
6307 1950-2009

Tabernas 63210 1991-2000 503
6322 1964-1990

Macael 6357U 1986-2017 937
63571 1972-1986

Granada 5514 1938-2020 680
5515A 1893-1937

Individual stations (TP)

Boi Z2 2000-2020 2535
Cadi_Nord Z9 2003-2020 2143
Caldas_De_Boi 9738 1965-1994 1468
Certascan Z5 2001-2020 2400
El_Port Del Comte Z8 2002-2020 2316
Els_Molins_Monros 9690 1928-1995 990

Eriste_(Central) 9840 1964-2013 1080
Eriste_Refugio_ 9840D 2001-2020 2102
Espot z7 2002-2020 2519
Espot_Central _ 9661 1936-1991 1341
Estany-Gento 9688 1925-1985 2150
Fanlo_Goriz 9812E 1969-2020 2197
Gerri_de la_Sal 9686 1984-2012 600

International Journal RMetS

Source
CMA

CMA

CMA

CMA

CMA

CMA

CMA
CHG_SAIH

AEMET

AEMET

AEMET/CHG_SAIH

AEMET

AEMET

AEMET

AEMET

AEMET

AEMET

SMC
SMC
AEMET
SMC
SMC
AEMET
AEMET
AEMET
SMC
AEMET
AEMET
AEMET
AEMET

(Continues)

85U8017 SUOWILLIOD @A Ea.D 3|qedl|dde au Aq peusenob a e sejone O ‘@S Jo SNl 10y ArIqiT8uIIuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 1M ATelq 1jeul|Uo//SdnL) SUORIPUOD pUe swe 1 8Y1 88S *[5Z0Z/TO/ET] Uo AriqiTauluo Aol ‘(ouleAnde) aanopesy Aq 28v8'00(/200T 0T/I0p/Wio0 A3 |IM A eiq 1 pul U0 SIew//SAny WoJj pepeojumod ‘6 ‘vZ0Z ‘8800/60T



2904 ::lftgli?l:'gg::lg.‘l,ournal ISIRMets SIGRO ET AL.
TABLE 1 (Continued)

Name ID station Period (years) Height (m) Source
Lac_Redon VS 1999-2020 2247 SMC
Las_Paules 9851 1989-2009 1500 AEMET
Llavorsi 9675 1929-1999 803 AEMET
Llesp 9744A 1955-1998 938 AEMET
Malniu Z3 1999-2020 2230 SMC
Nuria DG 1998-2020 1971 SMC
Renclusa 9834E 2007-2020 2145 AEMET
Saloria ZB 2004-2020 2451 SMC
Sant_Mauric 9660 1953-2018 1908 AEMET
Sasseuva 76 2001-2020 2228 SMC
Tavascan 9669 1920-1994 1200 AEMET
Ulldeter ZC 2000-2021 2410 SMC
Vilaller 9736 1928-1999 1000 AEMET
Vilaller_Sen 9734 1912-1997 1320 AEMET

Composed Stations (TP)

Arties 9990X 2002-2020 1150 AEMET
9990 1922-1991
Benasque 9837E 1990-2020 1700 AEMET
9838 1940-1977
9838A 1913-1938
Boi 9744b 2009-2020 1250 AEMET
9741 1923-1998
Bonaigua Z1 1997-2020 2266 AEMET/SMC
9656 1922-1979
Cabdella 9689X 2011-2020 1276 AEMET
9689 1917-1994
Esterri_D'Aneu 9657X 2005-2020 955 AEMET
9657 1965-2005
Senterada 9695B 2011-2017 728 AEMET
9695 1930-1992
Pobla Segur YC 2016-2020 527 SMC
(4% 1995-2013
9696A 1924-1994
Sort XH 2009-2020 696 AEMET/SMC
9680 1985-2004
9680 1947-1969
Pont Suert CT 1996-2020 840 AEMET/SMC
9745 1945-1998
Vielha CU 1996-2020 970 AEMET/SMC
9991 1945-1993

Note: Code and abbreviated name of station, period, elevation and source of data (Spanish State Meteorological Service, AEMET; Meteorological Service of
Catalonia, SMC; Global Change Monitoring Programme in National Parks, RCG; Andalusian Mediterranean Basin Network, CMA; and SATH Network of the
Guadalquivir, Guadalete and Barbate Basins, CHG_SAIH).
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Stations that have been composed from nearby relocated
stations have been included.

3.1 | Quality control

From the recording process until the final analysis of the
climate time series, errors may have been introduced in
the data due to changes in the observation location, mea-
suring instrument, sheltering structure, land use and
cover, urbanization, time of observation, observer or
because of manipulating (such as unit conversions), for-
matting, transmitting and archiving data methods. To
reduce and eliminate the presence of erroneous data as
much as possible, all series were subjected to a quality
control process to detect values that were clearly errone-
ous or suspected of being so. These values were compared
with the original sources, with nearby stations and/or
with the internal coherence of the series itself to mini-
mize the elimination of valid values (Brunet et al., 2008).
The quality control software RClimDex-extraqc was used
to detect suspicious values.

The software flagged gross errors, tolerance, internal
consistency and temporal coherency, which were subse-
quently checked. Table 2 summarizes the cases that were
considered suspect, which were evaluated for temporal
and spatial coherency. In total, 832 erroneous pieces of
data (0.02% of the total data) were detected; 94% (781)
were eliminated from the analysis, while we were able to

of Climatology

recover the remaining 6% (51). The distribution of erro-
neous data detected in the quality control process is very
uneven between the two mountain ranges: 92% corre-
spond to SN and only 8% to ASM. This is mainly due to
the fact that many of ASM series came from an already
quality-controlled database (Pérez-Zandn et al., 2017).
Sixty-nine percent of the erroneous data were detected by
the outlier test, after ruling out the possibility that they
were actual extremes in the series. Seventeen percent cor-
respond to minimum temperatures equal to or higher
than the maximum temperature, while the others errors
were detected as gross errors, temporal coherency tests or
duplicate dates.

3.2 | Homogenisation

Most long-term meteorological observations are affected
by non-climatic factors such as the local environment,
observatory relocation or instrumental changes. This
means that not all observations are measured under the
same conditions, which affects their comparability, as
recorded fluctuations may be due to non-climatic factors
(Brunet et al., 2006; Peterson et al., 1998).

To correct the series for these kinds of errors, the
homogeneity of the series must be checked with statisti-
cal tools and/or neighbourhood comparisons and, if
required, the series must be corrected. We used a relative
homogenisation method in which the variations in the

TABLE 2 Erroneous data detected in quality control for the two mountain areas by variables.
SN ASM Total
Test Rejected Corrected Rejected Corrected Rejected Corrected
Precipitation Duplicates 31 31
Outliers 10 11 1 10 12
Too large 10 10
Minimum temperature Duplicates 16 16
Outliers 253 5 26 279 5
Tmaxmin 57 3 12 3 69 6
Jumps 2 11 1 3 11
Maximum temperature Duplicates 16 16
Outliers 259 6 5 1 264 7
Tmaxmin 39 7 18 1 57 8
Jumps 26 2 26 2
Total 719 45 62 6 781 51

Note: The tests correspond to outliers (values exceeding a threshold defined for lower (upper) boundary as the percentile 25 (75) less (plus) three times the

interquartile); Duplicates (includes all dates which appear more than once in a data file); Too large (PPT daily values exceeding 200 mm and temperature daily
values exceeding 50°C); Jumps (records in which the temperature difference from the previous day is >20°C); Tmaxmin (cases in which the maximum

temperature is lower than the minimum temperature).
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candidate series are compared with a neighbouring series
with which they should exhibit a similar behaviour. Sev-
eral studies have compared these methods to assess their
efficacy (Domonkos et al., 2021; Guijarro et al., 2023;
Venema et al., 2012). The CLIMATOL software package
(http://www.climatol.eu/), which was selected to test the
homogeneity of these series, is the semiautomatic method
with the best results in the detection and adjustment of
inhomogeneities of monthly temperature and precipita-
tion series. In addition, it is a method that offers a high
enough tolerance to the presence of missing data, as it is
able to work with fragmented and short series, a frequent
occurrence in mountain environments. CLIMATOL is a
homogenisation methodology that uses the Standard
Normal Homogeneity Test (Alexandersson &
Moberg, 1997) to detect breakpoints in the homogeneity
of the series. In the SN area, very old climatic series that
began at the end of the 19th century (Granada, Seville,
Murcia and Alicante) were used. These series present a
homogeneity problem related to a systematic change in
the type of weather screen at the beginning of the 20th
century. As this change occurred generally throughout
the network of stations, it cannot be adequately detected
or corrected with relative homogenisation techniques. To
solve this problem, a data adjustment methodology based
on a parsimonious regression model using experimental
data was applied before homogenisation (Brunet
et al., 2011).

Through the application of CLIMATOL, multiple
homogeneity ruptures present in the climatic series of
ASM and SN were detected and adjusted. Table 3 shows
the number of homogeneity breaks (breakpoints) for each
of the variables in both parks above and below 1500 m.

TABLE 3
and below the 1500 m boundary.
Variable
SN —1500 RR
X
TN
SN +1500 RR
X
TN
ASM —-1500 RR
TX
TN
ASM +1500 RR
X
TN

The highest number of temperature inhomogeneities
were detected in the sectors with more numerous series
spanning longer periods, with a greater number of relo-
cations and other changes. They correspond to the series
of stations located below 1500 m, with a ratio ranging
from 2.4 to 3.75 inhomogeneities by series. In the case of
the series above 1500 m, which generally cover shorter
periods, the ratio is between 0.30 and 1.50. The differ-
ences in the ratio of breakpoints per station between the
maximum temperature and the minimum temperature
are explained because the detection is carried out inde-
pendently for each variable and not all causes of inho-
mogeneity have an effect on both variables. Sometimes a
break is detected on one of the variables and not on the
other. The homogeneity breaks in the precipitation
series were fewer in number, between 0.17 and 0.50 per
series.

The distribution of the breakpoints (Figure 3)
throughout the entire study period is generally propor-
tional to the amount of data available for each year,
although there are some differences between the two
areas. In the ASM sector, many manual stations ceased
operation in the 1980s and were replaced by automatic
stations between 1990 and 2000. The organization that
manages them also changed from the Spanish State
Meteorological Agency to the Catalan Meteorological
Service. These changes gave rise to a rebound of break-
points between 1980 and 2000, and a decrease in recent
decades. In contrast, in SN this change in management
did not occur abruptly, although from 2000, stations
managed by other organizations in addition to AEMET
were incorporated and the number of manual stations
decreased.

Homogeneity breaks detected and adjusted in the Pyrenees (ASM) and Sierra Nevada (SN) temperature-rainfall series above

Breakpoints Breakpoints/station
12 0.22
84 2.40
97 2.77
4 0.50
10 1.50
9 1.12
13 0.48
59 2.46
90 3.75
3 0.17
6 0.33
19 1.06

Note: For maximum temperature (TX), minimum temperature (TN) and precipitation (RR).
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FIGURE 3 Number of breakpoints per year and variable for the Sierra Nevada (SN; left) and the Pyrenees (ASM; right). The colours
indicate the variable: maximum temperature (red); minimum temperature (blue); precipitation (green). The variables are accumulated in the

annual column.

3.3 | Regional anomaly climate series
Regional time series of daily precipitation and mean,
maximum and minimum temperatures were constructed
by averaging daily anomalies and then adding back the
base-period mean. For precipitation, the resulting anom-
aly was divided again by the base-period mean to remove
the influence of elevation and the distance to the sea
(Jones & Hulme, 1996; Pérez-Zanoén et al., 2017). The
regional series were corrected to consider the bias that
the varying sample sizes may have on time series estab-
lished using the average of individual time series (Brunet
et al., 2007; Osborn et al., 1997).

In order to characterize the evolution of the climatic
variables in the analysed areas, regional series of precipi-
tation and average, maximum and minimum tempera-
tures were constructed for each mountain range and for
the entire period analysed. The base period of 1961-1990
was used to calculate the anomalies, which is common in
the analysis of historical climatic series. Regional series
corresponding to lowlands (<1500 m) and highlands
(>1500 m) were also constructed in order to examine the
differences in the evolution of the climatic signal between
highlands and lowlands. The boundary between the two
categories was defined based on the valley areas and the
peak areas in both mountain ranges. Most of the low
areas are below 1500 m while the high areas rise up to
3500 m, although most of the observatories are located
below 2500 m. Due to the shorter period of the data series
in the highlands, the base period of 1990-2019 was used
as there is a greater density of data at this elevation.

Temporal variations on an annual and a seasonal
basis were assessed by means of a Gaussian low-pass fil-
ter of 13 terms in order to suppress high-frequency fluc-
tuations on timescales less than decadal. The Gaussian
filter approximates a decadal smoother with sigma equal
to three standard deviations. It has six weights on either
side of a central weight. To extend the smoothed series to

the starts/ends of the series, additional values (equal to
the average of the last/first 6 years) are added.

Temperature and precipitation change, explained by a
trendline fit over the entire period (1894-2020) and sev-
eral subperiods (1930-2020; 1950-2020; 1975-2020), was
calculated on an annual and a seasonal basis by adapting
Sen's estimator of slope (Sen, 1968). The nonparametric
Mann-Kendall test was used to test the presence of
monotonic increasing or decreasing trends and the non-
parametric Sen's method was used to estimate the slope
of the trendline. We also calculated the 95% confidence
intervals of the trend coefficients.

4 | RESULTS AND DISCUSSION

41 | Long-term change in the Spanish
mountain ranges

Figure 4 shows the annual and seasonal evolution of
mean temperature over time in the two study areas for
the whole common data period 1930-2020, and also
for the long period 1894-2020 for SN. Table 4 gives the
temperature (°C) and precipitation (%) change explained
by a trendline fit over the entire period and various sub-
periods. The period of 1950-2020 was differentiated
because it includes a greater number of stations in the
databases and is common in many studies of climate
trends, since many databases and climate products begin
in 1950. The 1975-2020 period was defined because it
includes the last period of the most pronounced warming
increase, as determined by the inspection of the Gaussian
filter curve.

The evolution for the common period is similar in
both mountain areas, with negative anomalies prior to
the 1940s and during the 1970s. The periods with positive
anomalies are concentrated in the decades from the
1940s to the 1960s and with greater intensity in the last
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FIGURE 4 Annual and seasonal variations for Sierra Nevada (SN; left) and for Central Pyrenees (ASM,; right) for the period 1930-2020.
Daily mean temperatures expressed as anomalies (°C) from 1961 to 1990 and smoothed with a 13-year Gaussian filter (black line). The green
line indicates the trend for the entire period.
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TABLE 4 Annual and seasonal temperature change estimated by Sen's trend and in brackets the associated 95% confidence intervals

(in°C-decade™) for daily mean, maximum and minimum temperatures and precipitation (in %-decade™) for the Pyrenees (ASM) and the

Sierra Nevada (SN) calculated over the entire period and several shorter periods.

LA 1930-2020 1950-2020 1975-2020
SN SN ASM SN ASM SN ASM
Mean temperature
Annual 0.12 + 0.02 0.14 + 0.04 0.17 + 0.05 0.15 + 0.05 0.25 + 0.06 0.30 +£ 0.11 0.38 + 0.09
Winter 0.06 + 0.04 0.08 £+ 0.06 0.24 + 0.07 0.07 £ 0.10 0.29 + 0.11 —0.0 £0.19 0.28 +£0.22
Spring 0.15 + 0.04 0.14 + 0.07 0.10 + 0.09 0.17 + 0.10 0.19 + 0.10 0.39 + 0.19 0.50 + 0.21
Summer 0.18 + 0.03 0.20 + 0.05 0.13 + 0.07 0.23 + 0.08 0.24 + 0.09 0.51 + 0.18 0.28 + 0.18
Autumn 0.09 + 0.03 0.06 + 0.06 0.13 + 0.06 0.05 + 0.09 0.18 + 0.08 0.18 + 0.20 0.24 + 0.16
Maximum temperature
Annual 0.12 + 0.02 0.11 + 0.04 0.27 + 0.06 0.14 + 0.06 0.32 + 0.07 0.26 + 0.16 0.43 + 0.12
Winter 0.04 £ 0.04 0.07 = 0.07 0.32 + 0.10 0.12 + 0.12 0.30 + 0.14 —0.00 £ 0.19 0.32 £ 028
Spring 0.18 + 0.05 0.16 + 0.09 0.24 + 0.10 0.19 + 0.13 0.29 + 0.14 0.38 + 0.27 0.58 + 0.25
Summer 0.17 + 0.03 0.18 + 0.06 0.27 + 0.09 0.22 + 0.09 0.40 + 0.12 0.43 + 0.21 0.35+0.28
Autumn 0.08 + 0.05 0.02 + 0.07 0.22 + 0.08 0.03 + 0.10 0.21 + 0.11 0.08 + 0.21 0.24 + 0.23
Minimum temperature
Annual 0.13 + 0.02 0.16 + 0.04 0.05 + 0.04 0.15 + 0.06 0.17 + 0.06 0.35 + 0.10 0.32 + 0.09
Winter 0.07 + 0.05 0.08 + 0.08 0.16 + 0.08 0.01 £ 0.12 0.27 £ 0.11 —0.01 £ 0.24 025+ 021
Spring 0.11 + 0.04 0.11 + 0.05 —0.03 + 0.08 0.12 + 0.08 0.11 + 0.09 0.40 + 0.16 0.37 + 0.15
Summer 0.18 + 0.03 0.23 + 0.05 0.00 £ 0.06 0.26 + 0.08 0.11 + 0.09 0.58 + 0.17 0.26 + 0.16
Autumn 0.10 + 0.03 0.09 + 0.05 0.05 + 0.07 0.06 + 0.07 0.16 + 0.09 0.26 + 0.19 0.31 + 0.19
Precipitation
Annual —0.50 + 0.99 —0.45 + 1.51 —0.93 + 1.66 —1.89 + 2.40 —1.40 + 2.23 -1.76 + 4.31 1.12 + 4.42
Winter 0.62 + 1.82 —0.57 + 3.37 —1.85 + 3.56 —3.19 £ 5.17 —3.31 + 4.83 —4.69 + 10.1 0.19 + 10.3
Spring —1.35 + 2.00 —1.26 + 3.47 —0.89 + 2.30 —1.92 + 4.94 —0.46 + 3.55 2.16 + 10.6 1.71 + 5.97
Summer —0.63 + 2.14 —3.19 + 3.82 —1.74 + 2.26 —6.43 + 5.32 —3.10 £+ 3.40 -12.9 + 10.0 0.91 + 6.86
Autumn —0.56 + 1.96 2.25 + 3.03 0.09 + 2.51 1.72 + 5.27 1.02 + 3.70 3.75 + 8.74 2.50 + 5.62

Note: Bold (italic) indicates significance at 1% (5%) confidence level.

35 years. Most of the annual anomalies above 1°C are
concentrated in the 21st century. In general, this progres-
sion aligns with the description of trends observed across
the entirety of the Iberian Peninsula (Brunet et al., 2007).

In SN, the average annual temperature exhibits a sig-
nificant increase rate of 0.12°C-decade™, with a total
increase of 1.56°C for the 126 years analysed. Summer
and spring contributed the most to the annual tempera-
ture increase followed by autumn and winter. The contri-
bution of the days (maximum temperature) and of the
nights (minimum temperature) is similar, although
slightly higher for the nights. These rates of increase are
also confirmed for the period of 1950-2020 with similar
values and intra-annual distribution, although with a
greater increase in summer trends compared to spring,
mainly driven by a night-time increase of

0.26°C-decade™". During the last phase of intense warm-
ing, 1975-2020, the annual mean temperature increased
by 0.30°C-decade ™", again affected by the rise in summer
temperatures of 2.35°C during this period. As in the other
periods studied, the great increase in night-time tempera-
tures (0.58°C-decade™) contributed the most to the aver-
age value. Winter temperatures, on the other hand, show
a slight, nonsignificant decrease, both in the average
value and in the extreme temperatures.

In the Pyrenees area covered by ASM sector, we also
found a general and significant increase in temperature
values, with a mean annual temperature increase for the
1930-2020 period of 0.17°C-decade™. However, this area
differs from SN both in the intensity of this warming and
in its seasonal distribution. First, the warming in ASM
presents higher decadal rates, both in the longest joint
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period (0.17°C in ASM vs. 0.13°C in SN), and in the other
short periods analysed, 1950-2020 (0.25°C vs. 0.14°C)
and 1975-2020 (0.38°C vs. 0.28°C). Second, in ASM the
contribution of the maximum temperature rates
(0.27°C-decade™) to the mean temperature warming is
five times higher than the minimum temperature rates
(0.05°C-decade™). This difference between daytime and
night-time temperatures decreases in successive subpe-
riods due to a greater increase in the minimum tempera-
ture. In the 1950-2020 subperiod, daytime (night-time)
temperatures show a warming trend of 0.32°C (0.17°C),
while in the most intense warming phase, 1975-2020,
there is a marked increase in both, 0.73°C-decade™ com-
pared to 0.32°C-decade™. A third difference is in the sea-
sonal contribution to the average annual temperature.
Unlike in SN, in ASM the largest seasonal contribution
corresponds to winter, 0.24°C-decade™. However, during
the last subperiod, 1975-2020, the winter trend was equal
to that of summer (0.28°C-decade™) and less prominent
than the vigorous increase that occurred during spring
(0.50°C-decade™™).

Precipitation in the two mountain areas (Figure 5) is
highly variable, especially in SN. The average (standard
deviation) of the annual anomalies is 18% (15) for SN and
15% (10) for ASM. The seasonal series exhibit greater vari-
ability, reaching 51% (40) for summer in SN and 37%
(28) for winter in ASM. This high variability makes it diffi-
cult to identify significant trends in precipitation (Bladé &
Castro Diez, 2010). Only during the summer in SN was a
significant negative trend detected of —6.4%-decade™" for
the 1950-2020 period, which has intensified in recent
decades, recorded at —12.9%-decade™! for 1975-2020. The
trends for the last nine decades are negative, although not
significantly so, in all seasons, with the exception of
autumn. During the most recent subperiod, 1975-2020,
the equinoctial stations documented a tendency towards
increased precipitation in both sectors, although not sig-
nificant, ranging between 1.7% and 3.7%-decade™".

Decadal temperature trends observed for the period
of 1930-2020 in ASM (0.17°C-decade™) and SN
(0.13°C-decade™") are similar to those identified in penin-
sular Spain as a whole for the 1961-2006 period, 0.1-
0.2°C-decade™ (del Rio et al., 2011b) and for the 1901-
2005 period, 0.13°C-decade ™" (Brunet et al., 2007).

The temperature evolution characteristics observed in
ASM align with those outlined for the entirety of main-
land Spain (Brunet et al., 2007; del Rio et al., 2011b).
These characteristics include a notable rise in maximum
temperature compared to minimum temperature, a
prominent influence of winter during the initial warming
phases of the 20th century, and heightened
warming rates during spring and summer since the
1970s. This is also in agreement with the results of other

studies on temperature trends in various sectors of the
Pyrenees. Data from Andorra (Esteban Vea et al., 2012),
geographically very close to the sector studied and with a
set of different observatories located in valley areas, coin-
cides with this evolution and confirms some peculiarities
such as the high minimum temperature anomalies
between 1945 and 1960, causing lower warming rates
than typical for this season and variable. The same char-
acteristic also been detected across the Central Pyrenees
(Pérez-Zanon et al., 2017).

Conversely, the temperature evolution in SN deviates
from the patterns observed in the Pyrenees region and
across the entirety of Spain. Notably, there is a minimal
impact of winter warming in the first two thirds of the
20th century and higher warming rates in the minimum
temperature compared to the maximum temperature.
However, this phenomenon does coincide with tempera-
ture evolution studies in sectors of Andalusia (Garcia-
Barrén, 2007; Gonzalez-Hidalgo et al., 2015), where a
greater tendency towards warmer minimum tempera-
tures has been detected compared to maximum
temperatures. Also, in other nearby regions, such as
Morocco, positive decadal minimum temperature trends
that exceed increases in maximum temperatures have
been detected between 1977 and 2003, although with a
more moderate value than in SN (Khomsi et al., 2016).

The seasons of spring and summer have made a
greater contribution to higher mean temperatures as well
as higher maximum and minimum temperatures since
the 1970s, which is consistent with the observations of
other authors for mainland Spain (Pefia-Angulo
et al., 2021). In contrast, the substantial contribution of
winter trends to the annual warming detected in the Pyr-
enees for the entire period coincides with Brunet et al.
(2007) but diverges from the results of others (del Rio
et al., 2011b). In both cases, it is linked to the great con-
tribution of winter trends to higher minimum tempera-
tures, with decadal trends well above the other seasons,
also detected in other studies of the Pyrenees (Pérez-
Zanon et al., 2017).

The presence of nonsignificant negative trends in
most of the annual and seasonal precipitation series coin-
cides with the results of other authors for the whole Ibe-
rian Peninsula (Gonzdlez-Hidalgo et al., 2011; Goodess &
Jones, 2002; Rodriguez-Puebla & Nieto, 2010; Serrano
et al., 1999; Vicente-Serrano et al., 2017), as well as in
several sectors of Spain, such as the southern plateau of
the Iberian Peninsula (Cervera et al., 1999), in the north-
eastern area (Saladié et al., 2006) and in the Mediterra-
nean range (de Luis et al., 2009). The significant negative
trends detected during the summer in SN are consistent
with the results for this region based on a study of 533 sta-
tions for the whole of Spain (del Rio et al., 2011a).

85U8017 SUOWILLIOD @A Ea.D 3|qedl|dde au Aq peusenob a e sejone O ‘@S Jo SNl 10y ArIqiT8uIIuO /8|1 UO (SUORIPUOD-PUB-SWBIW0D A8 1M ATelq 1jeul|Uo//SdnL) SUORIPUOD pUe swe 1 8Y1 88S *[5Z0Z/TO/ET] Uo AriqiTauluo Aol ‘(ouleAnde) aanopesy Aq 28v8'00(/200T 0T/I0p/Wio0 A3 |IM A eiq 1 pul U0 SIew//SAny WoJj pepeojumod ‘6 ‘vZ0Z ‘8800/60T



International Journal 'S

SIGRO ET AL.

% SN Annual %
150 150
100 100

50 50

0 0
-50 -50
-100 -100

1930 1940 1950 1960

150

100

50

0

-50

-100
1930 1940 1950 1960

150
100
50

0 _..I....I'_'..I-

-50

-100
1930 1940 1950 1960

150
100

50

0
-50 1

-100

1930 1940 1950 1960

150

100

50

0

-50

-100
1930 1940 1950 1960

1970 1980

SN winter

1970 1980

SN spring

1970 1980

SN summer

1970 1980

SN autumn

1970 1980

1990

1990

1990

1990

1990

2000 2010 2020 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

150

100

50

-50

-100
2000 2010 2020

150

100

50

-50

-100
2000 2010 2020

150

100

50

-100
2000 2010 2020

150

100

2000 2010 2020

of Climatology

ASM ANNUAL

ASM winter

--LII-F.

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

ASM spring

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

ASM summer

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

ASM autumn

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

FIGURE 5 Same as Figure 4 but for precipitation. The blue line indicates the trend for the entire period.
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4.2 | Change detected in high- and low- maintained in the trends detected in SN for the annual

mountain areas averages of maximum temperature and minimum tem-

perature. However, in ASM the mean temperature signal
To analyse the climatic evolution between the highlands  conceals a contrasting behaviour for both extreme tem-
and lowlands of the two mountain ranges, we calculated = peratures. The annual average minimum temperature in
the anomalies for the 1990-2020 period. This period was the Pyrenean area behaves very similarly to that of SN,
chosen because prior to 1990 the density of stations above =~ with a greater signal in the low areas than in the peak
1500 m was much lower. In fact, the number of stations area, and with a trend of similar values. But the maxi-
above 1500 m was still relatively limited in the 1990-2019 mum temperature exhibits a very different signal, with
period. For most years, the ASM signals consist of data  greater warming in the high areas (0.25°C-decade™)
from 15 to 17 different observatories, although in the first compared to the low areas (0.16°C-decade ™).

10 years the number of stations drops to two or three. In Precipitation trends also point to differences between
SN, the density is very low for signals above 1500 m, lowlands and highlands. In both mountainous sectors, a
around three stations per year with some years without  positive trend in precipitation was detected in the low-
any data at all. lands, which was somewhat higher in ASM (4.5%-dec-

Figure 6 shows the comparative evolution of the aver- ade™) compared to SN (1.75%-decade™). In contrast, in

age temperature between the highlands (>1500 m) and the highlands, trends indicating virtually zero change
lowlands (<1500 m) in both study areas for the last  (0.41%-decade™ in ASM) or decreasing precipitation
30 years. The annual mean temperature in ASM exhibits (—8.92%-decade™ in SN) have been identified.

a parallel evolution between the two areas, with a com- EDW can be quantified through systematic differ-
mon trend of 0.17°C-decade™ (Table 5). In contrast, in ences in high- versus low-elevation temperature trends.
SN there are appreciable differences between the two sig-  The EDW in SN is negative in all three temperature vari-
nals, with greater warming in the low areas with a trend  ables, with a value in the last three decades of
similar to that detected in the Pyrenean area at —0.03°C-decade™ (—0.14°C-decade™) for the maximum

0.15°C-decade™". In addition, above 1500 m the trend is temperature (minimum temperature). In the ASM area,
less pronounced at 0.05°C-decade™. This difference the average temperature shows a null EDW, a conse-
between the signal in the highlands and lowlands is quence of the opposite signs in the extreme temperatures.

°C PNSN oC PNASM
1 1
0.5 0.5
0 0
-0.5 -0.5
-1 -1
1.5 -1.5

1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020

FIGURE 6 Annual average temperature anomalies in highland (blue) and lowland (green) areas in SN (left) and ASM (right) for the
1990-2020 period.

TABLE 5 Annual mean (TM),

SN ASM . ..
maximum (TX) and minimum (TN)
Lowland Highland ED Lowland Highland ED temperature and precipitation (RR)
™ 0.15 0.05 ~0.10 0.17 0.17 0.00 change estimated by Sen's trend for
highlands and lowlands, and elevation-
X 0.10 0.07 —0.03 0.16 0.25 0.09
dependence (ED).
TN 0.20 0.06 -0.14 0.19 0.09 —0.10
RR 1.75 —8.92 —10.67 4.10 0.41 —3.69

Note: Temperature trend in°C-decade™ and precipitation trend in %-decade™.
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The maximum temperature has a positive EDW
(0.09°C-decade™), in contrast to that of the minimum
temperature (—0.10°C-decade™).

Global studies with observational data comparing
temperature trends between lowlands and highlands
indicate a positive EDW, at least since the second half of
the 20th century. This is confirmed in studies of different
mountainous areas around the world, such as the Rock-
ies (Diaz & Eischeid, 2007), the Appalachians
(Ohmura, 2012) and the Himalayas (Yang et al., 2014).
Meanwhile, the negative EDW observed in the areas of
the Iberian Peninsula in this study is consistent with
other results in Europe. A similar phenomenon was
detected in Switzerland in the daily mean temperature at
an elevation range of over 3000 m between 1981 and
2017, with an EDW of -0.1°C-decade™ (Rottler
et al., 2019) as well as in the eastern Italian Alps with a
more pronounced EDW of —0.22°C-decade™ between
1975 and 2010 (Tudoroiu et al., 2016). The mechanisms
that lead to this EDW may be multiple and need to be
addressed in depth, to analyse the influence of other
changes detected in the Pyrenees, such as the increase in
air dryness (Treydte et al., 2023) or changes in snow
cover (Lopez-Moreno et al., 2017, 2020).

4.3 | Comparing temperature and
precipitation series with grid series

In this section, the annual anomalies of the daily maxi-
mum temperature, the daily minimum temperature and
the accumulated precipitation in the two mountain sec-
tors studied are compared between two grid databases,
the IBERIAO1 and E-OBSv25.0e, and the series obtained
from the adjusted observational data described in the pre-
vious sections (SMADS).

The IBERIAO1 is an observational gridded dataset
produced using a dense network (thousands) of stations
across the Iberian Peninsula providing daily precipitation
and temperatures for the 1971-2015 period at 0.1° regular
resolution (Herrera et al., 2019b). The E-OBSv25.0e is a
new version of the Europe-wide E-OBS temperature and
precipitation dataset. This version provides an improved
estimation of interpolation uncertainty through the cal-
culation of a 100-member ensemble of realizations of
each daily field. The dataset covers the period back to
1950 and provides gridded fields at a spacing of
0.1° x 0.1° in regular latitude/longitude coordinates
(Cornes et al., 2018).

The series corresponding to the area of latitude 42.3°-
42.7°N and longitude 0.5°-1.3°E for ASM, and latitude
36.7°-37.4°N and longitude 2.4°-3.8°W for SN were

of Climatology

extracted from each gridded dataset. They consisted of
45 series per variable in ASM and 112 series per variable
in SN. For each variable, the anomalies were calculated
compared to a base period of 30 years (1971-2020) and
the average series was calculated for each study area for
both grid databases common period 1971-2015. In order
to assess whether there are large differences between the
use of instrumental series or gridded series to analyse
the trends in the two study areas, the annual differences
series between these observed and gridded series have
been calculated.

Figure 7 shows the annual differences between the
annual anomaly values of the observed data (SMADS)
and the calculated anomalies for both grid databases. In
SN, the IBERIAO1 anomalies have a higher correlation
with the SMADS than the E-OBS (Table 5), over 0.90 in
all three variables. The average differences and standard
deviation are similar for temperatures in both gridded
datasets, although the IBERIA1 data fit much better with
the SMADS for precipitation. This can be seen in
Figure 7 and in the value of the standard deviation of the
difference series, much higher with E-OBS than with
IBERIA. The trend in Table 6 indicates the difference
between the trend of the observed series and the gridded
series. The differences in maximum temperature trends
are similar in both gridded datasets, somewhat better in
E-OBS than in IBERIA for the minimum temperature
(0.0 vs. 0.22°C-decade™) and clearly better in IBERIA
than in E-OBS for the precipitation (1.99
vs. —11.5 mm-decade™).

The comparison in the ASAM sector yielded some-
what different results. For precipitation, the best fit is
again with the IBERIAO1, with better correlation, higher
statistics and a lower overestimation of the trend (10 vs.
24 mm-decade_l). However, in this area, a greater corre-
lation and less dispersion were estimated for the tempera-
ture anomalies between the E-OBS and the SMADS,
especially for the minimum temperature, which in the
IBERIAO1 shows a very different behaviour from 2000
onwards compared to the other datasets.

It is evident that there are large differences between
some of the annual estimates shown in Figure 7, but
these may be due to the algorithms of the grid series as
well as to the irregular distribution of the stations. A lack
of densely and unevenly distributed observational sites
can lead to the problem of low accuracy and weak repre-
sentativeness of the analysed results (He & Tang, 2023),
as has been observed in the distribution of rain gauges
(Wang et al., 2016b) or in works that analyse temperature
and derived variables (Shen et al., 2014). Several authors
point out that when calculating area statistics such as
mean regional, grids constitute optimal sampling
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Difference series between the annual anomaly series of IBERIAO1 and E-OB and the anomaly of the observed data (SMADS)

for maximum temperature (top), minimum temperature (centre) and precipitation (bottom) for the Sierra Nevada (SN) sector (left) and the

Pyrenees (ASM) sector (right), 1971-2015.

TABLE 6 Pearson correlation

EOBS IBERIA

coefficient (R), average of the

SN R Mean S Trend R Mean S Trend differences (mean), standard deviation

TX 061 013 0.52 001 091 022 045 —0.02 of the differences (S) and difference in
decadal trends (trend) between the

TN 0.83 —0.01 0.33 0.00 0.92 0.15 0.4 0.22 . .
maximum temperature, the minimum

RR 0.43 —7.00 122.5 —11.55 0.95 —0.08 26.19 1.99 temperature and the annual

EOBS IBERIA precipitation of the observed data and

from IBERIAO1 and E-OBS in the

ASM R Mean S Trend R Mean S Trend Pyrenees (ASM) and the Sierra

X 0.93 —-0.06 0.30 0.07 0.71 0.03 1.26 0.53 Nevada (SN).

TN 0.92 0.07 0.38 0.20 0.06 —-0.91 1.65 —0.62

RR 0.71 —27.89 124.90 -23.07 0.95 0.25 65.69 10.44

Note: Mean and S: temperatures in°C and precipitation in mm. Trend corresponds to the difference in the

annual trend.

structures in terms of spatial representation, avoiding
biases that arise from the irregular distribution of the
observations (Begueria et al., 2016; Jones et al., 2012;
Muller et al., 2013). However, in the mountainous
regions studied in this paper where, especially in recent
decades, the density of stations has increased in sparsely
populated areas and in higher areas the results show us
that the estimation of the mean temperature trend in
both sectors shows good agreement when comparing
SMADS with E-OBS, with a more differentiated result for
the other grid database, IBERIA. The same happens
for precipitation trends where the smallest difference is
between SMADS and IBERIA.

4.3.1 | Individual temperature series and
grid data adjustment in highland sites

Although the agreement and fit between observational
data and grid data are described in the previous
section for the set of data available in the study areas, it
is also interesting to analyse whether these values coin-
cide when grid databases are used to characterize temper-
ature changes in individual high-mountain sites. Figure 8
shows the differences in the trends between annual series
of maximum and minimum temperature corresponding
to 17 high-mountain observatories of the Central Pyre-
nees (ASM), most located above 2000 m, and the series of
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FIGURE 8 Differences in the decadal trends of the annual maximum temperature (top) and the annual minimum temperature

(bottom) between E-OBS and SMADS for 17 high-mountain observatories during the 2000-2020 period.

each corresponding grid of the E-OBSv25.0e ensemble.
We chose to represent the Pyrenean area because it has a
greater number of high-altitude stations with available
series, and the E-OBS dataset because it exhibits the best
fit in this area, as described in the previous section. The
differences in maximum temperature trends indicate neg-
ative values (underestimation of the E-OBS compared to
the SMADS, in blue) in the western part of the area, with
differences of up to —9°C-decade™", while in the eastern
half, values obtained are positive with the greatest differ-
ences in the east end exceeding 5°C-decade™. A single
station shows difference values below +1°C-decade™, in
the central area of the map, so there seems to be a spatial
pattern in the differences between the two databases,
from west to east. The differences in the minimum tem-
perature trends show six stations with differences of less
than +1°C-decade™", and most of the remaining stations
indicate an overestimation of the E-OBS compared to the

SMADS, with values
6°C-decade™.

These great differences in trend estimation indicate
that the use of individual grid boxes to calculate trends in
mountain areas of the Iberian Peninsula can reveal sub-
stantial differences compared to observational data. This
is consistent with studies indicating that the uncertainty
inside a particular grid box decreases with the number of
stations used in the averaging/interpolation and that a
minimum number of stations is needed per grid box to
achieve good resolution. For example, Herrera et al.
(2019a) calculated six to seven stations for each grid box
to measure precipitation in the Pyrenees. These results
indicate that although the difference in the estimation of
the regional trend between the observational data and
E-OBS is very small, the use of gridded data to estimate
trends at individual points does not show good agree-
ment with the instrumental data trends.

ranging between 2 and
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5 | SUMMARY AND
CONCLUSIONS

This study presents the creation of a quality-controlled
and homogeneity-adjusted database encompassing daily
maximum temperature, minimum temperature and accu-
mulated precipitation. The database, called the Spanish
Mountain Adjusted Daily Series (SMADS), includes cli-
matic series from the two National Parks located at high-
est mountain ranges (Sierra Nevada and Pyrenees) on the
Iberian Peninsula. The results, derived from data col-
lected at 86 temperature stations and 103 precipitation
stations, enabled the analysis and comparison of trends
in these variables over a period of 126 years (SN) and
91 years (ASM). Analysing this dataset, we confirmed
that the temperature in both sectors show significant
warming trends, which has intensified over the last
45 years. These warming rates are somewhat higher in
the Pyrenees area than in the Sierra Nevada. Precipita-
tion data points to a possible decrease during the entire
period analysed, statistically significant only during sum-
mer in SN. However, during the more recent decades,
1975-2020, the equinoctial stations recorded a nonsignifi-
cant trend of increasing precipitation.

The differentiated analysis of the stations according
to two elevation bands, the highlands located above
1500 m and the lowlands below that boundary, yielded
results and characteristics specific to those for each of the
two mountain areas. An Elevation Depending Warming
has been detected in temperature trends of both areas,
with similarities to those identified in the Alps and other
mountainous regions. Differences were also detected in
precipitation. The precipitation trend in the lowlands is
positive in both mountainous sectors, while above
1500 m the trend is greatly reduced or even reversed. This
difference is related in various studies to changes in the
atmospheric variables linked to altitude, changes in soil
cover and in the ecosystems that occupy these spaces due
to climate change.

The regional trends of climate variables from the
SMADS instrumental database have been compared with
two grid databases (E-OBS and IBERIA). The results
show that there are no differences between the instru-
mental database and the grid databases regarding the
estimation of regional trends in the analysed sectors,
beyond the differences that may exist between the grid
databases themselves. This agreement between observa-
tional and grid data gets worse if we analyse changes in
individual high-mountain sites. For extreme tempera-
tures in ASM, differences with the E-OBS of up to 9°C
were detected in the decadal trends and spatial patterns
in the difference series, which may indicate the use of
gridded data to estimate trends at individual points does

not show good agreement with the instrumental data
trends.

Further research is needed in order to better under-
stand the mechanisms governing warming in these and
other mountainous regions of the Iberian Peninsula.
Additionally, enhancing the observational network, par-
ticularly in high-altitude areas, is crucial for advancing
our understanding of the transformations taking place in
these sites. Such knowledge is essential for effectively
managing these environments and the water resources
that depend on them.
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